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Abstract

The objective of this study is to investigate the effect of reducing
environment on the creep properties of a joint between a glass-ceramic sealant
and an interconnect steel with no and 1000-h thermal aging in a reducing
environment (H»-7 vol% H,0). The joint between glass-ceramic and metallic
interconnect is subjected to an applied tensile or shear constant load in
reducing environment at 800 °C during the creep test. The materials used are
a GC-9 glass-ceramic sealant developed at the Institute of Nuclear Energy
Research (INER) and a commercial Crofer 22 H ferritic stainless steel.
Comparison of the creep properties in oxidizing and reducing environments is
also made for the non-aged joint.

The creep rupture time of Crofer 22 H/GC-9/Crofer 22 H joint is
increased with a decrease in the applied constant shear and tensile loading at
800 °C regardless of thermal aging condition. The shear and tensile creep
strength of non-aged joint at 1000 h in the given reducing atmosphere is about
18% and 0.67% of the average shear and tensile joint strength, respectively.
For both non-aged tensile and shear specimens with a short creep rupture time
less than 10 h, fracture mainly occurs within the GC-9 glass-ceramic. For a
creep rupture time of 10-100 h, fracture site changes to the interface between
the Cr,03 layer and the GC-9 glass-ceramic. For a creep rupture time over
100 h, the GC-9 glass-ceramic layer is the major fracture site, again.

After 1000-h thermal aging in the given reducing environment, the shear
and tensile creep strength at 1000 h in H,-7 vol% H,O of the aged joint is
about 32% and 38%, respectively, of that without a thermal aging.

Degradation of creep strength in the joint after a thermal aging is probably



due to formation of micro-voids between crystalline and glassy phases during
the cooling process. The creep resistance of the non-aged joint is significantly
degraded when the testing environment is changed from oxidizing
environment to reducing environment. As water in the given humidified
hydrogen might relax joint structure, the creep resistance of joint in reducing

environment becomes weaker than that in air regardless of loading mode.



1. INTRODUCTION
1.1 Solid Oxide Fuel Cell

Solid oxide fuel cell (SOFC) is the most efficient device for electric
power generation, compared with other fuel cells. It converts chemical energy
directly into electricity without an intermediate step of conversion to heat
such that the efficiency is higher than that of conventional power generation
systems. Compared with other fuel cells, the most important features of SOFC
include (1) that components are made of solids, (2) that the utilization of solid
oxides as the electrolyte which can prevent leakage or evaporation, and (3)
that electrochemical reactions occur without noble catalysts and solid oxides
possess highly ionic conductivity at a high operation temperature of 600
°C-1000 °C. Typical configuration designs for SOFCs developed are tubular
and planar cells. Planar SOFC attracts more attention because of its lower
fabricating cost, lower operating temperature, and higher current density
[1-3].

Schematic of the operating principle in an SOFC using hydrogen as fuel
is shown in Fig. 1 [4]. Fuel and oxidant flow though the anode and cathode,
respectively, to produce electrochemical reactions at elevated temperature.
The electrochemical reactions involved include,

Anode: H,+0* - H,0+2" (1)
Cathode: %oz 1% >0” 2)
Overall: H, +%O2 —H,0 (3)

The power capacity of a single SOFC is limited. To obtain a higher
power density for electrical application, it is necessary to connect a number of
unit cells in series through interconnects. Figure 2 shows the structural
scheme of a planar SOFC stack [4]. A unit cell is composed of a positive
electrode-electrolyte-negative electrode (PEN) plate, interconnects, a nickel
mesh, and sealants. The interconnects separate fuel and oxidant gasses and
connect individual cells in series. They must be stable in both oxidizing and
reducing environments, and be compatible with other SOFC components for
long-term operation at high temperatures. A nickel mesh is inserted, between
an interconnect and PEN plate, to work as an electrical connector and a fuel
gas manifold. In a planar SOFC stack, the high temperature hermetic sealant



plays an important role in keeping fuel and oxidant from mixing and leakage
during operation. Undesired chemical interaction and mismatch of coefficient
of thermal expansion (CTE) between sealant and interconnect may damage
SOFC stacks and degrade the electrochemical performance [5-7]. Therefore,
development of sealant for SOFC applications is one of the challenges to
meet the reliability target.

1.2 Glass Sealant

Sealing designs developed for SOFC include rigid seals and compressive
seals [3,8,9]. For the compressive type of sealing such as mica-based
sealants, the major advantage is that these seals are not rigidly fixed to other
SOFC components. However, maintenance of gas-tight compressive sealing
requires application of an external constant load during operation. On the
other hand, rigid seals, such as glass and glass-ceramic sealants, form a joint
with neighboring components without external load. Therefore, the important
requirement for a rigid seal is that the seal’s thermal expansion should closely
match that of neighboring components. After melting and cooling down to
room temperature, glass and glass-ceramic seals are brittle and susceptible to
cracking because of tensile stresses generated during non-equilibrium thermal
events with thermal mismatches.

Recently, a new joining approach known as bonded compliant seal (BCS)
has been developed for planar SOFC stacks [10]. A thin, deformable metal
foil is used to bond the neighboring metallic and ceramic components. The
flexible metal is able to relieve the effects of differential thermal expansion
between the metallic support structure and the ceramic cell by “trapping”
much of stress as elastic or plastic strain within the foil. The cell stresses in
this type of seal are predicted to be much lower than other designs. After
thermal cycle testing, BCS shows original hermeticity and bond strength with
a significant mismatch of CTE between the two materials [10]. Since an exact
match of CTE between adjacent components is not required, it provides a
much wider range of alloy compositions to be used in the planar SOFC
interconnect. However, more work is needed to understand the effects of the
BCS design variables on the stresses and strains that arise in the components,
particularly foil stiffness and geometry [11].

Because of generally lower price and easy fabrication, glass sealants are
commonly used in planar SOFC stacks. Glass transition temperature (T,) of
glass and glass-ceramic sealants is an important factor to select a suitable



sealant for SOFC. At operating stage, the temperature of SOFC stacks is
higher than T, such that glass and glass-ceramic sealants become viscous
[3,11]. This key mechanism offers good wetting behavior to form a well
adherent bond during joining process, but it should not soften too much to
flow during operation for a gas-tight seal. Therefore, T4 of the glass system
used as a sealant in SOFCs must be lower than the operating temperature. To
overcome the weakness of glass, glass-ceramics were developed for SOFC
applications by means of changing the microstructure of glass.
Glass-ceramics are a composite which consists of amorphous and crystalline
phases. During sintering process and operation, the amorphous glassy phase
transforms into crystalline phases. Strength of the resultant sealant becomes
stronger than that of the initial state so that glass-ceramics have better
mechanical properties and higher viscosity than glasses to withstand thermal
stresses. Because of the mismatch of CTE between these two phases, thermal
stress may develop and generate cracks, microvoids, or fracture. However, the
viscosity and flowability of the amorphous phase could relax the thermal
stress caused by thermal mismatch at operation. Both sealant composition and
thermal events could affect crystallization of a glass so that controlling the
crystallization is important to have suitable viscosity and wetting behavior
and to have sufficient integrity during operation for an SOFC sealant.

Phosphate, borosilicate, boro-aluminosilicate, silicate glasses and
glass-ceramics have been developed and evaluated for use in planar SOFC
[3,8,12]. BaO-Ca0-Al,03-Si0, (BCAS) glass systems have been developed
and investigated [5,13-19], with a focus on a commercial BCAS glass,
designated as G-18 (35 mol% BaO, 35 mol% SiO,, 15 mol% CaO, 10 mol%
B,0O3, and 5 mol% Al,O3). In the cases of barium-containing glass-ceramics
for SOFC, CTE is increased by crystallization and formation of barium
silicate (BaSiOs) [3]. Because of a lower activation energy of barium [3],
crystallization of a barium-containing glass is faster than that of one
containing other alkaline-earth metal elements. The influences of each
constituent in a glass-ceramic sealant have been investigated [3]. Barium is
commonly used as a modifier in silicate glasses. Boron oxide and zirconia can
reduce Ty and CTE ,respectively [3].

A new glass-ceramic sealant (designated as GC-9) containing BaO, B,0s,
Al,O3, and SiO, for intermediate-temperature planar SOFC (IT-pSOFC) at
700 °C-750 °C has been developed at the Institute of Nuclear Energy Res
earch (INER). The properties of CTE, viscosity, crystallization, and chemical
interaction between this sealant and other planar SOFC components



(electrolyte, electrode, interconnect, and frame) have been investigated
[20-22]. Mechanical properties of GC-9 at various temperatures were
investigated by Chang [23]. In the study of Chang [23], in order to generate
different degrees of crystallization, GC-9 samples were sintered at 850 °C and
then aged at 750 °C for 4 h and 100 h, designated as non-aged and aged,
sintered GC-9, respectively. Results of Chang [23] revealed that the extent of
crystallization was increased with an increasing aging time, while the types of
crystalline phase were not changed. Because of a crack healing effect, there
was a significant improvement of flexural strength as compared to the
room-temperature strength at a high temperature below T, [23]. Mechanical
strength of the aged GC-9 was increased; however, a less amount of
amorphous phase could diminish the ability for relaxing thermal stresses at
high temperature. However, the strength and stiffness of both aged and
non-aged GC-9 glass-ceramics were decreased at temperature above T.

1.3 Joint of Glass-Ceramic Sealant and Metallic Interconnect

Both ceramic and metallic materials have been used as interconnect for
SOFCs. Ceramic interconnects are made of semiconducting oxides with
good stability in air and are generally compatible with other ceramic
components [24]. The electrical conductivity of ceramic interconnects
increases with temperature, which is suitable for the high-temperature SOFC.
In lower temperature, the lower electrical conductivity of ceramic
interconnects is a challenge in IT-pSOFC system. Metallic interconnects are
excellent electrical conductors, while the poor oxidation resistance of metal
forms oxide scales so that the electrical conductivity would degrade [24].
However, metallic interconnects are favored for IT-pSOFC over the expensive
ceramic ones due to their low cost and easy fabrication [24].

In IT-pSOFC systems, glass-ceramic sealants are commonly used to join
interconnects and cells. Figure 3 [8] shows the locations where seals are used
in a planar SOFC stack with metallic internal gas manifolds and metallic
interconnects. Common seals include: (a) cell to metal frame; (b) metal frame
to metal interconnect; (c) frame/interconnect pair to electrically insulating
spacer; (d) stack to base manifold plate [8]. Seals (b) and (d) can be referred
to as a joint of glass-ceramic sealant and metallic interconnect.

In a planar SOFC stack, the joint of glass-ceramic sealant and metallic
interconnect is exposed to oxidizing and reducing environments during
operation. The difference in environment affects interactions between the



joining components. Interactions of glass sealant with metallic interconnect
may influence the chemical stability of a joint due to internal diffusion of
anions and cations. Therefore, the joining behavior of various sealants with
ferritic chromia-forming alloys under simulated SOFC environments have
been studied [5,14-16,18,25-39]. Some studies were carried out using a single
exposure atmosphere, either air (or moist air) representing the cathode-side
environment, or a reducing atmosphere simulating the anode-side
environment. Recently, some investigations [5,14,28,30,36] were conducted
under dual-atmosphere conditions that closely simulate the exposure
condition of joint during SOFC operation to determine the interaction
between seal and interconnect. Unfortunately, interactions such as undesirable
chromate  formation  [14,16,18,25-29,32,35,37,39] and electrical
short-circuiting  [5,14,28,30,36] are difficult to avoid if ferritic
chromia-forming alloys are applied as the interconnect. Chromate is a large
scale in an oxidizing environment and absent in a reducing environment
[14,18,29,39]. However, internal oxidation in the metal substrate is found near
the three-phase boundary of hydrogen/glass—ceramic sealant/steel
[5,28,29,32].

During cyclic operation of SOFC, generation of thermal stresses leads the
seals to be subjected to tensile and shear stresses [40-43]. Interactions of glass
or glass-ceramic sealant with metallic interconnect in planar SOFCs also
influence the mechanical properties of the joint of these materials. Once the
thermal stress exceeds the corresponding strength of the joint, seals may fail
leading to degradation of cell performance. For assessment of the structural
reliability of an SOFC stack, it is necessary to investigate the mechanical
properties of the joint of glass-ceramic sealant and metallic interconnect in
both oxidizing and reducing environments.

The mechanical properties of a joint do not belong to that of a single
material due to the multi-layer structure and therefore they are interfacial
properties between dissimilar materials. The joint strength between
glass-ceramic sealant and metallic interconnect in SOFC has been
characterized using various testing techniques. In the study of Weil et al. [16],
a modified rupture testing technique was developed by placing a sealed disk
specimen in a test fixture and pressurizing the backside of the sample until
rupture of seal in air at room temperature. The results revealed that
alumina-forming ferritic steel substrates offered greater bond strength with
G-18 glass sealant [16]. The barium chromate layer that developed on the
chromia-forming steels exhibited a poorer thermal expansion match and



tended to grow to a greater thickness than the celsian zone observed on the
alumina-formers [16]. Malzbender et al. [2] characterized the shear strength
of the joint between a glass-ceramic sealant (BCAS) and a metallic
interconnect (Crofer 22 APU) in air at the operation temperature of 800°C by
a symmetric shear test. At the operation temperature, as-joined specimens
exhibited viscous shear deformation while the viscous shear deformation
became more difficult for additionally crystallized specimens [2]. The tensile
joint strength between a glass-ceramic (SiO,-Al,05-Ca0O-Na,O, SACN) and a
metallic interconnect (Crofer 22 APU) in oxidizing and reducing
environments was characterized at room temperature by Smeacetto et al. [32].
It was observed that fracture always occurred within the glass-ceramic and
never at the interface of the joint [32]. The results of Chou et al. [18] showed
that the tensile strength of joint between a (SrO, Ca0)-Y,03-B,03-Si0O, glass
(YSQO75) and a metallic interconnect (Crofer 22 APU) at room temperature
drastically reduced after aging in air (850°C/500h) due to formation of
SrCrQ, at the outer sealing edges exposed to air. Besides, joint strength
slightly increased after aging in wet reducing environment (850 °C/250h)
[18].

Stephens et al. [19] investigated the interfacial strength between G18
glass-ceramic and Crofer 22 APU substrate in air at temperatures ranging
from 25 °C to 800 °C under both tensile and shear loading. Two failure modes
were observed in the tensile test, glass bulk failure mode referring to failure
occurring through the glass layer, and interfacial failure mode referring to
failure occurring at the glass-metal interface [19]. Celikn [37] investigated the
tensile joint strength between a glass-ceramic sealant and Crofer 22 APU
substrate in air at room temperature under different bonding conditions.
Temperature and pressure during the sintering process are found to be the
most important parameters to produce a hermetic seal [37]. According to their
results, the optimum sintering temperature and pressure are 870 °C and 0.5 kg
cm’?, respectively [37]. Timurkutluka et al. [38] evaluated the tensile joint
strength between glass-ceramic sealant containing yttria stabilized zirconia
(YSZ) and Crofer 22 APU substrate in air at room temperature after thermal
cycling. Glass—ceramic powders are mixed with various amounts of YSZ to
improve the thermal cycling stability by enhancing the devitrification
resistance [38]. It was found that the mechanical performance of the samples
without any YSZ showed the poorest thermal cycling stability due to the
crystallization especially after 10 thermal cycles [38]. The fracture strength of
the samples with 5% YSZ content showed almost a stable trend in spite of the



thermal cycles [38]. Therefore, the optimum YSZ content was found to be 5
wt% when thermal cycling behavior is considered [38].

In the studies of Chen [44] and Liu [45], the joint strength of GC-9
glass-ceramic sealant and Crofer 22 H interconnect steel was investigated
under both tensile and shear loading in the oxidizing and reducing
environments, respectively, at room temperature and 800 °C. Some specimens
of Chen [44] and Liu [45] were heat treated in in the oxidizing and reducing
environments, respectively, at 800 °C for 1000 h. Both the tensile and shear
joint strengths at room temperature are greater than those at 800 °C [44,45].
The fracture sites for non-aged specimens are the same in both oxidizing and
reducing environments at room temperature and 800 °C, because the exposure
time in the given oxidizing or reducing atmosphere during mechanical testing
Is not long enough to affect the mechanical properties of a joint. The fracture
sites for the non-aged tensile joint specimens are within the GC-9 layer at
room temperature and 800 °C; those for the non-aged shear joint specimens
are at the metal/chromia and glass/chromate interfaces at room temperature
and 800 °C, respectively [44,45]. After thermal aging in the oxidizing and
reducing environments, joint strength of the 1000 h-aged shear specimen at
800 °C is reduced, compared to the non-aged one. The fracture sites for the
1000 h-aged shear joint, when tested at 800 °C in oxidizing and reducing
environments, are within the GC-9 layer. Because of CTE mismatch between
ceramic and glass phases, micro-voids were formed in the glass-ceramic
substrate with a greater extent of crystallization. Yeh [46] investigated the
effect of Crofer 22 H coated with a thin lanthanum strontium manganite
(LSM) layer on the shear and tensile joint strength at 800 °C in an oxidizing
environment. There is a significant decrease in shear and tensile joint strength
for samples with LSM coating because of generation of microvoids and
micocracks in the chromate layer during sintering process [46]. The results of
Chen [44], Liu [45], and Yeh [46] indicate that both tensile and shear joint
strengths are lower than the flexural strength of GC-9 as they are associated
with initiation and propagation of cracks at various interfaces.

1.4 Creep of Joint of Glass-Ceramic Sealant and Metallic Interconnect
Creep is normally regarded as deformation at a constant stress/load as a
function of time and temperature [47]. Creep deformation can not be

neglected for metals and crystalline ceramics at a high temperature in the
range of 30 to 60% of the melting temperature (T,,) [48]. Figure 4 [48] shows
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strain versus time during creep under constant load. There is an initial
instantaneous response of elastic and perhaps plastic strain, then followed by
a gradual accumulation of creep strain, as shown in Fig. 4 [48]. In the primary
stage, the strain rate is relatively high. However, strain rate decreases and
becomes constant when the primary stage is ended. The second stage is called
steady-state creep. At the end of the secondary stage, strain rate increases in
an unstable manner as rupture failure approaches [48]. Creep cavities may
form inside the material and cause rupture in the tertiary stage. Figure 5 [48]
shows stress versus time to rupture (t;) during creep under constant load. A
stress versus t, plot is analogue to S-N curve for fatigue, except that the life is
a rupture time rather than a number of cycles [48].

The high-temperature operation of pSOFC could generate significant
thermal stresses due to mismatch of coefficient of thermal expansion (CTE)
between components and temperature gradients in the SOFC system [40-43]
so that components in pSOFC must be able to withstand the thermal cycling
operation. They need to have long-term durability due to a difficulty to be
repaired in a pSOFC stack. The thermal stresses may or may not cause an
immediate failure of pSOFC structure, but they could generate creep damages
in the components under a long-term high-temperature operation environment.
Creep damages in the joint of a glass-ceramic sealant with metallic
interconnect may eventually generate excessive deformation and/or cracking,
leading to gas leakage and degradation of cell performance. Therefore, it is
very important to investigate the creep properties of such a joint for assessing
the structural integrity and durability of a pSOFC stack.

High-temperature creep properties have been studied individually for
anodes [7], electrodes [49], glass-ceramic sealants [17,19,50-53], and metallic
interconnects [54-58] for pSOFC applications. In a planar SOFC stack, there
are oxidizing and reducing environments so that it is necessary to investigate
the environmental effect on creep properties. Some of the precious studies are
conducted in an oxidizing environment [7,17,19,50-58] and others are
performed in a reducing environment [49,58].

Nanoindentation was applied to measure the elastic modulus, hardness,
and creep properties of a G18 sealant glass from room temperature to 400 °C
[17]. The results showed that elastic modulus slightly increased with
temperature below 300 °C. There was a significant jump of about 100% in
elastic modulus from 300 °C to 400 °C in all of the variously crystallized
specimens due to self-healing of cracks [17]. The samples with a longer aging
time didn’t show a significant increase in creep deformation before it reached
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the secondary stage. It indicated that specimens having a higher degree of
crystallinity were more resistant to creep at high temperature [17]. At
secondary state, there was no clear dependence of creep strain rate on aging
time at a given testing temperature because the tests were performed below T,
(620 °C for G18). Under this condition, there was no phase change or
viscoelasticity provided by glassy phase [17]. However, an increase in
steady-state strain rate with temperature was found for each aging condition
[17]. A research further studied the nanoindentation creep behavior of G18 at
25 °C, 550 °C, 650 °C, and 750 °C using samples of different extents of
crystallization [51]. One set of samples were sintered at 850 °C for 1 h, and
aged at 750 °C for 4 h. Another set of samples were aged further for 100 h at
800 °C. The results showed that the 4 h-aged sample had a greater elastic
modulus than did the 100 h-aged one at room temperature [51]. Further aged
samples contained micro-voids in glassy phases which surrounded the
crystalline phase. These micro-voids which might cause cracking during
cooling resulted in a lower elastic modulus for a 100 h-aged sample. Above
500 °C, the 100 h-aged sample had a greater elastic modulus, compared to the
4 h-aged one, due to a self-healing effect of cracks [51]. The results also
showed that creep deformation increased with temperature, especially above
Tq. The 4 h-aged G18 which had less crystalline phases displayed more creep
deformation than did the 100 h-aged one. The crystalline phases with a higher
Ty were most likely to impede flow of the glassy phases [51].

Compressive tests with C-ring specimens have been carried out to assess
the creep behavior of glass ceramic sealant for tubular SOFC [53]. C-rings,
which develop upon loading from outer to inner surface a transition from
tensile to compressive stresses, can easily be machined from the tubular
specimens [53,59]. The results [53] reveal that creep effects are significant
around or above T, as verified for glass ceramic sealant. After thermal aging
at 800 °C for 500 h in air, aged sealant displays less creep strain rate than the
non-aged one at temperature above 850 °C [53]. It indicates that an increasing
fraction of crystalline phase inside the sealant increases the creep resistance
[53]. Boccaccini et al. [58] investigated creep behavior of porous metal (22%
Cr-based stainless steel alloy) in both oxidizing and reducing environments.
The creep experiments performed in an oxidizing environment show higher
creep strain rates than in a reducing environment [58]. The weight gain of
metal in an oxidizing environment is larger than that in a reducing
environment [58]. It indicates that effect of oxide scale formation can affect
the creep strain rate [58].
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In the study of Lin [60], creep properties of the joint between GC-9
glass-ceramic sealant and Crofer 22 H interconnect steel were investigated
under both tensile and shear loading in air at 800 °C. It is observed that the
creep rupture time is shorter than 10 h when the applied stress is about 1.6
MPa and above in both shear and tensile loading modes [60]. If the applied
stress is less than 1.1 MPa, the creep rupture time is over 1000 h for both
loading modes [60]. The shear creep strength at 1000 h is about 23% of the
average shear joint strength at 800 °C [60]. The tensile creep strength at 1000
h is only about 9% of the average tensile joint strength at 800 °C. For both
shear and tensile joint specimens, creep cracking first takes place at the
spinel/BaCrQ, interface, followed by penetration through the BaCrO, layer
and propagation along the interface between the chromate layer and
glass-ceramic substrate [60]. Final fast fracture occasionally takes place
within the glass-ceramic layer [60].

1.5 Purposes

The high operation temperature enables pSOFC to obtain a superior
efficiency of energy conversion; however accompanying concerns, such as
degradation of materials which results from undesirable reactions between
components, affect the performance of pSOFC. The thermal stresses caused
by considerable CTE mismatch between components and thermal gradients
affect the structural durability of pSOFC. Excessive thermal stresses may lead
to fracture of components endangering the mechanical integrity of a pPSOFC
stack. In a pSOFC stack, it is difficult to replace sealants bonded to adjacent
components, such as interconnects and PENs when they fail or fracture.
Therefore, a systematic investigation of mechanical properties of joints
between the glass-ceramic sealant and metallic interconnect at room
temperature and operation temperature is essential for development of a
reliable pSOFC stack.

For those steels and glass-ceramics developed for SOFC applications,
effects of environment on their joint characteristics, such as electrical
performance, chemical properties, and long-term stabilities, have been widely
investigated [5,14-16,18,25-39,44-46,60]. In those studies
[18,19,32,37,38,44,46,60], the joint strength and creep behavior in oxidizing
environment have been investigated. However, there are only a limited
number of studies focused on the effect of reducing environment on the
mechanical properties of the joint between interconnect and sealant [18,45].
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Therefore, information about the effect of reducing environment on the
long-term high-temperature creep behavior of such a joint is still lack. For
these reasons, the objective of this study is to investigate the effect of
reducing environment on the creep properties of a joint between a
glass-ceramic sealant and an interconnect steel. Two loading modes, tensile
and shear forces, are applied to characterize the creep properties of the joint at
800 °C in wet hydrogen. In addition, some samples are also tested after aging
at 800 °C in wet hydrogen to simulate the SOFC working environment.
Fractographic and microstructural analyses are conducted with scanning
electron microscopy (SEM) and correlated with the creep testing results. It is
hoped that results of the current study and previous work [44-46,60] can
provide some useful information for assessing the long-term structural
reliability of planar SOFC stacks.
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2. MATERIALS AND EXPERIMENTAL PROCEDURES
2.1 Materials and Specimen Preparation

In order to simulate the conditions of a joint subjected to thermal stresses
at SOFC operation temperature, two types of sandwich-like specimens
(metal/sealant/metal) are designed in this study for determining the creep
properties of the joint and investigating the interfacial reactions. In the present
work, metallic parts of the joint specimens are made of a commercial ferritic
stainless steel, Crofer 22 H (ThyssenKrupp VDM GmbH, Werdohl, Germany),
which is a heat-resistant alloy developed for application in SOFCs. Chemical
compositions and mechanical properties of the Crofer 22 H alloy are listed in
Tables 1 and 2 [61], respectively. For Crofer 22 H, the yield strength, ultimate
tensile strength, and Young’s modulus are decreased, while the elongation is
increased with an increase in temperature, as shown in Table 2 [61]. The
GC-9 glass sealant used was developed at INER for intermediate-temperature
planar SOFC. The major chemical composition of the GC-9 glass sealant
includes 34 mol% BaO, 34 mol% SiO,, 9.5 mol% B,0;, 12 mol% CaO, 5
mol% La,03, 4.5 mol% Al,O3, and 1 mol% ZrO, [62]. It was made by mixing
the constituent oxide powders followed by melting at 1550 °C for 10 h. After
melting, it was poured into a mold preheated to 680 °C to produce GC-9 glass
ingots. The GC-9 glass ingots were then annealed at 680 °C for 8 h and
cooled down to room temperature. GC-9 glass powders were made by
crushing the as-cast glass ingots and sieving with 325 mesh sieves. The
average size of the glass powder is 45 um. Slurries were made by adding into
the GC-9 powders the desired amounts of solvent (alcohol), binder (ethyl
celluloid), and plasticizer (polyethylene glycol). Table 3 [46] lists the average
biaxial flexural strength of the sintered GC-9 glass at various temperatures.

Figure 6 shows the scheme of two types of joint specimens for tensile
test (Fig. 6(a)) and shear test (Fig. 6(b)), respectively. The as-received metal
plates were cut into slices in the dimensions of 95 mm x 25 mm x 2.5 mm. A
pin hole was drilled in each steel slice for applying pin loading. It is effective
to minimize bending and twisting effects during a creep test by means of pin
loading. For shear specimens, an edge of each steel slice was milled from the
original thickness of 2.5 mm to 1 mm with an area of about 8 mm x 25 mm.
After machining, a GC-9 glass slurry was spread on the joining region of each
steel slice to make a half-specimen. The apparent joining areas are 25 mm X
2.5 mm and 25 mm x 6 mm for tensile and shear specimens, respectively. The

15



glass slurry was made of a mixture of glass powder dispersed in ethanol.
The half-specimen was then put in a furnace at 70 °C to dry the slurry. A
joint specimen was assembled by placing one half-specimen onto another
half-specimen to form a Crofer 22 H/GC-9/Crofer 22 H sandwich specimen
through appropriate heat treatments. In the assembling process, the joint
specimens were firstly held at 500 °C for 1 h and heated to 900 °C followed
by a hold time of 4 h. The heating rate at each heating step in the given
assembling process is 5 °C/min. For investigating the effect of environmental
atmosphere on the joining quality, some samples were aged in a reducing
atmosphere of wet hydrogen (H,-7 vol% H,0O) at 800 °C for 1000 h. The
aging treatment was carried out in a furnace attached with a quartz tube filled
with desired gas. Photograph of this environmental furnace is shown in Fig. 7.
The reducing atmosphere is generated using helium as a carrier gas to pass
through water at 90 °C and then mix with pure hydrogen. During the heating
step, the helium is used to purge the quartz tube continuously. After reaching
800 °C, the wet hydrogen gas (H,-7 vol% H,0) starts to flow into the quartz
tube for aging treatment. To avoid water condensation, gas lines are wrapped
with a heating tape to maintain at a certain, warm temperature.

2.2 Creep Test

In order to understand the effect of reducing environment on the
mechanical properties, a stainless steel tube (AISI 310), which was designed
in house and made by a local machine shop, was attached to the specimen for
mechanical test in wet hydrogen environment [45]. In the tube, the specimen
is linked with the top and bottom extension rods by pins. In order to minimize
bending and twisting during test, pin loading was applied in the tests. O-rings
are placed at the ends of the tube for gas-tight purpose, as shown in Fig. 8.
During the test, hydrogen with 7 vol% H,O gas flows in and out of the
attached tube to keep the entire tube filled with wet hydrogen gas. All of the
creep tests at 800 °C are conducted in the given wet hydrogen environment
using such an attachment for the specimen. A compact furnace was used to
heat the central portion of the specimen and attachment, as shown in Fig. 8.
Short-term creep tests were performed on a commercial closed-loop
servo-hydraulic test machine (MTS 810) attached with a furnace by means of
load control. Long-term creep tests (> 100 h) were conducted using a
direct-load creep test machine. Photographs of the experimental setup for
short-term and long-term creep tests are given in Fig. 9 and Fig. 10,
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respectively.

In the creep test, various weights were used as the loading source. The
values of the applied constant loads were selected to generate the magnitude
of creep rupture time distributed in the orders of 1, 10, 100, and 1000 h. For
the high-temperature creep tests, the specimens were heated to 800 °C with a
rate of 5 °C/min and held for 15 min to reach thermal equilibrium before
applying force. During the heating step, the attached stainless tube was
flushed with helium gas. When temperature reached 800 °C, the tube was then
filled with wet hydrogen.

2.2.1 Friction test

As O-rings are placed at the ends of the tube, friction between the O-ring
and the extension rod may affect the load on the specimen. In order to count
the effect of friction, it is necessary to measure the frictional force between
the O-ring and the extension rod during mechanical test. In this way, the net
force applied on a specimen is equal to the applied load minus the frictional
force. The friction tests were conducted on a commercial closed-loop
servo-hydraulic test machine (MTS 810) by means of displacement control
with a loading rate of 0.001 mm/s to determine the frictional force.

2.3 Microstructural Analysis

After creep testing, fracture surface of each specimen was examined with
an optical microscope to determine the true joining area. In order to
investigate the characteristics of interfaces in the joint, some samples were cut
along the longitudinal direction to observe the cross sections. The cross
sections were finely polished to optical finish. SEM was also used to examine
the interfacial morphology between the glass-ceramic sealant and metallic
interconnect. The energy dispersive spectrometer (EDS) module was used for
composition analysis in order to understand the elemental distribution in the
glass-ceramic sealant and metallic interconnect. The creep fracture modes of
the joint under tensile stress and shear stress were then characterized.
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3. RESULTS AND DISCUSSION

Formation of adhesive oxide layers is the main mechanism of interfacial
joining between the glass-ceramic and metallic interconnect. The bonding
strength of the joint originates from the mutual van der Waals force of the
formed oxide layers. The high-temperature joining mechanism of the GC-9
glass-ceramic and Crofer 22 APU alloy involves formation of two oxide
layers with a Cr,05 layer on the surface of Crofer 22 APU and a BaCrQO, layer
on the surface of GC-9 [21]. A spinel ((Cr,Mn)30,) layer is formed between
these two oxide layers. Similar oxide layers are expected to be formed
between the given GC-9 and Crofer 22 H in the present study. Figure 11
shows the location of each oxide layer between Crofer 22 H and GC-9
glass-ceramic.

As sealants used in SOFC are exposed to both oxidizing and reducing
environments during operation, it is important to wunderstand the
environmental effect on the creep properties at elevated temperature,
especially for planar SOFCs which are expected to last for tens of thousands
of hours with repeated thermal cycles. In the following discussion, some of
the results in a reducing environment have been reported in the thesis of Liu
[45]. In the study of Liu [45], effect of thermal aging in a reducing
environment on the joint strength was investigated under shear and tensile
loading at room temperature and 800 °C. The shear joint strength has an
average value of 6.8 MPa and 4.2 MPa at room temperature and 800 °C,
respectively, while the average tensile joint strength is of 31.3 MPa at room
temperature and of 11.9 MPa at 800 °C [45]. A reducing aging-treatment at
800 °C for 1000 h enhances the joint strength of shear loading at room
temperature by 24% and degrades it at 800 °C by 19%. A reducing
aging-treatment at 800 °C for 1000 h increases the joint strength of tensile
loading at room temperature by 47% and deteriorates it at 800 °C by 51%
[45]. Figures 12 and 13 show the fracture pattern of shear and tensile
specimens, respectively, when tested at 800 °C after 0 h, 100 h, and 1000 h of
thermal aging [45]. The micrographs shown in Figs. 12 and 13 will be
compared with the fracture patterns of the creep ruptured specimens of this
study in the following discussion. In this study, some of the joined specimens
were aged in wet hydrogen at 800 °C for 1000 h to assess the effect of aging
treatment on the long-term durability of the joint. After aging treatment, the
aged specimens were tested under constant loading at 800 °C in a reducing
environment.
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3.1 Non-aged Joint of Glass-Ceramic Sealant and Metallic Interconnect
3.1.1 Creep rupture behavior

Creep rupture characteristics of the non-aged joint of GC-9
glass-ceramic sealant and Crofer 22 H interconnect subjected to constant
shear and tensile loads at 800 °C are shown in Fig. 14 by plotting the applied
stress versus creep rupture time. As shown in Fig. 14, the relationship
between the applied stress and creep rupture time can be well described by a
simple power law for each loading mode. The fitted equation and correlation
coefficient (r) for each loading mode in Fig. 14 are expressed as follows,

shear loading:  zt°*** =150, r?>=0.93 (4)

tensile loading:  ot** =252, r*=0.97 ®)

where 7and o, respectively, are the applied shear and tensile stresses in unit
of MPa and t, is time to rupture in unit of h. The creep rupture time for the
joint specimen subjected to a constant shear or tensile load at 800 °C can be
estimated through these power-law relations thanks to the high correlation
coefficient values. As shown in Fig. 14, the creep rupture time increases with
a decrease in applied stress for both loading modes. With an applied constant
stress of about 1.2 MPa and 0.8 MPa, respectively, for shear and tensile
loading modes, the creep rupture time is less than 10 h according to Egs. (4)
and (5). On the other hand, for a creep rupture time longer than 1000 h, the
applied constant stress should be smaller than 0.77 MPa and 0.08 MPa for
shear and tensile loading modes. The shear creep strength of non-aged joint at
1000 h in Hx-7 vol% H,0 is about 18% of the average shear strength (4.2
MPa) [45], and the tensile creep strength at 1000 h is only about 0.67% of the
average tensile strength (11.9 MPa) [45].

3.1.2 Failure analysis
Figure 15 shows the failure patterns in the shear specimens tested at 800

°C. As shown in Fig. 15(a), for a creep rupture time of 0-1 h, cracks initiated
at the glass-ceramic layer at the periphery of the joining area, propagated at

19



the interface between the Cr,O3; chromia layer and BaCrO, chromate layer,
and then propagated inward through the interface between the chromia layer
and the GC-9 glass-ceramic, followed by final, fast fracture at the inner
glass-ceramic layer. Evidences of microstructural observation for selected
regions in the fracture surfaces of Fig. 15(a) are provided as follows. Optical
and SEM micrographs of four outlined regions of the fracture surface in the
upper micrograph of Fig. 15(a) are shown in Fig. 16. Relevant EDS results of
Fig. 16(b), 16(c), and 16(d) are shown in Fig. 17. Figure 16(b) and 16(e) show
a microstructure of the GC-9 glass-ceramic. Needle-shape crystalline phases
(a-Ba(Al,Si;,0g)) are observed in Fig. 16(b) and 16(e), indicating the fracture
surface is covered with a glass-ceramic layer. As Ca, Ba, Al, Si, and O, which
are the main composites of GC-9, are detected in Fig. 17(a), the
microstructure presented in Fig. 16(b) indeed is the GC-9 glass-ceramic.
Chromate (BaCrQO,) is identified in Fig. 16(c). By means of EDS analysis, Cr,
Ba, and O elements are detected in Fig. 17(b), indicating that this region is a
BaCrO, chromate layer. Ca, Ba, Al, Si, O, and Cr elements (Fig. 17(c)) are
detected for the microstructure present in Fig. 16(d), so it is the GC-9
glass-ceramic with peeled Cr,O; chromia. Figure 18 shows the optical and
SEM micrographs of the four outlined counterpart regions on the fracture
surface in the lower micrograph of Fig. 15(a). The counterparts of Regions 1,
2, 3, and 4 in Fig. 16(a) are shown in Region 1, 2, 3, and 4 in Fig. 18(a),
respectively. Figure 18(b) and 18(e) show microstructures of the GC-9
glass-ceramic, while Figure 18(c) and 18(d) show microstructures of the
Cr,05 chromia layer.

Cross-sectional views of the interfacial microstructure between GC-9
and Crofer 22 H are shown in the SEM micrographs of Fig. 19 with
back-scattered electron (BSE) mode [45]. As shown in Fig. 19(a), the upper
zone is the Crofer 22 H, while the lower region is the glass-ceramic sealant.
The left side of Fig. 19(a) is the edge of the joint, which is close to the
exposing environment, and the right side of that is the center of the joint. As
the joint specimen was sintered in air, a BaCrO, chromate layer is found at the
edge of the joint, as shown in Fig. 19(b). However, the BaCrO, chromate
layer is barely found in the SEM micrograph of the central region of the joint,
as shown in Fig. 19(a). The BaCrO4 chromate layer is presumably too thin to
be observed due to a less amount of oxygen available in the inner central
region. As shown in Fig. 19(c), a Cr,0O3 chromia layer between the BaCrO,
chromate and Crofer 22 H is found. A Cr,03layer was indeed formed on the
Crofer 22 H side during the joining process between GC-9 and Crofer 22 H.
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Therefore, the cracking path near the central portion of fracture surface
(Region 3) present in Fig. 16(a) is along the interface between Cr,0; and
GC-9.

For a creep rupture time of 1-10 h, cracking first took place peripherally
at the interface between the Cr,0; layer and BaCrO,4 layer and then in the
glass-ceramic substrate, and then proceeded at the interface between the
Cr,03 layer and the GC-9 glass-ceramic, as shown in Fig. 15(b). Optical and
SEM micrographs of three outlined regions of the fracture surface in the
upper micrograph of Fig. 15(b) are shown in Fig. 20. Figure 20(b) shows a
microstructure of the BaCrO, chromate layer, and the glass-ceramic layer
with needle-shape crystalline phases (a-Ba(AlSi,Og)) is observed in Fig.
20(c). The GC-9 glass-ceramic with peeled Cr,O3 chromia is shown in Fig.
20(d). Figure 21 shows the optical and SEM micrographs of the three outlined
counterpart regions on the fracture surface in the lower micrograph of Fig.
15(b). The counterparts of Regions 1, 2, and 3 in Fig. 20(a) are shown in
Regions 1, 2, and 3 in Fig. 21(a), respectively. Figure 21(b) and 21(d) show a
microstructure of the Cr,O; layer, while Figure 21(c) shows the GC-9
glass-ceramic with needle-shape crystalline phases (a-Ba(Al,Si,Og)).

As shown in Fig. 15(c), for a creep rupture time of 10-100 h, the fracture
pattern is almost the same as that in Fig. 15(b). Figures 22 and 23 show the
optical and SEM micrographs of three outlined regions of the fracture surface
in the upper and lower micrographs, respectively, of Fig. 15(c). The
microstructure present in Fig. 22(b) is the BaCrO, chromate layer which is
similar to that in Fig. 20(b). Figures 22(c) and 22(d) are the GC-9
glass-ceramic substrate. The Regions 1, 2, and 3 in Fig. 23(a) are the
counterparts of Regions 1, 2, and 3 in Fig. 22(a). The fractography feature is
the Cr,Oz layer in Figs. 23(b) and 23(c), while that is the GC-9 glass-ceramic
in Fig. 23(c). As shown in Fig. 15(c) for a longer creep rupture time, the white
area of GC-9 glass-ceramic is smaller than that in Fig. 15(b).

As shown in Fig. 15(d) for a creep rupture time of 100-1000 h, the
central part of the fracture surface is the GC-9 glass-ceramic, and the
periphery of the fracture surface is the Cr,O; layer. Figures 24 and 25 show
the optical and SEM micrographs of two outlined regions of the fracture
surface in the upper and lower micrographs, respectively, of Fig. 15(d). The
SEM micrographs of the Region 1 in both Figs. 24 and 25 are the Cr,0O; layer,
while those of Region 2 in both Figs. 24 and 25 are the GC-9 glass-ceramic.
Figure 15(e) shows the fracture surfaces with a creep rupture time over 1000
h. Fracture occurred within the glass-ceramic and at the interface between the
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Cr,03 layer and the GC-9 glass-ceramic for the specimen present in Fig. 15(e).
The fracture pattern of Figure 15(e) is almost the same as that of Figure 15(d).
Optical and SEM micrographs of two outlined regions of the fracture surface
in the upper micrograph of Fig. 15(e) are shown in Fig. 26. Figures 26(b) and
26(c) show the glass-ceramic layer with needle-shape crystalline phases
(a-Ba(Al,Si,0g)). Figure 27 shows the optical and SEM micrographs of the
two outlined counterpart regions on the fracture surface in the lower
micrograph of Fig. 15(e). The counterparts of Regions 1 and 2 in Fig. 26(a)
are shown in Regions 1 and 2 in Fig. 27(a), respectively. Figures 27(b) shows
the GC-9 glass-ceramic  with  needle-shape crystalline  phases
(a-Ba(Al,Si;0g)), while Figure 27(c) shows a microstructure of the Cr,O3
layer.

The failure patterns of tensile specimens tested at 800 °C are shown in
Fig. 28. Figure 28(a) shows that fracture for a rupture time of 0-1 h occurred
within the glass-ceramic layer and at the interface between the Cr,O; layer
and the GC-9 glass-ceramic. Figure 29 shows the optical and SEM
micrographs of two outlined regions in the upper micrograph of Fig. 28(a).
Two distinct zones, white and green, in the outlined regions of Fig. 29(a)
represent the GC-9 glass-ceramic substrate. The microstructure of
needle-shape crystalline phase is present in Fig. 29(b) and 29(c). Optical and
SEM micrographs of the two outlined counterpart regions in the lower
micrograph of Fig. 28(a) are shown in Fig. 30. Figure 30(b) and 30(c) show
the microstructures of GC-9 glass-ceramic substrate and the Cr,0O3 layer,
respectively.

The rupture time of 1-10 h shows a similar fractography morphology to
that of 0-1 h. Optical and SEM micrographs of outlined regions of the fracture
surface in the micrographs of Fig. 28(b) are shown in Figs. 31 and 32. Similar
to Fig. 29(b) and 29(c), the GC-9 glass-ceramic is present in Figs. 31(b) and
31(c), while the Cr,03 layer and the GC-9 glass-ceramic which are present in
Fig. 30(b) and 30(c) are also present in Fig. 32(c) and 32(b), respectively.
Fracture for the rupture time of 10-100 h occurred at the interface between the
Cr,0; layer and the GC-9 glass-ceramic, as shown in Fig. 28(c). The GC-9
glass-ceramic and the Cr,O; layer are shown in Figs. 33(b) and 34(b),
respectively.

The fracture for the rupture time over 100 h occurred within the GC-9
glass-ceramic layer, as shown in Fig. 28(d) and 28(e). In Fig. 28(d) and 28(e),
the fracture surfaces have a green color. Figure 28(d) shows the fracture
surfaces of a rupture time of 100-1000 h, while the rupture time for Figure
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28(e) is over 1000 h. Optical and SEM micrographs of outlined regions of the
fracture surface in the upper and lower micrographs of Fig. 28(d) are shown
in Figs. 35 and 36, respectively. Figures 35(b) and 36(b) show the GC-9
glass-ceramic  microstructure  with needle-shape crystalline phases
(a-Ba(Al,Si,0g)). Figures 37(b) and 38(b) show optical and SEM
micrographs of outlined regions of the fracture surface in the micrographs of
Fig. 28(e) and no needle-shape crystalline phases are found in the glassy
regions. Figure 39 shows a cross-sectional view of the microstructure in the
specimen of Fig. 28(e). As shown in Fig. 39, the upper zone is the
glass-ceramic sealant, while the lower zone is the Crofer 22 H. In the region
of the glass-ceramic sealant, there exist the needle-shape crystalline phases
(a-Ba(Al,Si;0g)), indicating the fracture occurring in the GC-9 glass-ceramic
substrate.

3.2 1000 h-aged Joint of Glass-Ceramic Sealant and Metallic
3.2.1 Creep rupture behavior

After 1000-h thermal aging, creep rupture characteristics of the joint of
GC-9 glass-ceramic sealant and Crofer 22 H interconnect subjected to
constant shear and tensile loads at 800 °C are shown in Fig. 40 by plotting the
applied stress versus creep rupture time. As shown in Fig. 40, the relationship
between the applied stress and creep rupture time is well described by a
simple power law for each loading mode. The fitted equation and correlation
coefficient (r) for each loading mode in Fig. 40 are given in the following,

shear loading:  «t°*=1.07, r2=0.81 (6)

tensile loading:  ot°* =0.58, r?=0.89 (7)

As shown in Fig. 40, the creep rupture time increases with a decrease in
applied stress for both loading modes. With an applied constant stress greater
than about 0.65 MPa and 0.21 MPa, respectively, for shear and tensile loading
modes, the creep rupture time is less than 10 h according to Egs. (6) and (7).
For a creep rupture time to be longer than 1000 h, the applied constant stress
should be smaller than 0.25 MPa and 0.03 MPa for shear and tensile loading
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modes, respectively. For the GC-9/Crofer 22 H joint thermally aged at 800 °C
in H,-7 vol% H,0O for 1000 h, the shear creep strength at 1000 h is about 7.3%
of the average shear strength (3.4 MPa) [45], while the tensile creep strength
at 1000 h is only about 0.6% of the average tensile strength (5.1 MPa) [45].

3.2.2 Failure analysis

For creep rupture time of 0-1 h, 1-10 h, and 10-100 h, fracture of the
1000 h-aged shear specimens occurred within the GC-9 glass-ceramic layer,
as shown in Fig. 41, which is similar to that of Fig. 15(d) and 15(e). Figure 42
shows the fracture pattern of 1000 h-aged tensile specimens with various
creep rupture times indicating cracking within the GC-9 glass-ceramic
substrate, which is comparable to that of Fig. 28(d) and 28(e). Apparently,
after a thermal aging of 1000 h in wet hydrogen, glass-ceramic layer becomes
the weakest path for cracking resistance regardless of loading mode and
loading time.

3.3 Effects of Thermal Aging in Reducing Environment

As the service life of planar SOFCs is expected for 40,000 h or more, it
is important to know the effect of reducing environment on the structural
integrity of the joint. During the creep test, non-aged shear and tensile
specimens are exposed to H»-7 vol% H,0 at 800 °C and go through an in-situ
thermal aging under loading. Fracture pattern of non-aged shear specimen
with a creep rupture time of 0-1 h in Fig. 15(a) is the same as that of shear
strength testing specimen without a thermal aging treatment (Fig. 12(a) [45]).
As shown in Fig. 15(b) and 15(c), the fracture sites of non-aged shear
specimen with a creep rupture time of 1-10 h and 10-100 h are similar as
mentioned above. The fracture site of non-aged shear specimen with a creep
rupture time of 10-100 h in Fig. 15(c) is the same as that of Fig. 12(b) [45] for
shear strength testing specimen with a 100-h thermal aging treatment.
Fracture of non-aged shear specimen with creep rupture time over 100 h (Fig.
15(d) and 15(e)) occurred within the GC-9 layer, which is similar to that of
shear strength testing specimen with a 1000-h thermal aging treatment (Fig.
12(c) [45]).

As shown in Fig. 13(a) and 13(b) [45], the fracture sites for tensile
strength testing specimen with no and a 100-h thermal aging treatment are
within the glass-ceramic layer and at the interface between Cr,Ozand GC-9
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glass-ceramic, respectively. Fracture pattern of non-aged tensile specimen
with a creep rupture time of 0-1 h and 1-10 h, as shown in Fig. 28 (a) and
28(b), is a mixture of that in Fig. 13(a ) and 13(b). The fracture site for a creep
rupture time of 10-100 h (Fig. 28(c)) is comparable to that of tensile strength
testing specimen with a 100-h thermal aging treatment (Fig. 13(b) [45]).
Fracture of non-aged tensile specimen with a creep rupture time over 100 h
(Figs. 16(d) and 16(e)) occurred within the GC-9 layer, which is similar to
that of tensile strength testing specimen with a 1000-h thermal aging
treatment (Fig. 13(c) [45]). Again, for the non-aged shear and tensile creep
specimens, they undergo through an in-situ thermal aging during creep test.

For both non-aged tensile and shear specimens with a short creep rupture
time less than 10 h, fracture mainly occurs within the GC-9 layer. For those
with a creep rupture time of 10-100 h, fracture path changes to the interface
between Cr,0z;and GC-9. With a creep rupture time over 100 h, fracture takes
place within the GC-9 layer, again. It reveals that in-situ thermal aging during
creep test enhances the cracking resistance of the GC-9 glass-ceramic at a
short creep rupture time but deteriorates it at a long creep rupture time. In the
results of the joint strength test [45], fracture of the joint with a long-term
thermal aging treatment in the H,-7 vol% H,O also takes place within the
GC-9 glass-ceramic layer regardless of loading mode.

In the study of Liu [45], after 100-h and 1000-h thermal aging in H,-7
vol% H,0O, internal oxidation is found at the triple-phase boundary of
metal/glass-ceramic sealant/wet hydrogen atmosphere, as shown in Figs. 43
and 44 [45]. Figures 45 and 46 show the cross-sectional SEM micrographs
(BSE mode) of the interface of Crofer 22H/GC-9 in the non-aged tensile
creep specimen of rupture time of 100-1000 h (Fig. 28(d)) and over 1000 h
(Fig. 28(e)), respectively. Internal oxidation is also found at the triple-phase
boundary in Figs. 45(b) and 46(b). Similar observations of internal oxidation
at the triple-phase boundary are also reported in the study of Menzler et al.
[29]. The internal oxidation may be attributed to an interaction of
hydrogen/water vapor with the double oxide layer to form hydroxides or other
volatile species [29]. Additionally, not only the aluminum and silicon in the
interconnect but also the elements in the glass-ceramic may undergo the
internal oxidation [28,29]. It is known that the SOFC operating conditions
such as atmosphere, temperature, and time affect the interfacial stability. In
general, air atmosphere promotes chromate phase formation and humidified
hydrogen atmosphere promotes iron- and chromium-containing phase
formation at the interface [28].
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Comparison of the creep rupture life time between the non-aged and
1000 h-aged joint specimens in the given humidified hydrogen atmosphere is
shown in Fig. 47. Apparently a thermal aging treatment of 1000 h in H,-7
vol% H,0 significantly degrades the creep resistance of the GC-9/Crofer 22
H joint in both loading modes. This is attributed to a change in the cracking
path of the joint specimens after a long-term thermal aging. Given a creep
rupture time of 1000 h, the corresponding shear and tensile creep strength is
0.77 MPa and 0.08 MPa, respectively, for non-aged joint specimens and drops
to 0.25 MPa and 0.03 MPa, respectively, for 1000 h-aged joint specimens.
The shear creep strength at a rupture time of 1000 h of the thermally aged
joint is only about 32% of that of the non-aged joint, and that is 38% for
tensile loading mode. Table 4 lists the cracking path of creep fracture for
non-aged joint specimens under shear and tensile loading, while the cracking
path of 1000 h-aged joint specimens is listed in Table 5. As described above,
four types of fracture site are observed in the crept specimens. Fracture
occurring in the GC-9 substrate is designated as “A” in Tables 4 and 5.
Fracture occurring at the interface between BaCrO4layer and Cr,O3 layer is
designated as “B.” Fracture occurring at the interface between glass-ceramic
sealant layer and Cr,O3 layer is designated as “C.” Fracture occurring in
Cr,05 layer is designated as “D.” If fracture involves two sites, these two
fracture sites are marked together. Some explanations for the observed
behavior are given as follows.

Firstly, a thermal aging makes the amorphous glassy phase transform
into crystalline phases and changes the flaw size and morphology of the GC-9
glass-ceramic. Therefore, the fracture site for the non-aged joint changes from
the GC-9 glass-ceramic to the interface of Cr,O,/GC-9 with increasing creep
rupture time up to 100 h. As shown in Fig. 48 [45], the content of main
crystalline phase, alpha-Ba(Al,Si,Ogs), is estimated by calculating the average
area proportion of the darker gray needles in fifteen SEM micrographs for
each aged condition. As a result, the content of the crystalline
alpha-Ba(Al,Si,Og) phase is approximately 23%, 32%, and 32%, in the
non-aged, 100 h-aged, and 1000 h-aged GC-9, respectively [45]. Even
through the content of the main crystalline phase in the 100 h-aged and 1000
h-aged GC-9 is the same, the main fracture site for the non-aged joint with
creep rupture time over 100 h is within the GC-9 glass-ceramic layer, again.
This is attributed to the second reason described below.

Secondly, water in glass has a great influence on a variety of properties
for glass. For instance, water increases the rate of structural relaxation and
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crystallization of glass [63-65]. In addition, water reduces the viscosity of the
glass [63-65]. Therefore, for a longer time of in-situ thermal aging during
creep test, water could diffuse into the GC-9 glass-ceramic to relax the
structure. Therefore, for non-aged joint with a creep rupture time over 100 h,
the GC-9 glass-ceramic layer becomes the weakest path for creep cracking.
As shown in the Figs. 37(b) and 38(b), no needle-shape crystalline phases are
found in the glassy regions, indicating crack goes through the amorphous
phase of GC-9 due to a lower viscosity of the glass. Similarly, creep fracture
of the 1000 h-aged joint specimens all takes place within the glass-ceramic
layer regardless of loading mode and creep rupture time.

Thirdly, the study of Liu et al. [66] indicates that micro-voids are formed
in the aged samples during a cooling process due to CTE mismatch between
the crystalline and glassy phases. As shown in Fig. 48 [45], micro-voids
(porosity) are estimated by calculating the average area proportion of black
regions in fifteen SEM micrographs for each aged condition. The porosity
ratio for the non-aged, 100 h-aged, and 1000 h-aged GC-9 is thus determined
as 15%, 22%, and 22%, respectively [45]. The micro-voids provide a weak
path for creep cracking such that fracture occurs mainly within the
glass-ceramic layer for all of the 1000 h-aged joint specimens. This might
explain why the 1000 h-aged joint shows an inferior creep resistance to that of
the non-aged one, as shown in Fig. 47.

3.4 Effects of Environment on Creep Rupture Behavior

Comparison of the creep stress-life relationship for the non-aged
GC-9/Crofer 22 H joint tested in air and H,-7 vol% H,O is shown in Fig. 49.
Note that the data of air are taken from Ref. [60]. The fitted equation and

correlation coefficient (r) for each loading mode tested in air in Fig. 49 are
expressed as follows [60],

shear loading:  «t°®® =1.68, r?=0.90 (8)

tensile loading: ot =1.85, r?=0.97 (9)

As shown in Fig. 49, in both loading modes, the creep resistance of the
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non-aged joint is significantly degraded when the testing environment is
changed from oxidizing atmosphere to reducing atmosphere. Given a creep
rupture time of 1000 h, the corresponding shear and tensile creep strength is
both 1.1 MPa in air [60] and drops to 0.77 MPa and 0.08 MPa, respectively, in
H,-7 vol% H,0. For non-aged joint with a creep rupture time of 1000 h, the
shear creep strength in H,-7 vol% H,0O is about 70% of that in air, while the
tensile creep strength in H»-7 vol% H,O is only about 7.27% of that in air.
Because water in the given humidified hydrogen atmosphere reduces the
viscosity of the glass, the structure of joint in H,-7 vol% H,O is weaker than
that in air. As the joint area of a tensile specimen is smaller than that of a
shear specimen, water could diffuse into the joint of a tensile specimen more
easily. This might explain why the creep resistance of tensile specimen drops
to a greater extent in H,-7 vol% H,0, compared to shear specimen.

Typical failure patterns for the non-aged shear and tensile crept
specimens tested in air are shown in Figs. 50 and 51, respectively [60]. For
both shear and tensile loading modes, cracking of the non-aged crept joint
specimens in air initiated and grew at the spinel/chromate interface along the
periphery of the joining area [60]. The crack then penetrated through the
chromate layer and propagated along the interface between the chromate layer
and glass-ceramic substrate [60]. Final fast fracture occasionally took place
within the glass-ceramic layer [60]. The color of the peripheral joining area is
yellowish, as shown in Figs. 50 and 51 due to existence of a chromate layer.
With an increase in the amount of chromate left on the glass-ceramic substrate,
color of the central fracture surface becomes a deep one such as red and
brown [60]. As shown in Figs. 15 and 28, fracture surface of non-aged crept
specimens in H,-7 vol% H,O shows green and white colors. EDS analysis
results indicate the green fracture site exists the Cr,O; chromia on the GC-9
glass-ceramic layer, as shown in Figs. 16(d). Cr,Os is used in a wide range of
green pigments, coating materials for thermal protection, catalysts, glass
production, and lithium-ion batteries [67] However, the thickness of the Cr,0O5
is around 0.2 mm, as shown in Fig. 19(c). Although the GC-9 glass-ceramic
has a white color, the peeled Cr,0; on the GC-9 shows a clear green color.
The counterpart of the GC-9 is metal side with a slight green color, as the
base metal has a gray color.
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4. CONCLUSIONS

1)

()

(3)

(4)

()

For the creep test of non-aged joint specimens at 800 °C in H,-7 vol%
H,0, the creep rupture time is shorter than 10 h when the applied stress
Is about 1.2 MPa and above in shear loading mode. If the applied shear
stress is smaller than 0.77 MPa, the creep rupture time is over 1000 h.
The shear creep strength of non-aged joint at 1000 h in the given wet
hydrogen is about 18% of the average shear joint strength (4.2 MPa).

For non-aged joint specimens tested under constant tensile loading at
800 °C in H,-7 vol% H,0, the creep rupture time is less than 10 h when
the applied stress is greater than 0.8 MPa. For a creep rupture time
longer than 1000 h, the applied tensile load should be smaller than 0.08
MPa. The tensile creep strength of non-aged joint at 1000 h in the given
reducing atmosphere is about 0.67% of the average tensile joint strength
(11.9 MPa).

For both non-aged tensile and shear specimens with a short creep rupture
time less than 10 h, fracture mainly occurs within the GC-9
glass-ceramic. For a creep rupture time of 10-100 h, fracture site changes
to the interface between the Cr,Oz layer and the GC-9 glass-ceramic. For
a creep rupture time over 100 h, the GC-9 glass-ceramic layer is the
major fracture site, again.

A thermal aging makes the amorphous glassy phase transform into
crystalline phases and changes the flaw size and morphology of the
GC-9 glass-ceramic. Therefore, the fracture site for non-aged joint
changes from the GC-9 layer to the interface of Cr,0s/GC-9 with an
increase of creep rupture time up to 100 h. For a longer in-situ thermal
aging during creep test, water could diffuse into the GC-9 layer to relax
glass-ceramic structure. Therefore, the GC-9 glass-ceramic layer
becomes the weakest path for creep cracking in the non-aged joint with a
creep rupture time over 100 h.

For shear creep test of the 1000 h-aged joint specimens at 800 °C in Hy-7
vol% H,0, the creep rupture time is less than 10 h for applied shear
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(6)

(7)

(8)

9)

stress of 0.65 MPa and above. If the applied shear stress is less than 0.25
MPa, the creep rupture time is over 1000 h. For the aged specimen, the
shear creep strength at 1000 h is about 7.3% of the average shear
strength (3.4 MPa).

For tensile creep test of the 1000 h-aged joint specimens at 800 °C in
H,-7 vol% H,0, the creep rupture time is shorter than 10 h for an applied
tensile stress greater than 0.21 MPa. The applied tensile should be less
than 0.03 MPa for creep rupture time longer than 1000 h. The tensile
creep strength at 1000 h for the aged specimen is only about 0.6% of the
average tensile strength (5.1 MPa).

All of the creep fracture in the 1000 h-aged shear and tensile specimens
takes place within the glass-ceramic layer regardless of loading mode
and rupture time.

For a creep rupture time of 1000 h in Hy-7 vol% H,O, the shear and
tensile creep strength of the thermally aged joint is about 32% and 38%,
respectively, of those without a thermal aging. Micro-voids are formed in
the aged samples during the cooling process due to CTE difference
between the ceramic and glassy phases. The porosity ratio in the GC-9
layer of joint is higher after a 1000-h thermal aging in H,-7 vol% H,0.
Therefore, thermally aged joint has a lower creep strength.

The creep resistance of the non-aged joint is significantly degraded when
the testing environment is changed from an oxidizing atmosphere to a
reducing one. As water in the given humidified hydrogen could relax the
joint structure, the shear creep strength at 1000 h in H,-7 vol% H,0 is
about 70% of that in air and the tensile creep strength at 1000 h in H,-7
vol% H,0 is only about 7.27% of that in air.
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TABLES

Table. 1 Chemical composition of Crofer 22 H alloy (in wt.%)

Fe C Cr Mn Si Ti Nb
Bal. 0.007 22.93 0.43 0.21 0.07 0.51
Cu S P Al W La

0.02 <0.002 0.014 0.02 1.94 0.08

Table. 2 Average of mechanical properties for Crofer 22 H alloy [61]

Temperature Yield strength  Ultimate tensile  Young’s modulus  Elongation

(°C) (MPa) strength (MPa) (GPa) (in 12 mm) (%)
25 406 567 205 27

600 286 359 181 29

650 241 295 161 30

700 204 219 142 39

750 140 147 88 54

800 120 123 86 55

Table. 3  Average biaxial flexural strength (o7) for variously aged GC-9 glass
at different temperatures [46]

,?I\\;ir;ielz Ag_e d Temperature

condition 25°C 650°C 700°C 750°C 800°C
strength

Non-aged 38 50 47 33 18
o: (MPa) 100 h-aged 38 49 53 54 32

1000 h-aged 45 59 49 57 36
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Table. 4 Creep fracture path of non-aged joint specimen

Type of Loading Creep rupture time Cracking path*
Shear 0-1 A>B>C2>A
Shear 1-10 B>A->C
Shear 10-100 B>A->C
Shear 100-1000 D2>A
Shear > 1000 A+C

Tensile 0-1 A+C
Tensile 1-10 A+C
Tensile 10-100 C
Tensile 100-1000 A
Tensile > 1000 A

*A: in glass-ceramic sealant layer; B: at the interface between BaCrO, layer
and Cr,05 layer; C: at the interface between glass-ceramic sealant layer and
Cr,05 layer; D: in Cr,03 layer.

Table. 5 Creep fracture path of 1000 h-aged joint specimen

Type of Loading Creep rupture time Cracking path
Shear 0-1 A
Shear 1-10 A
Shear 10-100 A

Tensile 0-1 A
Tensile 1-10 A
Tensile 10-100 A
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FIGURES
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D%
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Fuel Flow

Alternative anods reactions:
CO +0* CO, +2¢
CHy +40"—%  2H,0+ CO, + 8¢

Fig.1  Operating principle of a single SOFC unit using hydrogen as fuel. [4]
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Fig. 2  Structural scheme of a planar SOFC stack. [4]
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Fig. 3  Scheme of seals used in a planar SOFC stack with metallic interconnects and
metallic internal gas manifold channels. [8]
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Fig. 4  Atypical strain-time relationship during creep under constant load. [48]
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Fig.5  Stress versus rupture life curves for S-590, an iron-based and heat-resisting alloy.
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Fig.6  Scheme of two types of joint specimens: (a) tensile specimen; (b) shear specimen.
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Fig. 7 Photograph of the environmental furnace for aging treatment.
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Fig.8  Schematic of specimen enclosed by a gas-tight tube in mechanical test.
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Fig. 9  Photograph of experimental setup for short-term creep test.
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Fig. 10 Photograph of experimental setup for long-term creep test.
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Fig. 11  Schematic of oxide layers between Crofer 22 H and GC-9 glass-ceramic.
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Fig. 12 Failure patterns of non-aged shear specimens tested in H,-7 vol% H,0O at 800 °C:
(a) non-aged; (b) 100 h-aged; (b) 1000 h-aged. [45]
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Fig. 13  Failure patterns of non-aged tensile specimens tested in Hp-7 vol% H,O at 800
°C: (a) non-aged; (b) 100 h-aged; (b) 1000 h-aged. [45]
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Applied stress versus rupture time for non-aged joint specimens subjected to
constant (a) shear and (b) tensile loading. (Arrow indicates the specimen was not
ruptured when the test was terminated.)
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Fig. 15 Failure patterns in the non-aged shear specimens tested at 800 °C with various

creep rupture times: (a) 0-1 h; (b) 1-10 h; (c) 10-100 h; (d) 100-1000 h; (e) over
1000 h.
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aalpha-Ba(AL,Si0s)
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(b)

Fig. 16  Fracture surface of the non-aged shear specimen shown in the upper part of Fig.
15(a): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (¢) SEM micrograph of Region
2 (BaCrO4 chromate); (d) SEM micrograph of Region 3 (glass-ceramic sealant);
(e) SEM micrograph of Region 4 (glass-ceramic sealant).
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Fig. 16 (continued)
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Fig. 16 (continued)
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Fig. 17 EDS analysis results of the fracture surface of a non-aged shear joint specimen:
(a) glass-ceramic layer (in Fig. 16(b)); (b) BaCrO,4 chromate layer (in Fig. 16 (c));
(c) glass-ceramic layer (in Fig. 16 (d)).
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Fig. 17 (continued)
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Fig. 18

Region 4
Region 3
Region 2
Region 1

(b)

Fracture surface of the non-aged shear specimen shown in the lower part of Fig.
15(a): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (¢) SEM micrograph of Region
2 (Cr,03 chromia); (d) SEM micrograph of Region 3 (Cr,O3 chromia); (¢) SEM
micrograph of Region 4 (glass-ceramic sealant).
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Fig. 19

Crofer22 H

Observed region

&

Crofer 22 H

Ob*rved region

Cro,

(b)
Cross-sectional SEM micrographs (BSE mode) of an interface between the GC-9
and Crofer 22 H in a non-aged specimen: (a) low magnification view; (b) high
magnification of the outlined region in (a); (c) higher magnification of the
outlined region in (b).[45]
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Fig. 19 (continued)
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Region 1
Region 2
Region 3

(b)

Fig. 20  Fracture surface of the non-aged shear specimen shown in the upper part of Fig.
15(b): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (BaCrO, chromate); (¢) SEM micrograph of Region 2
(glass-ceramic sealant); (d) SEM micrograph of Region 3 (glass-ceramic
sealant).
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Fig. 20 (continued)
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Region 3

Region 2
Rggion 1

Fig. 21  Fracture surface of the non-aged shear specimen shown in the lower part of Fig.
15(b): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia); (c) SEM micrograph of Region 2
(glass-ceramic sealant); (d) SEM micrograph of Region 3 (Cr,O3 chromia).
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Fig. 21 (continued)
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Region 1
Region 2

Region 3

Fig. 22  Fracture surface of the non-aged shear specimen shown in the upper part of Fig.
15(c): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (BaCrO, chromate); (¢) SEM micrograph of Region 2
(glass-ceramic sealant); (d) SEM micrograph of Region 3 (glass-ceramic
sealant).
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Fig. 22 (continued)
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Region 3
Region 2

Region 1

Fig. 23  Fracture surface of the non-aged shear specimen shown in the lower part of Fig.
15(c): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia); (c) SEM micrograph of Region 2
(Cr,03 chromia); (d) SEM micrograph of Region 3 (glass-ceramic sealant).
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Fig. 23 (continued)

71



Region 2
Region 1

Fig. 24  Fracture surface of the non-aged shear specimen shown in the upper part of Fig.
15(d): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia); (c) SEM micrograph of Region 2
(glass-ceramic sealant).
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Fig. 24 (continued)
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Region 1
Region 2

Fig. 25 Fracture surface of the non-aged shear specimen shown in the lower part of Fig.
15(d): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia); (c) SEM micrograph of Region 2
(glass-ceramic sealant).
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Fig. 25 (continued)
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Region 1
Region 2

(b)

Fig. 26  Fracture surface of the non-aged shear specimen shown in the upper part of Fig.
15(e): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (c) SEM micrograph of Region
2 (glass-ceramic sealant).
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Fig. 26 (continued)
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Fig. 27  Fracture surface of the non-aged shear specimen shown in the lower part of Fig.
15(e): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (c) SEM micrograph of Region
2 (Cr,03 chromia).
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Fig. 27 (continued)
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Fig. 28 Failure patterns in the non-aged tensile specimens tested at 800 °C with various
creep rupture times: (a) 0-1 h; (b) 1-10 h; (c) 10-100 h; (d) 100-1000 h; (e) over
1000 h.
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Region 2 Region 1

Fig. 29  Fracture surface of the non-aged tensile specimen shown in the upper part of Fig.
25(a): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (¢) SEM micrograph of Region
2 (glass-ceramic sealant).
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Fig. 29 (continued)
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Region 2 Region 1

(@)

Fig. 30  Fracture surface of the non-aged tensile specimen shown in the lower part of Fig.
28(a): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (¢) SEM micrograph of Region
2 (Cr,0O3 chromia).
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Fig. 30 (continued)
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Fig. 31  Fracture surface of the non-aged tensile specimen shown in the upper part of Fig.
28(b): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant); (¢) SEM micrograph of Region
2 (glass-ceramic sealant).
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Fig. 31 (continued)
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Region 2 Region 1

(b)

Fig. 32  Fracture surface of the non-aged tensile specimen shown in the lower part of Fig.
28(b): (a) optical micrograph showing the observed regions of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia); (c) SEM micrograph of Region 2
(glass-ceramic sealant).
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Fig. 32 (continued)

88



Region 1

Peeled Cr;0;

alpha-Ba(Al;S1205)

(b)

Fig. 33  Fracture surface of the non-aged tensile specimen shown in the upper part of Fig.
28(c): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant).
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Region 1

(b)

Fig. 34  Fracture surface of the non-aged tensile specimen shown in the lower part of Fig.
28(c): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (Cr,O3 chromia).
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Region 1

Fig. 35 Fracture surface of the non-aged tensile specimen shown in the upper part of Fig.
28(d): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant).
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Region 1

(b)

Fig. 36  Fracture surface of the non-aged tensile specimen shown in the lower part of Fig.
28(d): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant).
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Region 1

(b)

Fig. 37  Fracture surface of the non-aged tensile specimen shown in the upper part of Fig.
28(e): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant).
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Fig. 38  Fracture surface of the non-aged tensile specimen shown in the lower part of Fig.
28(e): (a) optical micrograph showing the observed region of SEM; (b) SEM
micrograph of Region 1 (glass-ceramic sealant).
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Fig. 39 SEM micrograph (BSE mode) of a cross section of an interface between the
GC-9 and Crofer 22 H taken from Fig. 28(e)
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Fig. 40  Applied stress versus rupture time for 1000 h-aged joint specimens subjected to
constant (a) shear and (b) tensile loading.
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Fig. 41  Failure patterns in the 1000 h-aged shear specimens tested at 800 °C with various
creep rupture times: (a) 0-1 h; (b) 1-10 h; (c) 10-100 h.
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(c) 5 mm

Fig. 42 Failure patterns in the 1000 h-aged tensile specimens tested at 800 °C with
various creep rupture times: (a) 0-1 h; (b) 1-10 h; (c) 10-100 h.



Crofer 22 H' :

Regiqn- 1

Crofer 2 H' 7
< =+ .« Internal Cr-OX|dat|on
i

(b)

Fig. 43 SEM micrographs (BSE mode) of a cross section of an interface between the
GC-9 and Crofer 22 H in a 100 h-aged specimen: (a) low magnification view; (b)
high magnification of the region 1 in (a). [45]
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Fig. 44 SEM micrographs (BSE mode) of a cross section of an interface between the
GC-9 and Crofer 22 H in a 1000 h-aged specimen at edge of the joint. [45]
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Fig. 45 SEM micrographs (BSE mode) of a cross section of an interface between the
GC-9 and Crofer 22 H taken from Fig. 28(d): (a) low magnification view; (b)
high magnification of the Region 1 in (a).
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Crofer 22 H

(b)

Fig. 46 SEM micrographs (BSE mode) of a cross section of an interface between the
GC-9 and Crofer 22 H taken from Fig. 28(e): (a) low magnification view; (b)
high magnification of the Region 1 in (a).
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Fig. 47  Applied stress versus rupture time for non-aged and 1000 h-aged joint specimens
under constant (a) shear and (b) tensile loading. (Arrow indicates the specimen
was not ruptured when the test was terminated.)
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(b)

9 glass-ceramics: (a)

Fig. 48 SEM micrographs (in BSE mode) of variously aged GC

non-aged; (b) 100 h-aged; (c) 1000 h-aged. [45]
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Fig. 48 (continued)
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Fig. 49
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Applied stress versus rupture time for the non-aged joint specimens in Hp-7 vol%
H,O and air under constant (a) shear and (b) tensile loading. (Arrow indicates the
specimen was not ruptured when the test was terminated. The data of air are
taken from Ref. [60].)
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Fig. 50 Failure patterns in the non-aged shear specimens tested in air at 800 °C with
various creep rupture times: (a) 0-100 h; (b) 100-1000 h; (c) over 1000 h. [60]
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Fig. 51 Failure patterns in the non-aged tensile specimens tested in air at 800 °C with
various creep rupture times: (a) 0-100 h; (b) 100-1000 h; (c) over 1000 h. [60]
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