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bstract

his paper describes the design and development of a composite seal for SOFC to produce a hermetic joint between the ceramic and metallic
omponents of the SOFC stacks. The composite seal was designed to be chemical compatible with the ceramic electrolyte (YSZ) and the interconnect
AISI 430), to have suitable thermo-mechanical properties (Tg, thermal expansion coefficient, TEC), and good wettability with them. The reinforcing
hase (alumina) was chosen to increase the seal viscosity at the SOFC working temperature (about 800 ◦C), to improve the thermal shock resistance
f the seal and to match the thermal expansion coefficient of the components to be joined.

The seal was morphological and thermo-mechanical characterized by scanning electron microscopy, SEM, energy dispersive spectroscopy, EDS,

hermo-mechanical analysis, TMA, X-ray diffraction, XRD and differential thermal analysis, DTA.

The joining process between YSZ and AISI 430 was optimized taking into account that the maximum process temperature should be around
000 ◦C. Joined samples were preliminary submitted to H2–3% H2O atmosphere exposure at 800 ◦C for 200 h.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Fuel cells convert chemical energy into electrical energy with
igh efficiency and low emission of pollutants.1 Among the dif-
erent SOFCs, the planar type, which is expected to be cost
ffective and mechanically robust, offers an attractive potential
or the increased power densities compared to other fuel cell
oncepts. The repeating unit of a planar configuration is formed
y anode–electrolyte–cathode and interconnect; the intercon-
ect provides electrical connection between the anode of one
ndividual cell (repeating unit) to the cathode of the neighbor-
ng one. In most planar solid oxide fuel cell stack designs, the
nterconnect has to be sealed to the adjacent ceramic compo-
ents; as interconnect, chromia-forming ferritic stainless steels

re among the most promising candidates, due to their electri-
ally conducting oxide scale,2 appropriate thermal expansion
ehavior, and low cost. The seal has to meet some important

∗ Corresponding author. Tel.: +39 011564706; fax: +39 0115644699.
E-mail address: federico.smeacetto@polito.it (F. Smeacetto).
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equirements: it should be hermetic, in order to prevent mixing
f fuel and oxidant; it should match its thermal expansion coef-
cient to the interconnect and anode–cathode–electrolyte ones,
epending on stack design; it must provide electrical isolation
f the cell and a low reactivity with the other cell components
ver the lifetime of the cell, when in contact with both the fuel
nd the air sides of the electrolyte.

Different seal concepts have been proposed: rigid glass or
lass-ceramic seals,3–7 glass-ceramic composite seals8 or com-
ressive seals such as micas.9–11

A glass- or a glass-ceramic matrix composite seal should have
everal advantages12: e.g., the thermo-mechanical properties of
he composite seal (viscosity, thermal expansion coefficient,
hermal conductivity) can be controlled by volume fraction and
article size of the second phase, the glass matrix can flow to
itigate stresses and to heal cracks and the conversion of the

lass in a more stable glass-ceramic can improve the mechanical

roperties of the seal.13–16

In this study, two sodium–calcium–aluminosilicate glasses
SACN1 and SACN2) were developed as glassy seals and as
atrix for glass-ceramic composite seals for joining components

mailto:federico.smeacetto@polito.it
dx.doi.org/10.1016/j.jeurceramsoc.2007.07.008
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n SOFC planar configuration. The sealing materials were pro-
uced in an amorphous state; the subsequent introduction of a
econd phase and the thermal treatment for joining AISI 430
nd YSZ determined the formation of a glass-ceramic matrix
omposite seal.

The sealing materials were barium oxide free, in order to
void the formation of high thermal expansion coefficient bar-
um chromate, due to the interaction with chromium oxide on
he surface of AISI 430.17

The second phase, Al2O3 particles, was chosen to increase the
eal viscosity at the SOFC working temperature (about 800 ◦C)
nd to improve the thermal shock resistance of the seal. In fact,
he most critical aspect of the known seals is their low resistance
o thermal cycling for prolonged time: the mechanical strength
mprovement and the higher thermal conductivity, which can be
btained by using alumina as reinforcing phase, should increase
he thermal fatigue resistance of the seal.

. Experimental

The heat resistant metal alloy used for this study was AISI
30, a ferritic stainless steel containing 16 wt.% of chromium
thermal expansion coefficient: 11.5 × 10−6 K−1). For the wet-
ability experiments, AISI 430 plates (15 mm × 10 mm × 2 mm)
ere ultrasonic cleaned in acetone, then used as as-received or
re-oxidized in air (900 ◦C, 2 h).

The 8% mol yttria stabilized zirconia wafers
15 mm × 10 mm × 1 mm), with a thermal expansion coeffi-
ient of 10.5 × 10−6 K−1, were supplied by InDec Ltd. (The
etherlands).
The two glasses, labeled as SACN1 and SACN2, were pro-

uced by melting the raw materials (SiO2, Al2O3, Na2CO3,
aCO3 and H3BO3) at 1500 ◦C for 1 h in a platinum crucible;

he glasses were poured on a brass plate and subsequently
owdered (40–68 �m). The molar compositions of the two
lasses are—SACN1: SiO2 (45%), Al2O3 (9%), CaO (18%),
a2O (18%) and B2O3 (10%); SACN2: SiO2 (40%), Al2O3

9%), CaO (18%), Na2O (23%) and B2O3 (10%). Their
hermal expansion coefficients were measured on glass bars
8 mm × 5 mm × 4 mm) in a Perkin–Elmer DMA, (heating rate
◦C/min). The glass transition temperatures were measured by
SC (Perkin–Elmer DSC 7) and DTA (Perkin Elmer DTA 7).
The wettability of both glasses on AISI 430 and YSZ was

tudied by heating stage microscopy (LEITZ Wetzlar, Germany)

n air and under Ar flow. The joined samples were processed
ccording to the set-up shown in Fig. 1. The AISI 430/seal/YSZ
amples were prepared by slurry technique, i.e., dispersion of
lass powders in ethanol; the slurry was deposited at room tem-

Fig. 1. Schematic view of the joint between YSZ and AISI 430.
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erature between the pre-oxidized AISI 430 plate and the YSZ
afer, then heat treated in a tubular oven, under Ar atmosphere,

t temperature above glass softening point, i.e., from room tem-
erature to 1000 ◦C with a dwelling time of 30 min at 1000 ◦C,
eating rate of 20 ◦C/min.

In order to obtain the AISI 430/composite seal/YSZ, the pro-
edure was the same as described above, but alumina particles
ere added (10–20 vol.%, 20 �m particle average diameter) and
ixed to the SACN slurry, In this case, the joining thermal treat-
ent was from room temperature to 1020 ◦C (dwelling time

0 min, under Ar flow).
Polished cross-sections of the joined specimens were exam-

ned by scanning electron microscopy (SEM, Jeol) and optical
icroscopy.
Crystalline phases formed in the composite seal were

etected by XRD diffraction.
Both AISI 430/seal/YSZ and AISI 430/composite seal/YSZ

oined samples were submitted to H2–3% H2O atmosphere
xposure at 800 ◦C for 200 h. Reducing conditions were obtained
y using H2 gas, which was humidified by passing over a water
ath at 22.8 ◦C.

Polished cross-sections of the tested specimens were exam-
ned by scanning electron microscopy (SEM, Jeol) equipped
ith EDS.

. Results and discussion

.1. Wetting and adhesion

SACN2 glass has a higher amount of sodium than SACN1
see Section 2 details); the consequence is a higher thermal
xpansion coefficient and also a lower viscosity, as it can be
bserved in Table 1 (where the characteristic temperatures and
ECs for the two glasses are summarized); as a consequence
ACN2 could be deposited at lower temperatures than SACN1.

Fig. 2 shows a comparison among the coefficients of ther-
al expansion of the AISI 430, the YSZ and the two glasses

SACN1 and SACN2); it can be observed that SACN2 TEC has
n intermediate value between the AISI 430 and the YSZ.

The wettability tests of glasses on AISI 430 (as received and
re-oxidized) and on YSZ plates were conducted at different
emperatures (1040 ◦C for SACN1 and 1000 ◦C for SACN2)
n air or argon atmosphere. The AISI 430 substrates were
re-oxidized with the aim of forming an adherent oxide layer

ompatible with both glass and metal substrate, whose function
as to act as transition layer and to promote strong chemi-

al bonding between metal and seal.18 The pre-oxidation gave
ise to the formation of a 3–5 �m thick chromium–manganese

able 1
haracteristic temperatures and TECs for the SACN1 and SACN2

Tg (◦C)
(DSC)

Ts (heating
microscope)
(◦C)

Thermal expansion
coefficient (×10−6 ◦C−1)
(200–400 ◦C)

ACN1 580 740 9.3
ACN2 545 680 11.2
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Fig. 3. SEM micrograph: cross-section of the interface between pre-oxidized
AISI 430 and SACN1 (1040 ◦C, 30 min).
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ig. 2. Thermal expansion coefficients of; the AISI 430, YSZ and the two glasses
SACN1 and SACN2).

xide and chromium–iron oxide layer, as detected by XRD and
EM.

Table 2 summarizes observations on wetting and adhesion
ests: the two glasses showed good wettability on both sub-
trates, but in many cases seal/AISI 430 interfaces detached
uring cooling from test temperature; the best results (crack-
ree and continuous interface, no pores into the glass seal) were
btained using SACN2 on the pre-oxidized AISI 430, under
rgon flow. Then, the production of a pre-oxidation layer on
ISI 430 was really effective to increase the interface bonding
etween metal and seal, but it was not sufficient with high ther-
al expansion coefficient mismatches (i.e., SACN1/AISI 430

amples).
In fact, the lower value of the SACN1 TEC results in a low

uality and somewhere detached interface between the glass
atrix and the pre-oxidized AISI 430; besides, some cracks are

resent near the SACN1 glass/AISI 430 interface (Fig. 3).
The interfacial adhesion of SACN2, whose TEC is very

losed to AISI 430, with pre-oxidized AISI 430 was clearly
etter, as it can be observed in Fig. 4, where no cracks or pores
re present. A partial infiltration of the glass is visible through
he chromium–iron manganese oxides rich layer; no bubbles or
racks are present in the glass joint. As a consequence of these
esults, the SACN2 glass was chosen as seal and as a matrix for
he composite seal.

.2. Seal processing and characterization
.2.1. Glass seal
The joining between the pre-oxidized AISI 430 and the YSZ

late by SACN2 glass was carried out by heating in argon atmo-

A
T
T
g

able 2
etting and adhesion experimental observations for SACN1 and SACN2 on AISI 43

AISI 430 (under Ar flow) AISI 430 (air)

ACN1 (1040 ◦C) Completely detached Partially detached
pores at interface

ACN2 (1000 ◦C) Completely detached Partially detached

omposite seal (1020 ◦C) – –
ig. 4. SEM micrograph: cross-section of the interface between pre-oxidized
ISI 430 and SACN2 glass (1000 ◦C, 30 min).

phere up to 1000 ◦C for 30 min chosen as the best experimental
onditions in terms of interface morphology.

Fig. 5 is a SEM micrograph of the cross-section of the joined
ISI 430/SACN2/YSZ sample; the average thickness of the joint

s 300 �m. The absence of cracks near the interface both with
ISI 430 and YSZ demonstrates the good matching of SACN2

EC with both the substrates to be joined (in Fig. 2, SACN2
EC is intermediate between AISI 430 and YSZ); the SACN2
lass joint region is free from pores and cracks perpendicular

0 and YSZ

Pre-oxidized-AISI 430 YSZ (air)

Partially detached, cracks Good wetting, good interface

Good wetting, good interface,
no cracks

Good wetting, good interface,
no cracks

Good wetting, good interface,
no cracks

Good wetting, good interface,
no cracks
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ig. 5. SEM micrograph of the cross-section of the joint AISI 430/SACN2/YSZ
1000 ◦C, 30 min).

o the substrate surfaces; no morphological evidence of pre-
ipitates or crystalline phases was found in the SACN2 joint
egion.

Fig. 6 is a magnification of the interface zone between the
ACN2 and the YSZ plate; the interface is continuous and with-
ut pores or cracks.

.2.2. Glass-ceramic matrix composite seal
The SOFC working temperature should be around 800 ◦C

or several hours; the main advantages of the composite seal,
ompared to the glass seal, are the enhanced toughness, thermal
hock resistance and viscosity. In particular, enhanced viscosity
f the composite seal should avoid the sealant flow at the work-
ng temperature, still assuring the healing of cracks at working
ondition.
The composite joint between pre-oxidized AISI 430 and the
SZ plate, with the SACN2 added with 10–20 vol.% alumina
articles, was obtained at temperature of 1020 ◦C, for 30 min in
rgon atmosphere: this process caused the crystallization of the

z

u
s

Fig. 7. X-ray diffraction patter
ig. 6. SEM micrograph: magnification of the interface between the SACN2
nd YSZ (1000 ◦C, 30 min).

ACN2 glass matrix, as can be observed by the X-ray diffraction
attern of Fig. 7; the detected crystalline phases are Ca2Al2SiO7,
lNa(SiO4) and residual aluminum oxide.
The estimated TEC of the composite seal 10.84 × 10−6 K−1,

alculated according to the rule of mixtures, is intermediate
etween AISI 430 and YSZ.

Fig. 8 shows an optical micrograph of the interface between
re-oxidized AISI 430 and composite seal: the experimental
vidence was the absence of cracks in the joint region; a good dis-
ersion of alumina particles in the SACN2 matrix was achieved.
EM observation of the cross-section (picture not reported
ere) of the joint AISI 430/SACN2/YSZ, showed the absence
f cracks in the joint region; anyway a residual porosity was
resent in the joint region, probably due to the high viscos-
ty of the composite seal and to its shrinkage during crystalli-

ation.

Finally, an EDS analysis (see Fig. 9) on the composite seal
p to 20 �m from the interface with the pre-oxidized AISI 430
ubstrate did not detect any Cr-diffusion.

n of the composite seal.
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Fig. 8. Optical micrograph of the interface between pre-oxidized AISI 430 and
the composite seal (1020 ◦C, 30 min).
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dynamic stability of glass-ceramic composite structure (where
Ca2Al2SiO7, AlNa(SiO4) crystalline phases were formed) with
respect to the glassy seal.
ig. 9. EDS analysis on the composite seal up to 20 �m from the interface with
he pre-oxidized AISI 430.

.2.3. Exposure of the joined samples to H2–3% H2O
tmosphere

Both AISI 430/seal/YSZ and AISI 430/composite seal/YSZ
oined samples were submitted to H2–3% H2O atmosphere
xposure at 800 ◦C for 200 h.
In the case of glassy seal, a high degree of corrosion was
bserved both in the joint region and in the metallic intercon-
ect at the three-phase boundary. Fig. 10 shows the three-phase
oundary for AISI 430/seal samples; a severe degree of corro-

ig. 10. Three-phase boundary for AISI 430/seal sample, after exposure for
00 h at 800 ◦C to H2–3% H2O atmosphere.
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ion was observed, together with a high amount of chromium,
ron and manganese oxides diffusion into the seal. EDS analysis
onducted on a point at 20 �m from AISI/seal interface, revealed
he presence of oxygen, chromium, manganese and iron.

More promising results were obtained after the test on
amples joined by the composite seal. Fig. 11a shows the cross-
ection of AISI 430/composite seal/YSZ joined sample after
xposure for 200 h at 800 ◦C to H2–3% H2O atmosphere. No
resence of cracks was observed and the AISI 430/compos-
te seal and composite seal/YSZ interfaces are still continuous
nd flawless. A slight interface corrosion is confined to the
ISI 430/composite seal three-phase boundary (Fig. 11b), where

he thickness of the chromium, iron, manganese oxide layer
ncreased to about 10 �m.

The mechanism for corrosion at the three-phase boundary
s due to the decomposition of sodium oxide under reducing
onditions, as described in Ref. 19.

The difference in corrosion behavior between AISI
30/seal/YSZ and AISI 430/composite seal/YSZ joined sam-
les at the three-phase boundary was probably due to the higher
iscosity of the composite seal together with the higher thermo-
ig. 11. (a) Cross-section of AISI 430/composite seal/YSZ joined sample after
xposure for 200 h at 800 ◦C to H2–3% H2O atmosphere. (b) Three-phase bound-
ry for AISI 430/composite seal, after exposure for 200 h at 800 ◦C to H2–3%

2O atmosphere.
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Anyway, the AISI 430 corrosion and consequently the reac-
ivity at the AISI 430/seal interface region, could be further
educed by application of thin more stable metal-oxide coating
o the AISI 430 interconnect, prior to sealing.19

. Conclusions

A new barium-free multi-component borosilicate glass has
een successfully used to seal AISI 430 to YSZ.

A composite seal based on this glass showed a good inter-
ace with pre-oxidized AISI 430 and the YSZ; no reactions were
bserved at the deposition temperatures, but a residual porosity
s still present in the composite seal. Joined samples were prelim-
nary submitted to H2–3% H2O atmosphere exposure at 800 ◦C
or 200 h. The morphological analysis showed integrity of the
ISI 430/composite seal/YSZ joint region, but at the three-phase
oundary a slight corrosion zone were observed.
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