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bstract

his work describes the design and development of a glass–ceramic seal to produce a hermetic joint between the ceramic electrolyte and the
etallic interconnect of planar SOFC stacks. The glass–ceramic composition was designed considering the chemical compatibility with the

eramic electrolyte (yttria stabilized zirconia) and the oxidation resistant metal alloy interconnect (Crofer 22 APU), the thermo-mechanical
roperties (characteristic temperatures, thermal expansion coefficient), and the wettability on the substrates. The designed glass–ceramic seal is a
arium-free silica-based glass, which partially crystallizes during the heat treatment after being deposited on Crofer 22 APU substrate by slurry
oating or by electrophoretic deposition.

The sealing process of the glass–ceramic was optimized, also taking into account that the maximum processing temperature should be lower
hat 950 ◦C (upper limit for the metallic interconnect) and the maximum heating rate of about 5 ◦C/min (limit for ceramic components). The

oined ceramic/seal/metal samples were morphologically characterized and preliminary tested for 400 h in air atmosphere at the fuel cell operating
emperature of 800 ◦C. Thermal ageing in air caused a Cr-diffusion from Crofer 22 APU alloy to the seal only when the alloy was used in the
s-received condition. The preoxidised one did not diffuse Cr ions through the seal under the same ageing conditions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
hich produce electricity by the electrochemical reaction
etween fuel and an oxidant.1 Among the different SOFCs,
he planar type, which is expected to be cost effective and

echanically robust, offers an attractive potential for increased
ower densities compared to other concepts.2–5 The repeating
nit of a planar configuration is formed by the combination of
oint anode–electrolyte–cathode structures and interconnect; the
nterconnect provides electrical connection between the anode

f one individual cell (repeating unit) to the cathode of the
eighbouring one.6 In most planar solid oxide fuel cell stack
esigns, the interconnect, which is an oxidation resistant alloy
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chromia-forming ferritic stainless steels) 7–9 has to be sealed to
he adjacent components.

The seal must meet some important requirements: it has to
e hermetic, in order to prevent mixing of fuel and oxidant; it
hould have a thermal expansion coefficient close to those of the
nterconnect 10 and electrolyte. Moreover, the seal must provide
lectrical insulation of the cell and it must have low reactivity
ith the other cell components during the total lifetime of the

ell.
In literature, three different approaches are taken in consid-

ration for sealing SOFCs: rigid sealing, compressive sealing,
nd compliant bonded sealing.11,12

By carefully choosing the glass composition, glasses and
lass–ceramics meet, in principle, most of the requirements

f an ideal sealant.13–19 Glass–ceramics, which can be pre-
ared by controlled sintering and crystallization of glasses,
ossess superior mechanical properties and higher viscosity
t the SOFC operating temperature than glasses. Furthermore,
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joining process was carried out below 950 C (the upper temper-
ature for the Crofer 22 APU alloy). TMA measurements revealed
a thermal expansion coefficient of the as produced SACN glass
of (9.4–9.8) × 10−6 ◦C−1 (300–500 ◦C).

Table 1
Thermomechanical properties of the sealant material (SACN glass)
2 F. Smeacetto et al. / Journal of the Eu

lass–ceramics can have thermal expansion coefficients very
ifferent from the parent glass, due to the different crys-
alline phases and their relative concentration. To develop a
uitable glass–ceramic sealant, it is therefore necessary to under-
tand crystallization kinetics, sealing properties and chemical
nteraction when in contact with other components of the
ell. For example, barium aluminosilicate sealants have shown
igh reactivity with the metallic interconnect at 800–900 ◦C
orming a porous and weak interface composed of barium chro-
ate (BaCrO4) and monocelsian (BaAl2Si2O8)15,17,18 while

hosphate and borate glasses are not sufficiently stable in a
umidified fuel gas environment.21

In this study, a barium- and boron-free glass–ceramic was
hosen to join Crofer 22 APU alloy to an yttria stabilized zirco-
ia wafer. The same glass–ceramic was used for electrophoretic
eposition of a sealant layer on as-received Crofer 22 APU foils.

. Experimental

The heat resistant metal alloy used for this study was Crofer
2 APU (manufactured by Tyssen Krupp, Germany and supplied
y HT Ceramix, Switzerland), which is a ferritic stainless steel
ontaining 22 wt.% chromium and exhibits a thermal expan-
ion coefficient of 11.5 × 10−6 K−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 and was supplied by HT Ceramix
Switzerland). Crofer 22 APU and YSZ samples to be joined
ere cut to dimensions: 10 mm × 8 mm × 2 mm.
A glass–ceramic sealant based on the system SiO2, Al2O3,

aO, and Na2O was designed, produced and tested. The sealant
omposition ranged between 50 and 55 wt.% SiO2, 10 and
2 wt.% Al2O3, 20 and 23 wt.% CaO, and 10 and 12 wt.% Na2O.

The sealant, labelled as SACN, was produced as a glass by
elting the appropriate raw materials in different proportions

nd by heating at 1500 ◦C for 1 h in a platinum crucible; the melt
as cast on a metal plate and the transparent glass was ground

or differential thermal analysis (DTA) (Perkin Elmer DTA7)
nd hot stage microscopy experiments (Leitz GmbHAII).

The glass was powdered and sieved into four different size
anges: <38, 38–75, 75–106 and >106 �m. The particle size
or each fraction was used for analyzing the thermal behaviour
f the glass power as a function of the particle size by DTA.
TA scans were recorded from room temperature to 1000 ◦C in
owing dry argon at various heating rates (5, 10 and 25 ◦C/min).
oefficients of thermal expansion were measured on SACN bars

8 mm × 5 mm × 4 mm) in a Perkin Elmer Thermomechanical
nalyser, TMA (heating rate 5 ◦C/min).
Studies of wettability of SACN glass on Crofer 22 APU alloy

as received and preoxidised at 950 ◦C in air for 2 h, 25 ◦C/min)
nd on YSZ ceramic were carried out by heating microscopy
Leitz Wetzlar, Germany) or in a tubular oven under air or Ar
tmosphere. The SACN glass powders (<38, 38–75, 75–106 and
106 �m) were deposited on Crofer 22 APU samples by slurry

oating, heated and observed by optical microscopy and SEM.

Joined Crofer 22/SACN/YSZ samples were obtained by
andwiching the SACN glass (<38 to <75 �m) coated YSZ wafer
nd the Crofer 22 APU plate. Heat treatment was performed in
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tubular oven (Ar atmosphere) at a temperature above the glass
oftening point, without applying any load. The joining thermal
reatment was carried out from room temperature to 900 ◦C with
dwelling time of 30–120 min at 900 ◦C and a heating rate of 5
r 25 ◦C/min.

The crystalline phase composition of the sealing material
fter heat treatment was determined by X-ray diffraction (XRD)
nalysis.

Glass pellets from SACN powder (<38 to <75 �m) were
intered at 900 ◦C with a dwelling time of 30 min (25 ◦C/min
eating rate); the resulting glass–ceramic bar was used in the
MA apparatus for measuring the coefficient of thermal expan-
ion. Some glass–ceramic bars were thermal aged at 800 ◦C for
00 h in air: the coefficient of thermal expansion of the aged
lass–ceramic was measured by TMA and the crystal phase
omposition by X-ray diffraction analysis.

The joined samples (sandwich structure) were morpholog-
cally characterized by SEM observations. Preliminary EDS
nalysis was carried out in order to asses chromium diffusion
nto the seal both before and after thermal ageing at 800 ◦C for
00 h in air.

In an attempt to provide more control of the thickness and
niformity of the glass–ceramic layer, SACN glass powders
<38 �m) were also deposited on Crofer 22 APU substrate by
PD. Aqueous suspensions containing different wt.% of glass
owder were prepared; all suspensions were dispersed ultrason-
cally and subsequently deposited on the Crofer 22 APU sub-
trate. The experimental details of EPD of glass powders from
queous suspensions are similar to those reported elsewhere.20

he EPD parameters (concentration of glass powder in aqueous
uspensions, applied voltage, and deposition time) were opti-
ized by trial-and-error in order to obtain a dense layer of con-

rolled thickness of SACN glass on Crofer 22 APU substrates.

. Results and discussion

.1. Sealant characterization

The sealant composition was chosen in order to obtain a
lass with adequate characteristic temperatures and thermal
xpansion coefficient (these values were calculated by SciGlass
oftware) and to avoid the use of BaO and B2O3, which are
ndesired in this application as described in Section 1.

Table 1 shows the characteristic temperatures for the SACN
ystem: since the softening point of the glass is about 740 ◦C, the

◦

SACN glass

lass transition temperature (◦C) 670
oftening temperature (◦C) 740
hermal expansion coefficient (9.4–9.8) × 10−6 ◦C−1 (300–500 ◦C)
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Fig. 1. DTA analysis of SACN glass powders sieved at five different mean size
( ◦
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d) ranges (heating rate 25 C/min); curve (a) bulk glass, curve (b) d > 106 �m,
urve (c) 75 �m < d < 106 �m, curve (d) 38 �m < d < 75 �m, and curve (e)
< 38 �m.

Fig. 1 shows the DTA curves (heating rate 25 ◦C/min) of
ACN powders sieved at four different mean particle size ranges
nd of SACN bulk glass. The Tg is found to be at 670 ◦C and two
xothermic peaks can be detected at higher temperatures. The
wo peaks are considerably affected by the particle size; both
hese peaks are shifted to lower temperatures when decreasing
he particle size, suggesting a possible effect associated with
urface crystallization of the glass.22,23 A decrease in the second
rystallization peak height with increasing particle size can be
bserved; this behaviour also suggests that the crystalline phase
ormation starts mainly on the surface of the glass particles.

Fig. 2 shows DTA curves for different heating rates (parti-
le size 38–75 �m). It is observed that the crystallisation peaks
hifted to higher temperatures with increasing heating rate.

The energy of crystallisation, Ec, for the two peaks was esti-
ated by the Kissinger equation 24:

n

(
φ

T 2
P

)
= − Ec

RT
+ const. (1)

here φ is the heating rate, R the gas constant and TP is the
rystallisation peak temperature. A plot of ln(φ/T 2

P ) versus 1/TP
s a straight line, whose slope corresponds to Ec. The activation
nergies for the first and second crystallisation phenomena were
ound to be 380 and 255 kJ/mol, respectively.

Fig. 3a and b shows the XRD spectra of SACN glass–ceramic
amples heated at 5 ◦C/min up to 800 and 900 ◦C with a dwelling
ime of 30 min, respectively. In the XRD pattern of Fig. 3a only
he Ca2Al2SiO7 phase was detected, together with the presence
f an amorphous halo, evidence of a residual glassy phase; the
ormation of this crystalline phase was assigned to the exother-
ic peak around 800 ◦C, reported in Fig. 2, curve a. The XRD
attern of Fig. 3b shows the formation of different crystalline
hases, i.e. Ca2Al2SiO7 and NaAlSiO4. Thus the second DTA
xothermic peak (around 900 ◦C) was assigned to the NaAlSiO4
ormation.

p
w
s
o

ig. 2. DTA analysis of SACN powder (38 �m < d < 75 �m) at different heating
ates: (a) 5 ◦C/min; (b) 10 ◦C/min and (c) 25 ◦C/min.

TMA measurements on a SACN glass pellet sintered at
00 ◦C for 30 min revealed a thermal expansion coefficient of
0.7 × 10−6 ◦C−1. Crystallization of the glass resulted in an
ncrease of the thermal expansion coefficient, but still the value
s intermediate between those of Crofer 22 APU alloy and YSZ
eramic, as required for this application.

.2. Hot stage microscopy and wettability

Preliminary compatibility tests between the SACN
lass–ceramic seal and preoxidised Crofer 22 APU alloy, and
ACN glass–ceramic seal and YSZ ceramic were conducted

n a hot-stage microscope using different powder sizes (<20,
0–38, 38–75, 75–106 and >106 �m) (25 ◦C/min, Ar).

Except in one case, with SACN glass particles <20 �m, where
he Crofer 22 APU alloy was wetted but only partially coated,
n the other cases the wettability on both substrates was out-
tanding (Fig. 4), which is thought to be due to a lack of glass
ormation.

Nevertheless, a slight increase in porosity was observed by
ecreasing the glass particle size from >106 to 20–38 �m (pic-
ures not reported here), as expected due to the occurrence of
intering with concurrent surface induced crystallization, as dis-
ussed in Section 3.1.

Moreover, the X-ray diffraction analysis revealed that an
lmost complete crystallisation of the glass could be achieved
fter 30 min at 900 ◦C only with powders of mean particle size
75 �m. This behaviour is probably due to the fact that surface

nduced crystallization of glass powders >75 �m should lead
nly to partial crystallisation.

As discussed above, a high degree of crystallisation is needed
o increase thermo-mechanical properties of the sealant and to
revent microstructural modification during SOFC operation at
igh temperatures (up to 900 ◦C). In this regard, the best com-
romise between residual porosity and degree of crystallisation

as obtained using SACN glass powder with average particle

ize in the range 38–75 �m and heat treatment at temperatures
f 900 ◦C for 30 min.
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ig. 3. (a) XRD measurements conducted on the silicate seal (after heat trea
easurements conducted on the silicate seal (after heat treatment at 900 ◦C wit

.3. EPD deposition and heat treatment

The SACN glass particles in distilled water were negatively
harged and moved towards the anode under the applied field.

y a trial-and-error approach varying the EPD parameters, as
xplained elsewhere,20 the optimal suspension concentration,
oltage and deposition time, were determined. The best results
n terms of uniformity of the glass deposits were achieved with

S
E
f

ig. 4. Wettability of SACN glass on Crofer 22 APU using different SACN powder s
25 ◦C/min, Ar).
at 800 ◦C with a dwelling time of 30 min, heating rate 5 ◦C/min). (b) XRD
elling time of 30 min, heating rate 5 ◦C/min).

uspensions of distilled water containing 20 wt.% glass, applied
oltage of 5 V and deposition time of 5 min, with continuous
agnetic stirring. The deposits were dried at room temperature

or 24 h.

Fig. 5a shows a SEM micrograph of the cross-section of a

ACN glass layer as deposited on Crofer 22 APU substrate by
PD. It can be seen that the SACN glass coating has a fairly uni-

orm thickness of approximately 40 �m. Thicker layers could be

izes (d < 20 �m, d = 20–38 �m, d = 38–75 �m, d = 75–106 �m and d > 106 �m)
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F e by EPD. Conditions: 20 wt.% five glass in suspension, applied voltage 5 V and a
d osited by EPD.
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The observed decrease in porosity when heating rate
decreases (from 25 to 5 ◦C/min) is probably due to the more
effective removal of the gases entrapped in the sealant, during
the longer heat treatment. In the literature, it has been frequently
ig. 5. (a) Cross-section of SACN glass deposited on Crofer 22 APU substrat
eposition time 5 min. (b) SEM top view of a sintered layer of glass sealant dep

btained, if required, by modifying EPD parameters, as shown
lsewhere for other silicate glass systems.20 The EPD layers
ere sintered by the same thermal treatment used for the slurry-
ased samples, i.e. Ar atmosphere with a dwelling time of 30 min
t 900 ◦C and heating rate of 5 or 25 ◦C/min. Fig. 5b shows
he obtained result: the Crofer 22 APU substrate is seen to be
niformly coated by the EPD glass–ceramic layer.

.4. Preparation and characterization of joined samples

Accordingly to what was discussed above, SACN glass
owders (38–75 �m) were deposited on as received and pre-
xidised Crofer 22 APU substrates by both slurry coating
echnique and EPD. Then as received and preoxidised Crofer 22
PU/SACN/YSZ joined samples were prepared with a “sand-
ich like” structure. At the sealing temperature of 900 ◦C no
ifferences in the joining porosity and crystalline structure were
bserved by increasing the dwelling time from 30 to 120 min.
lthough EPD provided a better control of the thickness of

he seal layer, no major difference was expected regarding the
tructural integrity of the sandwich structure developed by both
ethods. Therefore the further characterisation was concen-

rated on the structures made by slurry deposition.
The SACN glass–ceramic interfaces with both as received

nd preoxidised (not reported here) Crofer 22 APU alloy and
SZ ceramic are continuous, no cracks are present and the
lass–ceramic sealant exhibits a fairly homogeneous microstruc-
ure (Fig. 6).

Moreover Fig. 7 shows the cross-section of a Crofer 22
PU/SACN/YSZ joined sample obtained at 900 ◦C (heating rate
5 ◦C/min, dwelling time 30 min), where residual porosity is
bserved in the sealant.

The influence of heating rate on the glass–ceramic sintering
ehaviour and on the sealant residual porosity was investigated
n as received and preoxidised Crofer 22 APU/SACN/YSZ
oined structures. The cross-section of a joined sample obtained

t 900 ◦C (dwelling time of 30 min) using a heating rate of
◦C/min is showed in Fig. 8. Very low closed porosity can be
ow observed in the seal region, thus indicating that this sealant
ill provide high gas tightness and a hermetic structure. SEM

F
9
s

ig. 6. Glass–ceramic microstructure of the sintered sealant (900 ◦C, 25 ◦C/min,
0 min) after HF etching.

mages at higher magnification of Crofer 22 APU/SACN and
SZ/SACN interfaces are shown in Figs. 9 and 10, respectively;
oth interfaces are seen to be continuous and defect free.
ig. 7. Cross-section of Crofer 22 APU/SACN/YSZ joined structure obtained at
00 ◦C (heating rate 25 ◦C/min) showing residual porosity in the glass–ceramic
ealant.
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Fig. 8. Crofer 22 APU/SACN/YSZ cross-section obtained at 900 ◦C (heating
rate 5 ◦C/min).
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SACN glass–ceramic, after 400 h in air at 800 ◦C.

Finally, it should be noted that the coefficient of thermal
expansion of the glass–ceramic, measured by TMA, and the
crystal phase composition, detected by XRD, did not change
ig. 9. Cross-section of the interface between Crofer 22 APU alloy and SACN
lass–ceramic (heat treatment 5 ◦C/min, 900 ◦C, 30 min).

eported that in sintering with concurrent crystallization of glass
owders, the heating rate plays a very important role in determin-
ng the final product microstructure and properties. The observed
ehaviour reported in literatures (e.g. 25,26), however, is gener-
lly the opposite to the results of this study, since higher heating
ates are reported to overcome concurrent crystallization.25,26 In

ur glass–ceramic system, the particle boundaries are not evi-
ent and pores approach spherical shape (Fig. 7), which indicates
hat residual porosity could be determined by bubble formation

ig. 10. Cross-section of the interface between YSZ ceramic and SACN
lass–ceramic (heat treatment 5 ◦C/min, 900 ◦C, 30 min).

F
a

n Ceramic Society 28 (2008) 61–68

ue to the release of dissolved gas and insoluble gases (e.g.
ater vapour and air) entrapped in the initial pores. On the other
and, if the heating rate is lower the gases can effectively escape
rom the joint region when the glass sealant phase viscosity is
ufficiently low.

The cross-section of as-joined samples was investigated by
EM–EDS measurements in order to detect possible chromium
iffusion from the Crofer 22 APU alloy into the glass–ceramic
ealant. However EDS analysis on the as prepared joined sam-
les did not reveal any chromium diffusion into the seal (both
or preoxidised and not preoxidised Crofer 22 APU samples)
uring the joining heat treatment.

Thermal ageing tests in air atmosphere at 800 ◦C for 400 h
ere performed on the sealed samples. Fig. 11 shows the

ross-section of a Crofer 22 APU/SACN/YSZ joined sample
produced at 900◦, heating rate 5 ◦C/min, dwelling time 30 min),
fter thermal ageing. It can be observed that the joint region
oes not exhibit substantial modifications from the morpho-
ogical point of view; no cracks or pores are present, and the
nterfaces between the SACN glass–ceramic and both Crofer
2 APU alloy and YSZ ceramic are still continuous and free of
racks.

EDS mapping results are shown in Fig. 12a and b. The Cr
DS mapping at the interface between the SACN glass–ceramic

ayer and Crofer 22 APU alloy (preoxidised and not preox-
dised, before the joining processing) gave different results.
s it can be seen in Fig. 12b, Cr diffusion occurs into the
ACN glass–ceramic layer for the non-preoxidised Crofer
2 APU/SACN/YSZ joined sample for a depth of about 30 �m
rom the interface. On the other hand, for the preoxidised Cro-
er 22 APU/SACN/YSZ joined samples, Cr is not detected in the
ACN glass–ceramic layer (Fig. 12a). The preoxidised layer on

he Crofer 22 APU alloy substrate (about 1 micron thickness)
eems to have acted as a barrier to the Cr diffusion into the
ig. 11. Cross-section of Crofer 22 APU/SACN/YSZ joined structure obtained
t 900 ◦C (heating rate 5 ◦C/min), after 400 h of exposure in air at 800 ◦C.
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ig. 12. Cr EDS mapping at the interface between SACN glass–ceramic and Cr
2 APU/SACN interface and (b) not preoxidised Crofer 22/SACN interface.

fter thermal ageing, thus indicating the thermo-mechanical
tability of the glass–ceramic seal after 400 h at 800 ◦C in
ir.

Current investigations focus on the study of the thermal
tability of the joined structures in dual atmosphere (air and
2–3%H2O).

. Conclusions

A new barium- and boron-free glass has been designed and
uccessfully used to join YSZ to Crofer 22 APU alloy. The pres-
ure less joining process at 900 ◦C causes the partial surface
nduced crystallization of the glass, resulting in a glass–ceramic
eal, still having a matched TEC with both YSZ and Crofer 22
PU alloy. The wettability of the seal was determined to be very
ood on both YSZ and as received- and preoxidised Crofer 22
PU substrates. The powdered glass was successfully applied

s a sealant by both slurry coating and by EPD, in air or Ar.
he use of EPD can be advantageous for a better control of the
lass–ceramic seal thickness. Thermal ageing in air (800 ◦C,
00 h) caused a Cr-diffusion from Crofer 22 APU alloy to the
eal only when the alloy is in the as received condition, whereas
he preoxidised one did not result in migration of Cr ions through
he seal.
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