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Abstract

This work describes the design, development and performance of a glass–ceramic sealant used to join the ceramic electrolyte (YSZ wafer and anode-
supported-electrolyte (ASE)) to the metallic interconnects (Crofer22 APU and AISI 430) in planar SOFC stacks. The designed glass–ceramic sealant
is a barium-free silica-based glass, which crystallizes by means of the heat treatment after being deposited on substrates by the slurry technique.

The sealing process of the glass–ceramic was optimized and joined ceramic/seal/metal samples were morphologically characterized and tested
for 400 h in air atmosphere followed by 200 h in H2–3H2O atmosphere at the fuel-cell operating temperature of 800 ◦C. The study showed that the
use of the glass–ceramic was successful in joining the ceramic electrolyte to the metallic interconnect and in preventing adverse corrosion effects

at the interface.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are highly efficient energy
onversion devices which produce electricity by the electro-
hemical reaction between fuel and an oxidant.1–3 Among the
ifferent types of SOFCs, the planar type is expected to be
ost-effective and mechanically robust and offers an attrac-
ive potential for increased power densities compared to other
oncepts.4 A fuel-cell device is composed of an anode electrode
exposed to the fuel), an electrolyte and a cathode electrode
exposed to the oxidant).5

Several individual cells are connected in series in order
o form a “stack” to obtain usable cell voltage and power.
n a conventional SOFC, a dense yttria-stabilized zirconia
YSZ) oxygen-ion conducting electrolyte membrane sepa-
ates a porous nickel–zirconia cermet anode and a doped

anthanum–manganite–perovskite cathode. The repeating unit
f a planar configuration is formed by the combination of joint
node–electrolyte–cathode structures and interconnect which

∗ Corresponding author. Tel.: +39 011564706; fax: +39 0115644699.
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rovides electrical connection between the anode of one indi-
idual cell (repeating unit) to the cathode of the neighbouring
ne.6,7

A key problem in the fabrication of planar SOFCs is the
ealing of the electrolyte (yttria-stabilized zirconia wafer or
node-supported, depending on the cell configuration) with the
etallic interconnect, in order to obtain a hermetic (gas tight)

oint.
The materials selected as sealants must be thermo-

echanically and thermo-chemically stable in both oxidizing
nd wet-reducing environments at 800 ◦C for long-term expo-
ures (500–1000 h).8

Currently, five main approaches are being studied for seal-
ng SOFCs8,9: brazing10, compressive seals11,12, glass13–16,
lass–ceramic17 and glass-composite seals.18–21 Glasses and
lass–ceramics show better resistance to the severe service envi-
onment (both oxidizing and reducing) than brazing alloys, and
y carefully choosing the glass composition, they can meet most
f the requirements that need to be exhibited by the ideal sealant

aterial.22–30

Glass–ceramics can be prepared by controlled sintering and
rystallization of glasses and have superior mechanical proper-
ies and higher viscosity at the SOFC operating temperature than
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lower grips by an epoxy resin (araldite AV 119). The Cro-
fer22 APU/SACN/Crofer22 APU and AISI 430/SACN/AISI
430 joints were tested in uni-axial tension at room temperature,
by using a loading rate of 0.5 mm/min.
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lasses. Furthermore, glass–ceramics can have thermal expan-
ion coefficients very different from the parent glass, due to the
ifferent crystalline phases and their relative concentration. In
rder to develop a suitable glass–ceramic sealant, it is therefore
ecessary to understand the crystallization kinetics, the sealing
roperties and the chemical interactions when in contact with
ther components of the cell.31,32 For example, barium alumi-
osilicate sealants have shown high reactivity with the metallic
nterconnect at 800–900 ◦C forming a porous and weak inter-
ace composed of barium chromate (BaCrO4) and monocelsian
BaAl2Si2O8)33,34, while phosphate and borate glasses are not
ufficiently stable in a humidified fuel gas environment.35

In a previous study, a barium- and boron-free glass–ceramic
labeled as SACN) was chosen to join Crofer22 APU alloy to
n yttria-stabilized zirconia wafer. In the work that is reported
ere, the same glass–ceramic has been used to seal AISI 430
o YSZ and Crofer22 APU to the anode-supported-electrolyte
ASE) in order to examine the compatibility of the SACN com-
osition with the metallic interconnect and the electrolyte. In
ddition, the joined samples were submitted to thermal ageing
ests for 400 h in air atmosphere and, successively, for 200 h
n H2–3H2O atmosphere at the fuel-cell operating temperature
f 800 ◦C. This paper describes the interaction of the sealant
SACN) with Crofer22 APU, AISI 430, YSZ and the anode-
upported-electrolyte at 800 ◦C, at both reducing and oxidizing
onditions.36–38

. Experimental

The heat resistant metal alloys used for this study were
rofer22 APU (manufactured by ThyssenKrupp, Germany and

upplied by HT Ceramix, Switzerland) and AISI 430 which
re ferritic stainless steels containing 22 wt% and 16 wt%
hromium, respectively, and exhibiting a thermal expansion
oefficient of 11.2–11.5 × 10−6 K−1. The Crofer22 APU was
re-oxidized as described in Ref. 1. The yttria 8 mol% zirconia
afer (with a thermal expansion coefficient of 10.5 × 10−6 K−1)
ad a thickness of 200 �m. The anode-supported-electrolyte and
he YSZ were supplied by HT Ceramix (Switzerland). The Cro-
er22 APU, AISI 430, YSZ, and ASE samples to be joined were
ut to dimensions: 8 mm × 6 mm × 2 mm.

The sealant composition ranged between 53 and 58 mol%
iO2, 6 and 8 mol% Al2O3, 24 and 26 mol% CaO, and 10
nd 12 mol% Na2O. The melting procedure, thermal and
hermo-mechanical characterization of the sealant are described
lsewhere.1

The Tg was found to be at 670 ◦C, Tsoftening at 740 ◦C and
wo crystallization temperatures were detected (from DTA anal-
sis) at 830 ◦C and 940 ◦C, respectively. Two crystalline phases
ere detected by XRD measurement in the glass–ceramic:
a2Al2SiO7 and NaAlSiO4.

Studies of the wettability of the SACN glass on the AISI
30 alloy (as-received and preoxidised at 900 ◦C in air for 2 h)

nd on the ASE wafer were carried out by heating microscopy
LEITZ WETZLAR, Germany) or in a tubular oven under air
r Ar atmosphere. The SACN glass powders (38–75 �m) were
eposited on AISI 430 and ASE samples by slurry coating and
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eated to obtain the joint and subsequently examined by optical
icroscopy and scanning electron microscopy (SEM).
The slurry was made of a mixture of glass powder

38 < �m < 75) dispersed in ethanol (solid content 40 wt%).
The joined samples were obtained by placing the Crofer22

PU or AISI 430 plates on YSZ or YSZ surface of the anode-
upported-electrolyte with the SACN slurry sandwiched in
etween. Heat treatments were performed in a tubular oven (Ar
tmosphere) at a temperature above the glass softening point,
ithout applying any load. Reproducible results, in terms of

oint thickness and homogeneity were obtained. The joining
hermal treatment was carried out from room temperature to
00 ◦C with a dwelling time of 30 min at 900 ◦C and a heating
ate of 5 ◦C/min.

In order to evaluate the bonding strength of the glass–ceramic
ealant, SACN and Crofer22 APU (about 6 mm × 6 mm)
quare samples were joined by the glass–ceramic to obtain a
andwich-like structure. A modification of ASTM C633-0139

as designed and performed according to the apparatus reported
n Fig. 1a, where the specimen is joined to the upper and
ig. 1. (a) Experimental apparatus to measure the tensile strength of joints
Crofer22 APU/SACN/Crofer22 APU and AISI 430 /SACN/AISI 430). (b)
xperimental apparatus for exposure of joined samples to H2–3%H2O atmo-
phere at 800 ◦C.
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Joined AISI 430/SACN/YSZ and Crofer22 APU/SACN/YSZ
amples were submitted to thermal ageing in air atmosphere
t 800 ◦C up to 400 h in a tubular furnace and, succes-
ively, exposed to H2–3H2O atmosphere (800 ◦C for 200 h).
he experimental apparatus built for the tests consisted of
n alumina cylinder (80 mm × 30 mm) containing the joined
amples; this housing was connected to an alumina tube
diameter 10 mm) (see Fig. 1b) and filled with H2–3%H2O
as (500 N ml/min). The reducing mixture (H2–3%H2O) was
btained by using H2 gas, which was humidified by pass-
ng over a water bath kept at a constant temperature of
2.8 ◦C.

The whole system was placed inside a furnace and a ther-
ocouple was positioned near the samples in order to monitor

he sample temperature. The heating rate was 30 ◦C/h and the
welling time at 800 ◦C was 200 h.

Cross-sections of joined samples were characterized by SEM
FEI Inspect and Philips 525M) after polishing. EDS (SW9100
DAX) analysis was carried out in order to detect any elemental
iffusion into the seal before and after H2–3%H2O atmosphere
xposure (800 ◦C for 200 h) and to study the chemical interac-
ions of Crofer22 APU, AISI 430, and ASE with SACN at the
hree-phase-boundary at 800 ◦C under reducing and oxidizing
onditions.

. Results and discussion

.1. Crofer22 APU/SACN/
SE joined samples: morphological analysis

Fig. 2 shows a SEM micrograph of a Crofer22
PU/SACN/ASE cross-section. The joint region has an aver-

ge thickness of 150/200 �m. Examination around the seal

hows that a very low amount porosity (which is closed) is
resent, indicating that this sealant will provide high gas tight-
ess and a hermetic structure. A very good adhesion between
he glass–ceramic and both Crofer22 APU and YSZ can be

Fig. 2. Crofer22 APU/SACN/ASE SEM cross-section.
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ig. 3. SEM cross-section of the interface zone between the SACN and the YSZ
ide of ASE in Crofer22 APU/SACN/ASE joined sample.

bserved. The choice of the glass–ceramic composition is partly
ased on the value of its thermal expansion coefficient of
0.7 × 10−6 K−1 1 which matches very well those of Cro-
er22 (11.2–11.5 × 10−6 K−1) and YSZ (10.5 × 10−6 K−1). The
bsence of cracks near the interface of the glass–ceramic with
oth Crofer22 APU and YSZ demonstrates their good physical
ompatibility with the SACN glass–ceramic. Fig. 3 is a magnifi-
ation (rectangular area in Fig. 2) of the interface zone between
he glass–ceramic and the YSZ. The interface is continuous and
ithout pores or cracks. Two distinct zones can be observed

n the anode-supported-electrolyte; the upper zone in the figure
epresents the porous anode, while the lower region shows the
ense YSZ electrolyte. The thickness of the YSZ electrolyte,
upported on the anode, is about 5 �m. This feature ensures the
apability of the SOFC to operate at a temperature of 800 ◦C.

.2. AISI 430/SACN/YSZ joined samples: morphological
nalysis

A SEM cross-section image of the AISI 430/SACN/YSZ
oined sample is shown in Fig. 4a. Both interfaces are con-
inuous and defect-free. The SACN adhered well to both the
reoxidised AISI 430 and YSZ substrates. Concerning the AISI
30/SACN interface, it must be highlighted that in order to
btain a good adhesion between AISI 430 and the glass–ceramic
ealant, the preoxidation heat-treatment (900 ◦C, 2 h, air) was
ssential, since in the case of the as-received AISI 430, the
lass–ceramic layer was detached from the metallic intercon-
ect. The pre-oxidation treatment gave rise to the formation
f a 1–2 �m thick chromium–manganese–iron oxide layer, as
etected by means of XRD.

Fig. 4b shows the SEM micrograph of the AISI 430/SACN

nterface. The coherent pre-oxidation layer is clearly visible. The
ACN glass–ceramic adhered well to the preoxidised AISI 430
nd a defect-free structure, without voids and micro-cracks, can
e observed.
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ig. 4. (a) AISI 430/SACN/YSZ SEM cross-section and (b) AISI 430/SACN
nterface: SEM cross-section.

.3. Crofer22 APU/SACN/YSZ joined sample exposure to
2–3%H2O atmosphere

The Crofer22 APU/SACN/YSZ joined samples were previ-
usly tested in air at 800 ◦C up to 400 h. The results of the thermal
geing are reported in detail in a previous paper.1

After a mid-term exposure (200 h) at 800 ◦C in a reducing
tmosphere (H2–3%H2O), it was observed that the seal remained
ntact. Fig. 5 shows a SEM cross-section of the of Crofer22
PU/SACN/YSZ sample after 200 h exposure to H2–3%H2O

tmosphere. The SEM micrograph is focused on the central part
f the joined sample. It is evident that no interfacial delam-
nation at the glass–ceramic/steel interface took place. It can
e also observed that the joint region does not exhibit substan-
ial modifications from the morphological point of view. No
racks or pores are present, and the interfaces between the SACN
lass–ceramic and both Crofer22 APU alloy and YSZ ceramic
re still continuous and free of cracks.

As described before, the Crofer22 APU was preoxidised
900 ◦C, 2 h) before the joining process. It has previously been
eported15 that the oxidation of Crofer22 APU in air resulted
n a chromium–manganese oxide layer at the alloy surface. The
xide layer is thermodynamically very stable. Fig. 5a shows a

etail of the interface between the SACN glass–ceramic and the
re-oxidized Crofer22 APU, where the chromium–manganese
xide layer is clearly visible. EDS spot-analysis conducted
t point 1 revealed the presence of chromium, manganese

A
H
t
t

ig. 5. Crofer22 APU/SACN/YSZ after exposure to H2–3%H2O atmosphere at
00 ◦C up to 200 h: SEM cross-section, (a) Crofer22 APU/SACN interface after
xposure to H2–3%H2O atmosphere at 800 ◦C up to 200 h and (b) YSZ/SACN
nterface after exposure to H2–3%H2O atmosphere at 800 ◦C up to 200 h.

nd oxygen, while at point 2 only O, Na, Al, Si and Ca were
etected (as before exposure to H2–3%H2O atmosphere).
his observation confirmed that no undesired reactions took
lace and no corrosion products were formed at the Crofer22

PU-glass–ceramic sealant interface during exposure to the
2–3%H2O atmosphere. As discussed by Ogasawara et al.40,

he enrichment of sodium in the pre-oxidation layer is poten-
ially dangerous and can lead to the formation of Na2CrO4. The
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igh vapour pressure of this alkali chromate can result in its
aporization which can be accompanied by the decomposition
nd removal of the (Mn,Cr)3O4 spinel oxide, and chromium
epletion in the surface vicinity. In addition, depletion of
odium from the SACN at the interface with Crofer22 APU is
ikely to reduce the quality of the joint due to the formation of
racks. Interfacial delamination cracks between the sealant and
he metallic interconnect must be avoided, because they can act
s a preferential path for fuel transport.

In contrast to the study by Ogasawara et al.40, the results of
he present study showed that there was no transport of sodium
way from the SACN sealant which maintained good adhesion
o the two substrates. The reason for this was probably due to
he higher thermodynamic stability of the SACN glass–ceramic
hat was used in the present study compared to the glass sealant
sed by Ogasawara et al.40. The main composition difference
etween the two studies was that the glass ceramic that was
sed in the present study contained 20–23% CaO, while the
lass sealant used in Ref. 40 had no CaO at all. Unfortunately
gasawara et al.40 provided only the composition of the glass

ealant that they used, but gave no information on the phases
hat were present. As a result a thermodynamic comparison
etween the two sealants is not possible. However, the high
mount of CaO in the glass–ceramic used in the present study is
ery likely to lead to the formation of a more stable oxide at the
nterface.

Fig. 5b shows a magnification of the interface between the
ACN glass–ceramic and YSZ indicating that the interface is
ree of pores and cracks. An EDS line scan analysis (from YSZ
o 15 �m into the glass–ceramic; Fig. 5b) revealed no diffusion of
ttrium from YSZ into the glass–ceramic. This result confirmed
he thermo-chemical compatibility of the SACN and YSZ at
00 ◦C under a dual atmosphere. This is in contrast with what
as previously observed by Lahl et al.31, where the presence
f CaO in glasses in contact with YSZ lead to the formation of
onoclinic ZrO2, because of yttrium diffusion into glass. This

esult could be detrimental to SOFCs, because of the formation
f monoclinic ZrO2 could lead to the formation of cracks at the
nterface.

Since corrosion products and undesired reactions between the
lass–ceramic and Crofer22 APU could be found at the three-
oundary zone (metal–sealant–gas)41 after exposure to reducing
onditions for 200 h, SEM was conducted at the edges of the
oined samples.

Fig. 6 shows a magnification of the three-phase-boundary
one, between Crofer22 APU, the glass–ceramic and the
2–3%H2O atmosphere at 800 ◦C after 200 h at 800 ◦C. A
rain boundary-dominated internal oxidation in Crofer22 APU
corrosion zone) can be observed only in the area that is not
rotected by the SACN glass–ceramic sealant. In our sys-
em (SACN/Crofer22 APU), there was no internal oxidation
f the ferritic steel beneath the SACN glass–ceramic sealant
nd the quality of the bond between the SACN and Crofer22

PU was still outstanding. The crystalline phases of the SACN
lass–ceramic did not change after thermal ageing, thus confirm-
ng the thermo-chemical stability of the SACN glass–ceramic
eal.

a
a

er22 APU, SACN and H2–3%H2O atmosphere at 800 ◦C, 200 h (Crofer22
PU/SACN/YSZ joint).

.4. AISI 430/SACN/YSZ joined samples exposure to air
nd H2–3%H2O atmospheres

These joined samples were first subjected to heat-treatment
n air for up to 400 h at 800 ◦C. Examination of a cross-section
f the joint sample indicated that there were no cracks near the
nterface. As for the Crofer22 APU/SACN/YSZ system, SEM
nd XRD observations in the AISI 430/SACN/YSZ joint con-
rmed that no undesirable reactions took place and no corrosion
roducts were formed at the AISI 430-glass–ceramic sealant
nterface.

Concerning the AISI 430/SACN/YSZ samples exposed to
2–3%H2O atmosphere, as for the Crofer22 APU/SACN/YSZ

ystem, there was no formation and vaporization of alkali
hromates and consequently there was no chromium depletion
t the three-phase-boundary. As a consequence, no swelling
f the metal with consequent bulging was observed. Fig. 7
hows a SEM cross-section of an AISI 430/SACN/YSZ sam-
le; it can be observed that no interfacial delaminations at the
lass–ceramic steel interface took place. Fig. 7b presents a mag-
ification of AISI 430/SACN interface; also in this case no
ndesired reactions took place and no corrosion products were
ormed at the interface, as confirmed by EDS analyses. Fig. 7c
hows the AISI 430/SACN interface at the three-phase-boundary
fter the tests in H2–3%H2O atmospheres. As discussed for
he Crofer22 APU/SACN samples, there was no internal oxi-
ation within the zones where the SACN covered the metal
lloy.

.5. Bonding strength of Crofer22 APU to glass–ceramic
ealant
The bond strength of the joint between the Crofer22 APU
nd the glass–ceramic was investigated by carrying out uni-
xial tensile tests at room temperature.42 The average tensile



2526 F. Smeacetto et al. / Journal of the European Ceramic Society 28 (2008) 2521–2527

Fig. 7. SEM cross-section of the of pre-oxidized AISI 430/SACN/YSZ sam-
ple after exposure to H2–3%H2O atmosphere at 800 ◦C up to 200 h. (a) SEM
magnification of pre-oxidized AISI 430/SACN interface after exposure to
H ◦
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2–3%H2O atmosphere at 800 C up to 200 h and (b) magnification of the three-
hase-boundary zone, between pre-oxidized AISI 430, SACN and H2–3%H2O
tmosphere at 800 ◦C up to 200 h.

trength value was 6 MPa. Fig. 8 shows the fracture surfaces
here 2 layers of SACN are viewable on both Crofer22 APU

amples. Examination of these samples revealed that the frac-

ure always occurred through the glass–ceramic and never at the

etallic interconnect/glass–ceramic interface. This observation
uggested that the bonding strength for the joint was high with
ery good adhesion.
Fig. 8. Fracture surfaces of Crofer22 APU/SACN.

. Conclusions

A detailed characterization and performance of a glass–
eramic sealant that was specially developed for use in SOFCs
o join the metallic interconnects Crofer22 APU and AISI 430 to
he YSZ and anode-supported-electrolyte, was carried out. The
ests of the joined samples after exposure to air and humidified
ydrogen at 800 ◦C (respectively for 400 and 200 h) revealed
o corrosion products at the interfaces between metallic inter-
onnects and glass–ceramic sealant. There was no chromium
epletion at the surface of the Crofer22 APU close to the three-
hase-boundary. As a consequence, no swelling of the metal
both Crofer22 APU and AISI 430) with subsequent bulging
as observed. The overall conclusion of the work that was pre-

ented was that the glass–ceramic sealant was effective to joining
oth Crofer22 APU and anode-supported-electrolyte.
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