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bstract

series of borosilicate-based glasses, ternary BaO–SiO2–B2O3 and quaternary BaO–SiO2–B2O3–Al2O3 systems, are prepared as sealing materials
or intermediate temperature solid oxide fuel cells (IT-SOFCs). The thermal expansion, crystalline phases, glass forming ability, and thermo-
hemical stabilities of the glasses are characterized. Additionally, the effect of the B2O3/SiO2 ratio and Al2O3 and BaO contents on the coefficient
f thermal expansion (CTE) are discussed and compared. Test results show that one glass (G6) can fully wet various substrates at the sealing
emperature of 1000 ◦C and match thermal expansion. Possible interfacial reactions between the glass and those cell components aging up to

◦
000 h are investigated by element mapping, XRD, SEM, and EPMA. Leakage testing was also performed at temperatures up to 650 C. The
esults show that the glass (G6) remains amorphous after 5000 h test and is stable under these conditions and compatible with the other fuel cell
omponents.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) have recently attracted atten-
ion as a tool to save energy because of their high energy
onversion efficiency and environmental friendliness.1–3 In
rder to reduce the fabrication cost of SOFCs, recent research
fforts have aimed to decrease the operation temperature from
00 to 1000 ◦C to an intermediate range, 500–650 ◦C. To meet
his change in operating temperature, the properties of the main
omponents, such as the anode, cathode, and electrolyte, must
e improved in this temperature range.3–12 One of the trials8

emonstrated that a SOFC cell with very thin YSZ (<1 �m)
lectrolyte layer can be used as low as 650 ◦C.

In order to achieve high operation efficiency, the sealing issue
n SOFC is important as well. Three key factors for sealing

aterials should be considered: (i) chemical stability to meet

ong-term operation requirements; (ii) good mechanical strength
o sustain cell structure at the operating temperature; (iii) the high
esistivity of the seal to prevent current and gas leakage.13–18 A

∗ Corresponding author. Tel.: +886 2 33661317; fax: +886 2 23634562.
E-mail address: wjwei@ntu.edu.tw (W.C.J. Wei).
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uitable sealing material should be chemically inert with respect
o other components, and should have a coefficient of thermal
xpansion (CTE) similar to the parts being sealed. Glasses or
lass-ceramics are good candidate materials for this application
ecause they can match the mentioned criteria well by a minor
odification of their compositions.
The most common sealants for SOFCs are glass and glass-

eramics. Some materials are demonstrated able to operate
or more than 1500 h without significant degradation.10 Glass
ynthesis is a mature and complex process that is a compet-
ng process between liquid phase and the resulting crystalline
hase(s). In this regard, glass-forming ability (GFA) includes
iquid-phase stability and reveals the possibility of crystal
rowth in the testing glass. When glasses have characteristic
lass transition temperature (Tg), the temperature of endother-
ic effect due to first melting (Tl), and initial crystallization

emperature (Tx), the relative GFA can be reflected by an uni-
ersal parameter γ19:

∝ Tx
. (1)
Tg + Tl

The greater the γ value, the better the glass forming abil-
ty of the oxide glass system will be. Several other parameters

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.017
mailto:wjwei@ntu.edu.tw
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ave also been mentioned in the literature20–22 for characteriz-
ng the glass forming ability. These parameters are often used
s a guideline to identify a good formula for making glasses.

CTE is the other key factor for sealing materials, and it is
deally in the range of 10–12 ppm/K to match the CTEs of
SZ and SDC. In borosilicate glasses B2O3/SiO2 ratio plays
crucial role in tailoring their thermal properties, namely, glass

ransition, glass softening, and CTE.23–29 Generally, increas-
ng the B2O3/SiO2 ratio results in the reduction of Tg, Ts,
nd viscosity.25,28 This phenomenon is due to “boron anomaly
ffect” which means the conversion of three-coordinated boron
o four-coordinated boron. Sohn et al.24 observed an increase in
he CTE value as the B2O3/SiO2 ratio increased from 0.3 to 0.8
n BaO–Al2O3–La2O3–B2O3–SiO2 system.24 A similar result
as reported in BaO/SrO–Al2O3–La2O3–B2O3–SiO2 systems
y Fergus25 when the B2O3/SiO2 ratio was varied from 0 to 8. In
ther reports of the (BaO, SrO, CaO)/MgO–B2O3–SiO2 system,
n independent relationship between the CTE and B2O3/SiO2
atio was found when the B2O3/SiO2 ratio ranged between 0
nd 0.25.25 However, Goel et al.28 reported results with the
pposite trend—their CTE values decreased with an increase
n the B2O3/SiO2 ratio over the similar range of 0–0.32. They
oncluded that the CTE of borate glasses decrease until the
ddition of 15 wt% B2O3. CTE of a glass with a higher B2O3
ontent would increase with the B2O3/SiO2 ratio when the ratio
ncreased from 0.3 to 8.23–25

The effects of Al2O3 and BaO addition to glass on its CTE
alue and crystalline behavior have also been investigated. The
ormation of crystalline Ba- and/or Al-containing phases greatly
hanges the CTE of glass-ceramic systems due to the formation
f AlO4 tetrahedral bonds or non-bridging oxygen.29 The for-
ation of crystallites in glass made the CTE value dramatically

eviate from the substrate glass of the same composition. The
ffects of B2O3/SiO2, Al2O3 and BaO content on the CTE of
arious glass systems have been extensive discussed.30–32

In this study, sealing materials of BaO–B2O3–SiO2–Al2O3
uaternary systems are tested in order to examine the prop-
rties mentioned earlier. The detailed glass preparation and
rystallization kinetic behavior of five compositions (G0–G4)
lose to BaSiO3–BaB2O4 eutectic compound were accom-
lished and reported in our previous work.33 Two crystalline
hases, BaSiO3 (BS) and BaAl2Si2O8 (H), might grow in the
lasses and appear very an-isotropic shapes after a few hun-
red hours annealing at the temperatures between 650 and
00 ◦C. The glass-ceramics appeared strong residual stresses
nd poor structural integrity. Therefore, new formulae were
eveloped with an appropriate glass transition temperature (Tg),
lightly lower than the highest operation temperature, matched
TE to YSZ electrolyte, good chemical stability and acceptable
lectric resistivity, and good wettability with the parts being
ealed.

A G6 glass with a few percents of Al2O3 has the greatest
otential keeping amorphous state and the good sealing proper-

ies to seal SOFCs. Therefore, the possible interactions between
6 glass with the parts of the fuel cell being sealed in both oxi-
izing and reducing atmospheres over 5000 h of long-term aging
re investigated and discussed.
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eramic Society 31 (2011) 1975–1985

. Experimental procedures

Four reagent powders, including BaCO3 (>99.9% purity, J.T.
aker, USA), H3BO3 (>99.8%, Riedel de Haën, German), SiO2

>99.9%, Harrison-Walker Refractories, Eufaula, AL, USA) and
l2O3 (>99.7%, Alcoa Industrial Chemicals, Pittsburgh, PA,
SA), were used for the fabrication of G-series glasses. Vari-
us contents of reagent-grade BaCO3, H3BO3, SiO2 and Al2O3
ccording to Table 1 were thoroughly dispersed in a turbo-mixer
or 20 h in alcohol (10 vol% in solid content). The mixed slur-
ies were then dried using a rotary vacuum evaporator (EYELA,
apan). 20 g of dried powder was then placed in a Al2O3 crucible
nd melted in a furnace at 1300 ◦C over a period of 30 min. The
elt was quenched in de-ionized water at room temperature to

roduce a glass frit, or cooled on a Cu plate to get bulk samples.
ll the glass powder used in this study was ground until it could
ass through a 200-mesh sieve.

As mentioned, CTE is a key factor that should be concerned
or materials to be used in the sealing application. Therefore,
he effect of B2O3/SiO2 ratio and crystallization in bulk sam-
les of BaO–B2O3–SiO2 glass systems (G0–G4) on the CTE
as characterized. Then Al2O3 was added into the G1 glass

ystem (as G1A5 and G1A10) to modify the CTE value. To
earch for better glass systems and to realize the effect of BaO
ontent and B2O3/SiO2 ratio on CTE value in BaO–B2O3–SiO2
ernary system, the B2O3/SiO2 ratio was fixed at 0.3, 0.5, 0.79 or
.0, and also adjusted the amount of BaO. 12 other glass formu-
ae (G5–G16) were prepared. Therefore, we can systematically
nvestigate the CTE distribution in this ternary system. The pre-
iminary results showed that the G6 glass had the best properties
nd the greatest potential to meet the requirement of SOFCs.

Mass produced G6 glass (M-G6) powder used for further
tudy was prepared by Exojet Co. (Hsin-chu, Taiwan). The pow-
er mixture was melted in a fused Al2O3-rich crucible at 1300 ◦C
or 30 min, and the melts were quenched in de-ionized water.
he glass frit was then ball-milled by 3Y-ZrO2 milling media

or 20 h, and sieved through a 200-mesh sieve to ensure that the
lass particle size was less than 75 �m. Several properties were
ested and compared with those of lab-produced G6 glass.

.1. X-ray diffractometric (XRD) analysis

The as-prepared glasses and the heat-treated samples were
haracterized using an X-ray Diffractometer (XRD, X’Pert PRO,
ANalytical Co., The Netherlands) with Cu K� radiation to iden-
ify the crystalline phases. The applied voltage and current were
5 kV and 40 mA, respectively. The scanning speed was 3◦/min
t a step of 0.04◦.

.2. Differential thermal analysis (DTA)

DTA (SDT Q600, TA Waters LLC, USA; 1600 DTA, DuPont,

SA) was performed at a heating rate of 10 ◦C/min to investigate

he thermal properties, such as the glass transition temperature
Tg), temperature of maximal crystallization rate (Tc) and Tl.34
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Table 1
Composition (mol%) and CTE of various G-series glasses.

Sample No. BaO B2O3 SiO2 Al2O3 B2O3/SiO2 CTE XRD resulta

G0 50.00 25.00 25.00 0 1.0 12.7 BS, BB2

G1 50.00 22.00 28.00 0 0.79 11.6 BS, H
G2 50.00 17.00 33.00 0 0.52 7.6b BS, H
G3 50.00 12.00 36.00 0 0.33 7.2b BS, H
G4 50.00 10.00 40.00 0 0.25 11.7 BS, H
G5 32.06 15.68 52.26 0 0.3 10.2 BS2, H, G
G6 32.40 22.54 45.06 0 0.5 9.8 G
G7 36.53 21.14 42.33 0 0.5 10.7 G
G8 46.56 17.82 35.63 0 0.5 12.2 BS, H, G
G9 32.76 29.68 37.56 0 0.79 5.6 H, G
G10 36.93 27.83 35.24 0 0.79 9.5 BS2, H, G
G11 41.01 26.04 32.95 0 0.79 11.8 G
G12 46.96 23.41 29.63 0 0.79 12.3 BS, H, G
G13 54.24 20.12 25.56 0 0.79 7.9b G
G14 31.02 34.50 34.48 0 1.0 7.1 BS, G
G15 41.22 29.39 29.39 0 1.0 11.0 BS, H, G
G16 47.18 26.41 26.41 0 1.0 12.5 BS, H, G

G1A5 47.50 20.90 26.60 5.00 0.79 11.5 BS, H
G1A10 45.00 19.80 25.20 10.00 0.79 10.2 BS, H

a BS: BaSiO3; BB2: BaB2O4; BS2: BaSi2O5; H: hexacelsian (BaAl2Si2O8); G: glass.
b Those samples have abnormal expansion between 120 and 150 ◦C due to the presence of BaSiO3 phase in the glasses. The CTE value was measured between
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00 and 550 ◦C.

.3. Thermal mechanical analysis (TMA)

Bulky glass samples with a length of 5 mm and a cross-
ection area of 40 mm2 were tested under a load of 1 N, applied
ith an Al2O3 push rod. The heating rate used in expansion
easurements was 10 ◦C/min. Thermal expansion and dilato-
etric softening temperature (Ts) were measured on green glass

ellets or annealed cylindrical glasses using a thermal mechan-
cal analyzer (TMA 2940, TA, DuPont, USA) and pushrod
ilatometer (NETZSCH DIL 402C). The softening tempera-
ure (Ts) of a glass is defined by finding a turning point of
hrinkage when heated under a constant load.34 Before the mea-
urement, the glasses were annealed at Tg + 10 ◦C for 1 h to
elax the residual thermal stress. In order to get reliable and
igh quality expansion data, the data of the first run for each
ample was disregarded due to the uneven contact of the sam-
le with the push rod. To avoid this effect, the sample was
re-treated by heating and cooling from below the Tg point to
00 ◦C above it for 2–3 cycles, until the heating curves were
eproducible.

.4. Microstructural observations and elemental analysis

The sample was polished and cleaned in an ultrasonic
ath of ethanol solution for at least a few cycles. A thin
ayer of carbon was then coated on the surface to improve
ts electrical conductivity. The morphologies of polished sur-
aces or cross-sections of the samples were analyzed using
field-emission scanning electron microscope (SEM, Leo
nstrument 1530, England) equipped with an X-ray energy
ispersive spectrometer (EDS, DX-4, EDAX Co., USA), and
lectron probe microscopic analysis (EPMA, JXA-8200, JEOL,

t
f
d
w

apan). The signal collection for the EDS and EPMA-WDS
ine scan of Ce was set to detect the signals from Ce M-
rbit, rather than Ce L-orbit because one peak of the Ce
α-orbit (4.839 keV) signal nearly overlapped with Ba Lβ

4.827 keV).

.5. Wetting and compatibility test

The substrates for wetting and long-term tests were made
rom 8 mol% Y2O3-doped ZrO2 (8YSZ), 20 mol% SmO1.5-
oped CeO2 (20SDC), Crofer 22 APU, or YSZ/NiO (60/40
olume ratio) composite. The dense 8YSZ and 20SDC disks
ere prepared via the following steps. First, 1.2 g of YSZ pow-
er (TEAMCera, Taiwan) or SDC powder (made by an in-house
o-precipitation method) was die-pressed, and held at a pressure
f 66.0 MPa for 60 s. The disks were then sintered at 1500 ◦C for
h to obtain dense ceramic disks. YSZ/NiO composite anode

ubstrates were prepared using a tape casting method.8 Cro-
er 22 APU (abb. as “Crofer”, manufactured by Tyssen Krupp,
ermany) is a ferritic stainless steel containing 22 wt% Cr, and
as a CTE vale of 11.8 ppm/K.12,17 Cracking due to crystalliza-
ion within the glasses or the mismatch of its CTE with substrates
as also investigated to assess the material compatibility. To
easure the wetting of materials, a 6 mm diameter and 4 mm

hick green disk (un-sintered) was put on a specified substrate.
he substrate and disk were heated at 10 ◦C/min. An optical

nstrument (Nabatherm, model HT 04/17 s, Germany) with two
ameras was used to directly observe an image projection of

he molten sample. A detailed description of this method can be
ound in our previous work.16 A long-term test was also con-
ucted in a reducing atmosphere. The furnace was ventilated
ith a mixture of pure H2/H2O gas, which had been passed
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apparatus and detailed dimensions of the testing tools.
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Fig. 2. Phase diagram of the BaO–B2O3–SiO2 ternary system and the formula-
tions of indicated G-series (G0–G16) glasses.

3

3

Fig. 1. Schematic diagram of the leakage testing

hrough de-ionized water at 25 ◦C. The furnace atmosphere due
o this flow is equivalent to 97% H2–3% H2O.1

.6. Leakage test

The test on G6 glass was performed at either room temper-
ture or 650 ◦C. An 8YSZ disk (sintered at 1500 ◦C for 1 h,
ully dense with a 16.2 mm diameter and 3.0 mm thickness) was
ealed on a Crofer sample holder (Fig. 1) using G6 glass. The
ressurized gas was supplied by an air compressor. The surface
rea of the cell was 30 mm × 30 mm. Details of the testing appa-
atus are shown in Fig. 1. The leakage rate (L) was calculated
sing the following equation37,38:

= Vm × 0.987(Pi − Pf )V

�t × R × T × C
sccm cm−1, (2)

here Vm is the molar volume of an ideal gas (22414 cm3), Pi is
he initial pressure, Pf is the final pressure, V is the internal vol-
me of the gas reservoir and the pipe, �t is the elapsed time as the
ressure decreased from Pi to Pf, R is the universal gas constant
0.08206 l m K−1 mol−1), T is the testing temperature, and C is
he peripheral length of the glass seal. In this study, Pi − Pf was

aintained at 0.2 bar, V is 131.0 cm3, and C is 50.8 cm. Before
esting, the background leakage of the equipment at room tem-
erature and 650 ◦C was determined and used to calibrate the
easurements.
1 The saturated water vapor pressure at 25 ◦C is 23.76 mm Hg, equivalent to
.0031 atm.35 The equilibrium pressure of each gaseous species can be obtained
rom the following equation36:

G0 = −247, 500 + 55.87T (J) = −RT ln

(
PH2O

P
O1/2

2
· PH2

)

herefore:

og PO2 = 2 log

(
PH2O

PH2

)
+ 4.84 − 2852.4 × 1

T
,

here PH2 was set at 1.0 atm, PH2O is 0.0031 atm, and T is 923 K (650 ◦C).
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. Results and discussion

.1. Synthesis and characterization of G-series glasses

All formulations (except G1A5 and G1A10) of the glass sys-
ems are plotted in the BaO–SiO2–B2O3 ternary phase diagram
hown in Fig. 2. G0 and G1, which had higher B2O3/SiO2 ratios
≥0.79) and were water-quenched from the molten state, formed

glassy (amorphous) state. A BaSiO3 crystalline phase was
bserved in the water-quenched samples of G2 and G3. On the
ther hand, water-quenched G4, which has a lower B2O3/SiO2
atio (0.25), had several diffraction peaks that were matched to
aSiO3 and BaSi2O5 phases. Hence, B2O3/SiO2 = 0.50 is at the
morphous/crystalline boundary for this system. B2O3, when is
sed as a glass former, tends to increase the fluidity of glass. An
ncrease in B2O3 content lowers the melting point and helps to

tabilize the amorphous phase.
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Fig. 3. CTE of several G-series glasses as a function of the B2O3/SiO2 ratio
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n the BaO–SiO2–B2O3 glass system. G3 and G4 are glass-ceramics not pure
lasses. The CTE of G3 and G4 are shown for reference only.

.1.1. Effect of B2O3/SiO2 on CTE
Fig. 3 shows the CTE as a function of B2O3/SiO2 ratio

n BaO–SiO2–B2O3 glass systems. Normally, the overall CTE
ncreases as SiO2 content decreases (B2O3 increases) because
f the low CTE of pure SiO2 (0.6 ppm/K) and high CTE of
2O3 (14.4 ppm/K). The other reason for the CTE change with
2O3 content is consistent with previous reports.23,24,28,29,34

he G2, G3 and G4 samples are glass ceramics. BaSiO3 and/or
aSi2O5 crystals formed after quenching in water. The differ-
nt CTE of BaSiO3 and BaSi2O5 phases (9–13 and 14 ppm/K,
espectively4) and the quantity of the crystalline phases also
ontribute to the CTE value of these glass-ceramics.

Crystal growth in the G0 glass sample after aging at 850 ◦C
or 10 h was investigated. Two phases, BaSiO3 and BaB2O4,
ere found in the G0 glass. This result was consistent with

he information presented in the phase diagram (Fig. 2). The
icrostructure of the heat-treated G0 glass-ceramic contained

everal fine cracks across the BaSiO3 grains. These cracks are

ossibly due to a mismatch in the CTE of the glass matrix and
he crystalline phases. Differential thermal contraction may have
nduced tensile stresses, and led to cracking in the grains. The

F
i
p

able 2
hermal properties of developed G glasses.

lass No. Tg (◦C) Tx (◦C) Tc1
a (◦C) Tc2

a (◦C)

0 545 609 674 716
1 553 634 674 702
1A5 547 676 694 735
1A10 563 699 729 806

a Tc1 and Tc2 are crystallization temperature of BaSiO3 (BS) and BaB2O4 (BB2) for
b The definition of the parameters γ and Trg is shown in text. The others are τg = (T

able 3
uantitative analysis results of laboratory or mass produced-G6 glass.

ol% Starting composition (mol%) Produced in l

EDSa

l2O3 0.00 1.70
iO2 45.06 57.20
aO 32.40 41.10

2O3 22.54 N/A

a The value of molar percentage is the average of 5 random selected points by EDS
b Molar content of B2O3 was calculated according to the ratio B2O3/SiO2 = 0.5.
c Molar percentages of those four compositions were calibrated based on the EDS
eramic Society 31 (2011) 1975–1985 1979

imilar phenomenon can be observed in the cases of G0, G2,
3 and G4. Therefore, G0, G2, G3 and G4 were not selected as

andidates for further testing of suitable seals.

.1.2. Thermal properties and GFA evaluation
DTA results for the glasses (G0 and G1 with Al2O3), includ-

ng the thermal properties, Tg, Tc, and Tl are summarized in
able 2. As the content of B2O3 increases, the glass transition

emperature, the softening temperature, and Tl decrease. Tg val-
es of G1, G1A5 and G1A10 glasses are in a range close to the
ower operation temperature (550 ◦C) of IT-SOFC. Here in the
able, Tc1 and Tc2 represent the BaSiO3 and BaAl2Si2O8 forma-
ion temperature of those G1 to G4 glass systems, respectively.

Determination and/or evaluation of the glass-forming ten-
ency have attracted much attention in the past five decades.
mong the available evaluation methods, the simplest one

s the reduced glass transition temperature, Trg, proposed by
auzmann,20 who has investigated several glass systems and

stablished a criterion for a good glass-forming tendency

rg ≥ 2

3

(
Tg

Tl

)
. (3)

However, the Trg values of G0, G1 and G1A5 in Table 2 are
arger than 0.66. Therefore, this criterion does not reflect good
FA for the tested glasses.
The other GFA parameters, relative glass-forming tendency

τg) and glass stability or resistance to crystallization on heating
KH) have also been reported in the literature.21,22 The G-glasses
ad similar values for these GFA parameters, except the KH

f G1. Consideration of the GFA and CTE (Fig. 3) suggests
ergus pointed out that the above parameters are not absolute
ndicators of GFA. Instead, they are scanning-rate-dependent
arameters. In order to prevent instant crystallization after glass

Ts (◦C) Tl (◦C) Trg
b τg

b KH
b γb

600 887 0.71 0.16 0.23 0.446
700 918 0.69 0.15 0.29 0.450
605 863 0.72 0.18 0.69 0.485
590 1168 0.58 0.20 0.29 0.427

G0 glass, BS and hexacelsian (BaAl2Si2O8) for G1, G1A5 and G1A10 glasses.

c − Tg)/Tg, KH = (Tx − Tg)/(Tl − Tx).

ab. Produced by ExoJet

Calibratedc EDSa Calibratedc

1.32 4.90 3.80
44.48b 58.20 45.08b

31.96 36.90 28.58
22.24b N/A 22.54b

analysis. All EDS results were calibrated by standard sample.

results and selected B2O3/SiO2 ratio.
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Fig. 5. XRD patterns of (a) G5–G10 and (b) G11–G16 glass-ceramics heat-
treated at 850 ◦C for 100 h.
ig. 4. CTE of G-series glasses as a function of BaO content in BaO–SiO2–B2O3

lasses with different B2O3/SiO2 ratios.

ynthesis (un-favored BaSiO3 (BS) phase formation), G1 glass
as selected as the next target for studying the effect of Al2O3

ddition because instant crystallization after glass synthesis was
ess likely with this oxide.

.1.3. Effect of Al2O3 addition on CTE
Al3+ can be a network former (as a tetrahedral AlO4 group)

r modifier (as an octahedral AlO6 group) depending on the
ontent of Al2O3 in a glass formulation. When the Al ion is
etrahedrally coordinated, small amounts of Al3+ play the role
f a network former and enhance the glass structure symmetry.
owever, when the coordination number changes to six, it acts as
modifier.19 The CTE values of G1A5 and G1A10 decrease with

ncreasing Al2O3 content. Another possible reason for a change
n CTE values of the synthesized samples is the formation of
rystalline phase in glass. A crystalline phase that may form in
aO–SiO2–B2O3–Al2O3 quaternary systems is polymorphous
aAl2SiO8, having hexacelsian, monocelsian, and orthocelsian

tructures. Their CTE values are 7–8, 2–3 and 5–7 ppm/K,4

espectively. After introducing Al2O3 in the formula of G1A5
nd G1A10, two crystals, BaSiO3 and BaAl2Si2O8 (hexacel-
ian and monocelsian), were detected after long-term aging at
00–850 ◦C in both G1A5 and G1A10 glasses.

.1.4. Effect of BaO addition on CTE
The previous results sparked investigation of additional glass

ormulae. G5–G16 glasses were prepared to find a suitable
lass with a CTE in an acceptable range, and also main-
ained a non-crystalline state after long-term heat treatment.
ig. 4 shows several CTE results as a function of BaO content

n the BaO–SiO2–B2O3 glass system (no Al2O3) at different
2O3/SiO2 ratios.

BaO plays a role of network modifier in the glass system
nd results in non-bridging oxygen species. Therefore, the CTE
ncreases with the BaO content. Similar results were obtained
n BaO–Al2O3–La2O3–B2O3–SiO2 systems reported by Sohn
t al.23 Fergus25 reported that the CTE of BaO–MgO–SiO2 and
aO–ZnO–SiO2 systems might increase with increasing BaO
ontent due to the formation of barium silicate, BaSiO3. A sim-
lar viewpoint has also been mentioned by Goel et al.28,30 One
xception to the trend, G13, is probably due to a change in the

ole of BaO, which induces the formation of BaSiO3 and/or other
aO-crystalline phases. The G13 is a glass ceramic and has a

ower CTE than those of G11 and G12.
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Fig. 6. (a) XRD patterns of 8YSZ substrate and G6, G7, G11 and G13 glasses
melted onto 8YSZ at 1100 ◦C and cooled in the furnace. (b) Photo images of
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hese four glasses on 8YSZ substrate show that fine cracks are present in G13
nd G7. The cracks are apparent because of the application of red dye.

.1.5. Effect of thermal-treatment on crystallization
ehavior

G5–G16 samples, which were quenched into de-ionized
ater after melting in the furnace at 1300 ◦C for 30 min, only

howed amorphous phases that were detected by XRD. All of
he samples remained amorphous even after heat-treatment at
50 ◦C for 100 h. However, some crystalline phases, such as
aSi2O5 (abbreviated as BS2), Ba2SiO4 (B2S) or BaAl2Si2O8

H) of the glasses were detected by XRD in G5, G8–10, G12
nd G14–16 after being heat-treated at 750 ◦C for 100 h. G6, G7,
11 and G13 remained amorphous even after heat-treatment at
50 ◦C for 100 h (Fig. 5). Therefore, these four glasses were
hosen for the following wetting tests.

Green G6, G7, G11 and G13 glass pellets were made by die-
ressing. The pellets measured 6.0 mm in diameter and 1.2 mm
hick were placed on a 8YSZ disk, then melted at 1100 ◦C
or 15 min and cooled in the furnace. XRD results (Fig. 6(a))
how that a crystalline BaSi2O3 phase is formed in the G7/YSZ
ample. Moreover, some cracks could be seen in G7 and G13
Fig. 6(b)). Therefore, G6 and G11 were considered as the best

andidates for further sealing tests.

The thermal expansion properties of G6 and G11 had been
easured and the CTE of the glasses were 10.2 ppm/K and

n
I
l

ig. 7. Contact angle of M-G6 glass green pellet melted on 20SDC, Crofer and
iO/YSZ anode substrates as a function of temperature. Samples were heated

t a rate of 10 K/min.

1.7 ppm/K, respectively. Both glasses were used as sealant
f thin YSZ plate (about 100 �m) on Crofer fixture, as shown
n Fig. 1. Only the case sealed with G6 glass had no defects
e.g., fine cracks) after several thermal cycles between room
nd 650 ◦C. G6 was the last and the best sealing glass among 17
lasses and was selected as the glass for the following sealing
ests in this study.

.2. Sealing properties of G6 glass

To ensure that mass-produced G6 (M-G6) glass performed
qually well as the G6 made in the laboratory, M-G6 samples
ere tested as before. They performed similarly to the G6 glass

amples. A detailed comparison of the G6 glass samples from
ifferent sources is shown in Table 3. The M-G6 glass features
l2O3 contamination that originated from the melting crucible.
n additional 2.5 mol% Al2O3 is present in this glass as a result.

.2.1. Wetting behavior of G6
Fig. 7 shows the wetting behavior of a M-G6 glass pellet

elted at a heating rate of 10 ◦C/min on SDC, Crofer, and anode
ubstrates as a function of the temperature M-G6 was able to wet
ll substrates at temperatures greater than 970 ◦C. Therefore,
000 ◦C was selected as the sealing temperature in the following
ests.

.2.2. Stability of long-term tests
Layered 20SDC/M-G6/8YSZ samples were subjected up to

000 h long-term tests in air. No cracks or secondary phases
ere observed and elemental mapping results showed that no

nter-diffusion of elements had occurred after 2000 h heat treat-
ent (the data is not shown here). Extending to 5000 h test, still
o cracks but secondary phases were observed at the interface.
n order to improve the accuracy of the results, an EPMA-WDS
ine scan across the interface of G6/8YSZ and G6/20SDC was
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ig. 8. (a) SEM image (low magnification) of 20SDC/M-G6/8YSZ samples ag
mage and WDS line profiles of elemental composition at the interfaces of (b) M

xecuted. The beam size of the WDS was about 1 �m. There-
ore, the diffusion region located at the interface and measuring
ore than 2 �m can be considered to contain the reaction layer.
ig. 8(b) shows that a sub-micron thick layer formed which con-

ains Si and Ba. Additional Zr element slightly diffused into the
6 sealing glass with a diffusion distance less than 1 �m. The

econdary phase shown at the interface in Fig. 8(b-1) is possi-
ly (Ba,Zr)SiO3, which could be formed due to the presence of
rO2.

Similar analysis was also accomplished for the G6/20SDC
nterface. No new crystalline phases could be observed, but glass
enetration into the surface of 20SDC was evident, as shown in
ig. 8(c). The penetration depth of Si and Ba elements is about
�m. Diffusion of Ce into the G6 was not apparent.
Planar SOFC often utilize an anode-support structure, since a
hinner electrolyte layer on the anode yields better performance
ue to a lower resistance.8–10 The interfaces between M-G6 and

t
i
a

650 ◦C for 5000 h after sealing at 1000 ◦C for 30 min in air. The enlarged BSE
/8YSZ and (c) M-G6/20SDC.

he anode and Crofer were therefore investigated. Fig. 9 shows
hat there was good bonding at the G6/anode and G6/Crofer
nterfaces. No cracks, delamination, or secondary phases were
bserved after 5000 h annealing. Additionally, no inter-diffusion
f the constituent elements was observed at low magnification.

Smeacetto et al.38 used a different sealing glass (containing
iO2, Al2O3, CaO, and Na2O ingredients) to join Crofer and
SZ. Some crystalline phases were observed in their glass sys-

em. They reported that the pre-oxidized treatment of Crofer 22
t 950 ◦C in air for 2 h could form a Cr2O3 barrier layer, and
revent Cr ions from diffusing into the sealing layer. Fig. 9(b-2)
hows that in this study, Cr enrichment was detected on pre-
xidized Crofer and aged G6/Crofer samples. Yang et al.39

lso reported that it is possible to form BaCrO via the reac-
4
ion of Ba–Ca–Al–Si–B–oxide glass with chromia-based alloy,
.e., AISI446, FeCr alloy and Crofer 6025HT if treated in air
t 850 ◦C for 1 h, followed by 750 ◦C for 4 h. The formation
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ig. 9. (a) SEM-BSE image (low magnification) of Crofer 22/M-G6/anode sam
SE image and WDS line profiles of elemental composition at the interface of

f BaCrO4 leads to the depletion of Ba in the glass system,
nd possibly results in the delamination of chromia-forming
lloy from the glass due to a mismatch in CTE. At the inter-
ace of M-G6/Crofer, the formation of BaCrO4 in the 5000 h
nnealed sample was not apparent. Results of a EPMA-WDS
ine scan across the interface of Crofer/M-G6 show a Cr-rich
ayer in a thickness of 2 �m (Fig. 9(b-2)), implying that a
pinel Ba(Cr,Fe) O is possibly formed, which is similar to a
2 4
r–Mn–spinel phase mentioned by Smeacetto et al.38

The microstructure at the M-G6/anode interface (Fig. 9(c-1))
hows that the Ba and Si elements of the glass clearly penetrate

3

a
T

ed at 650 C for 5000 h after sealing at 1000 C for 30 min in air. The enlarged
-G6/Crofer 22 and (c) M-G6/anode.

nto the anode layer to about a 4 �m depth. Fig. 9(c-2) indicates
hat this is partly due to the porous structure of the anode. Sim-
larly, a small amount of the Zr from the anode diffused into
he glass region about 2 �m deep. There are no noticeable sec-
ndary phases formed near the interface even after 5000 h of
eat treatment.
.2.3. Stability test in reduction atmosphere
The SOFC anode is always exposed to a strong reducing

tmosphere with pure H2 or another fuel gas during operation.
he M-G6/anode was therefore analyzed at 650 ◦C in a reduc-
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Fig. 10. Elemental mapping of a Crofer/M-G6/anode annealed at 650 ◦C for 20 h in a ◦
after sealing at 1000 ◦C for 30 min in air.

Fig. 11. Leakage tests results of a 8YSZ disc-Crofer 22 testing kit sealed using
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of G6/YSZ, G6/SDC, G6/Crofer, and M-G6/anode remained
-G6. The testing conditions were 2.8 × 105 Pa to 1.0 × 105 Pa at room tem-
erature and 650 ◦C, respectively. The duration of testing was about 20 days.

ng atmosphere. The partial pressure of oxygen in equilibrium
as 10–26 atm, similar to the conditions reported by Smeacetto

t al.38 Fig. 10 shows the results at the interface in the G6/anode.
he anode is clean in low-magnification condition and no addi-

ional phases appear under reducing conditions. Similarly, no
pparent inter-diffusion of the elements was observed.

.2.4. Leakage test
A leakage test of an 8YSZ-Crofer testing fixture sealed by M-

6 was conducted under air pressures ranging from 280 kPa to
00 kPa (pressure difference from atmosphere) at room temper-
ture and 650 ◦C, respectively. The results are shown in Fig. 11.

t room temperature the leakage rate was 8 × 10−4 sccm cm−1

nd 25 × 10−4 sccm cm−1 at a pressure of 100 kPa and 260 kPa,
espectively. While testing at 650 ◦C, the leakage rate was

i
3
2

reducing atmosphere (pure H2 gas flow passed through 25 C de-ionized water)

× 10−4 sccm cm−1 and 9 × 10−4 sccm cm−1 at pressures of
00 kPa and 260 kPa, respectively. It took approximately 20
ays for the pressure to fall from 280 kPa to about 100 kPa. The
ressure conditions used in this study were higher than those
eported in the literature,37,40–42 which tested below 20 kPa and
bserved a leakage rate through the glass-ceramic sealant on
he order of 10−4 sccm cm−1.41 Among all the leakage tests, the
esult of compressive sealant by Chou and Stevenson41 has the
est record of 10−2 sccm cm−1; however, this was measured at
00 ◦C.

. Conclusions

The effects of B2O3/SiO2, Al2O3 and BaO contents on
he CTE of G-series glasses have been investigated. Among
he 19 G-series glasses, G6 had an appropriate CTE, good
etting characteristics, and excellent interface stability with

lectrolytes, anode, and Crofer. The glass wets very well on
YSZ, 20SDC, Crofer, and NiO/YSZ, and is able to seal the
ubstrates at 1000 ◦C. No cracks, substantial secondary or crys-
alline phases of the M-G6 glass sealing were detected by SEM,
lemental mapping, EPMA and XRD after heat treatment for
s long as 5000 h. However, thin reaction layers of about 2 �m
hickness were identified at the interfaces of M-G6/8YSZ and

-G6/Crofer after 5000 h annealing tests. The diffusion of M-
6 glass into the anode surface and the diffusion of Zr elements

rom YSZ into M-G6 are possibly responsible for producing
4 �m diffusion layer after the 5000 h test. Good bonding
as sustained even after the long-term tests. The interfaces
ntact. At 650 ◦C and 100 kPa, M-G6 glass had a leakage rate of
× 10−4 sccm cm−1. Even when the pressure was elevated to
60 kPa, the leakage rate was only 9 × 10−4 sccm cm−1. This led
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o the conclusion that M-G6 glass is potentially a good sealing
aterial for IT-SOFCs.
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