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Abstract

This work describes the design and development of a glass—ceramic seal to produce a hermetic joint between the ceramic electrolyte and the
metallic interconnect of planar SOFC stacks. The glass—ceramic composition was designed considering the chemical compatibility with the
ceramic electrolyte (yttria stabilized zirconia) and the oxidation resistant metal alloy interconnect (Crofer 22 APU), the thermo-mechanical
properties (characteristic temperatures, thermal expansion coefficient), and the wettability on the substrates. The designed glass—ceramic seal is a
barium-free silica-based glass, which partially crystallizes during the heat treatment after being deposited on Crofer 22 APU substrate by slurry
coating 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
that 950 °C (upper limit for the metallic interconnect) and the maximum heating rate of about 5 °C/min (limit for ceramic components). The
joined ceramic/seal/metal samples were morphologically characterized and preliminary tested for 400 h in air atmosphere at the fuel cell operating
temperature 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

as-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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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
which produce electricity by the electrochemical reaction
between fuel and an oxidant.! Among the different SOFCs,
the planar type, which is expected to be cost effective and
mechanically robust, offers an attractive potential for increased
power densities compared to other concepts.” The repeating
unit of a planar configuration is formed by the combination of
joint anode—electrolyte—cathode structures and interconnect; the
interconnect provides electrical connection between the anode
of one individual cell (repeating unit) to the cathode of the
neighbouring one.® In most planar solid oxide fuel cell stack
designs, the interconnect, which is an oxidation resistant alloy
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(chromia-forming ferritic stainless steels) 7~ has to be sealed to
the adjacent components.

The seal must meet some important requirements: it has to
be hermetic, in order to prevent mixing of fuel and oxidant; it
should have a thermal expansion coefficient close to those of the
interconnect '° and electrolyte. Moreover, the seal must provide
electrical insulation of the cell and it must have low reactivity
with the other cell components during the total lifetime of the
cell.

In literature, three different approaches are taken in consid-
eration for sealing SOFCs: rigid sealing, compressive sealing,
and compliant bonded sealing.!!1?

By carefully choosing the glass composition, glasses and
glass—ceramics meet, in principle, most of the requirements
of an ideal sealant.!31° Glass—ceramics, which can be pre-
pared by controlled sintering and crystallization of glasses,
possess superior mechanical properties and higher viscosity
at the SOFC operating temperature than glasses. Furthermore,
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glass—ceramics can have thermal expansion coefficients very
different from the parent glass, due to the different crys-
talline phases and their relative concentration. To develop a
suitable glass—ceramic sealant, it is therefore necessary to under-
stand crystallization kinetics, sealing properties and chemical
interaction when in contact with other components of the
cell. For example, barium aluminosilicate sealants have shown
high reactivity with the metallic interconnect at 800-900 °C
forming a porous and weak interface composed of barium chro-
mate (BaCrO4) and monocelsian (BaAl;Si»Og)!> 1718 while
phosphate and borate glasses are not sufficiently stable in a
humidified fuel gas environment.”!

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

2. Experimental

The heat resistant metal alloy used for this study was Crofer
22 APU (manufactured by Tyssen Krupp, Germany and supplied
by HT Ceramix, Switzerland), which is a ferritic stainless steel
containing 22 wt.% chromium and exhibits a thermal expan-
sion coefficient of 11.5 x 1070 K~!. The yttria 8 mol% zirconia
wafer (with a thermal expansion coefficient of 10.5 x 107K
had a thickness of 200 pwm and was supplied by HT Ceramix
(Switzerland). Crofer 22 APU and YSZ samples to be joined
were cut to dimensions: 10 mm x 8 mm x 2 mm.

A glass—ceramic sealant based on the system SiO;, Al,O3,
CaO, and Na; O was designed, produced and tested. The sealant
composition ranged between 50 and 55wt.% SiO», 10 and
12 wt.% Al,O3,20 and 23 wt.% CaO, and 10 and 12 wt.% Na;O.

The sealant, labelled as SACN, was produced as a glass by
melting the appropriate raw materials in different proportions
and by heating at 1500 °C for 1 h in a platinum crucible; the melt
was cast on a metal plate and the transparent glass was ground
for differential thermal analysis (DTA) (Perkin Elmer DTA7)
and hot stage microscopy experiments (Leitz GmbHAII).

The glass was powdered and sieved into four different size
ranges: <38, 38-75, 75-106 and >106 pum. The particle size
for each fraction was used for analyzing the thermal behaviour
of the glass power as a function of the particle size by DTA.
DTA scans were recorded from room temperature to 1000 °C in
flowing dry argon at various heating rates (5, 10 and 25 °C/min).
Coefficients of thermal expansion were measured on SACN bars
(8 mm x 5mm x 4 mm) in a Perkin Elmer Thermomechanical
Analyser, 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)
and on YSZ ceramic were carried out by heating microscopy
(Leitz Wetzlar, Germany) or in a tubular oven under air or Ar
atmosphere. The SACN glass powders (<38, 38-75, 75-106 and
>106 pm) were deposited on Crofer 22 APU samples by slurry
coating, heated and observed by optical microscopy and SEM.

Joined Crofer 22/SACN/YSZ samples were obtained by
sandwiching the SACN glass (<38 to <75 pm) coated YSZ wafer
and the Crofer 22 APU plate. Heat treatment was performed in

a tubular oven (Ar atmosphere) at a temperature above the glass
softening point, without applying any load. The joining thermal
treatment was carried out from room temperature to 900 °C with
a dwelling time of 30—120 min at 900 °C and a heating rate of 5
or 25 °C/min.

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

Glass pellets from SACN powder (<38 to <75 um) were
sintered at 900 °C with a dwelling time of 30 min (25 °C/min
heating rate); the resulting glass—ceramic bar was used in the
TMA apparatus for measuring the coefficient of thermal expan-
sion. Some glass—ceramic bars were thermal aged at 800 °C for
400h in air: the coefficient of thermal expansion of the aged
glass—ceramic was measured by TMA and the crystal phase
composition by X-ray diffraction analysis.

The joined samples (sandwich structure) were morpholog-
ically characterized by SEM observations. Preliminary EDS
analysis was carried out in order to asses chromium diffusion
into the seal both before and after thermal ageing at 800 °C for
400h in air.

In an attempt to provide more control of the thickness and
uniformity of the glass—ceramic layer, SACN glass powders
(<38 pm) were also deposited on Crofer 22 APU substrate by
EPD. Aqueous suspensions containing different wt.% of glass
powder were prepared; all suspensions were dispersed ultrason-
ically and subsequently deposited on the Crofer 22 APU sub-
strate. The experimental details of EPD of glass powders from
aqueous suspensions are similar to those reported elsewhere.’
The EPD parameters (concentration of glass powder in aqueous
suspensions, applied voltage, and deposition time) were opti-
mized by trial-and-error in order to obtain a dense layer of con-
trolled thickness of SACN glass on Crofer 22 APU substrates.

3. Results and discussion
3.1. Sealant characterization

The sealant composition was chosen in order to obtain a
glass with adequate characteristic temperatures and thermal
expansion coefficient (these values were calculated by SciGlass
software) and to avoid the use of BaO and B,O3, which are
undesired in this application as described in Section 1.

Table 1 shows the characteristic temperatures for the SACN
system: since the softening point of the glass is about 740 °C, the
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) x 10~%°C~! (300-500°C).

Table 1

Thermomechanical properties of the sealant material (SACN glass)
SACN glass

Glass transition temperature (°C) 670

Softening temperature (°C) 740

Thermal expansion coefficient (9.4-9.8) x 107 °C~! (300-500°C)
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Fig. 1. DTA analysis of SACN glass powders sieved at five different mean size
(d) ranges (heating rate 25 °C/min); curve (a) bulk glass, curve (b) d> 106 pm,
curve (¢) 75 um<d<106 um, curve (d) 38 um<d<75um, and curve (e)
d<38 pm.

Fig. 1 shows the DTA curves (heating rate 25 °C/min) of
SACN powders sieved at four different mean particle size ranges
and of SACN bulk glass. The T is found to be at 670 °C and two
exothermic peaks can be detected at higher temperatures. The
two peaks are considerably affected by the particle size; both
these peaks are shifted to lower temperatures when decreasing
the particle size, suggesting a possible effect associated with
surface crystallization of the glass.”>?3 A decrease in the second
crystallization peak height with increasing particle size can be
observed; this behaviour also suggests that the crystalline phase
formation starts mainly on the surface of the glass particles.

Fig. 2 shows DTA curves for different heating rates (parti-
cle size 38—75 pm). It is observed that the crystallisation peaks
shifted to higher temperatures with increasing heating rate.

The energy of crystallisation, E, for the two peaks was esti-
mated by the Kissinger equation 2*:

E
In (;;2) = —R—; ~+ const. (1)

Where ¢ is the heating rate, R the gas constant and Tp is the
crystallisation peak temperature. A plot of In(¢/ T}%) versus 1/Tp
is a straight line, whose slope corresponds to E.. The activation
energies for the first and second crystallisation phenomena were
found to be 380 and 255 kJ/mol, respectively.

Fig. 3a and b shows the XRD spectra of SACN glass—ceramic
samples heated at 5 °C/min up to 800 and 900 °C with a dwelling
time of 30 min, respectively. In the XRD pattern of Fig. 3a only
the Cap Al,SiO7 phase was detected, together with the presence
of an amorphous halo, evidence of a residual glassy phase; the
formation of this crystalline phase was assigned to the exother-
mic peak around 800 °C, reported in Fig. 2, curve a. The XRD
pattern of Fig. 3b shows the formation of different crystalline
phases, i.e. CapAl>SiO7 and NaAlSiO4. Thus the second DTA
exothermic peak (around 900 °C) was assigned to the NaAISiO4
formation.
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Fig. 2. DTA analysis of SACN powder (38 wum < d <75 um) at different heating
rates: (a) 5 °C/min; (b) 10 °C/min and (c) 25 °C/min.

TMA measurements on a SACN glass pellet sintered at
900 °C for 30 min revealed a thermal expansion coefficient of
10.7 x 1076°C~!. Crystallization of the glass resulted in an
increase of the thermal expansion coefficient, but still the value
is intermediate between those of Crofer 22 APU alloy and YSZ
ceramic, as required for this application.

3.2. Hot stage microscopy and wettability

Preliminary compatibility tests between the SACN
glass—ceramic seal and preoxidised Crofer 22 APU alloy, and
SACN glass—ceramic seal and YSZ ceramic were conducted
in a hot-stage microscope using different powder sizes (<20,
20-38, 38-75, 75-106 and >106 pm) (25 °C/min, Ar).

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

Nevertheless, a slight increase in porosity was observed by
decreasing the glass particle size from >106 to 20-38 pm (pic-
tures not reported here), as expected due to the occurrence of
sintering with concurrent surface induced crystallization, as dis-
cussed in Section 3.1.

Moreover, the X-ray diffraction analysis revealed that an
almost complete crystallisation of the glass could be achieved
after 30 min at 900 °C only with powders of mean particle size
<75 pm. This behaviour is probably due to the fact that surface
induced crystallization of glass powders >75 pm should lead
only to partial crystallisation.

As discussed above, a high degree of crystallisation is needed
to increase thermo-mechanical properties of the sealant and to
prevent microstructural modification during SOFC operation at
high temperatures (up to 900 °C). In this regard, the best com-
promise between residual porosity and degree of crystallisation
was obtained using SACN glass powder with average particle
size in the range 38—75 wm and heat treatment at temperatures
of 900 °C for 30 min.
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Fig. 3. (a) XRD measurements conducted on the silicate seal (after heat treatment at 800 °C with a dwelling time of 30 min, heating rate 5 °C/min). (b) XRD
measurements conducted on the silicate seal (after heat treatment at 900 °C with a dwelling time of 30 min, heating rate 5 °C/min).

3.3. EPD deposition and heat treatment

The SACN glass particles in distilled water were negatively
charged and moved towards the anode under the applied field.
By a trial-and-error approach varying the EPD parameters, as
explained elsewhere,”® the optimal suspension concentration,
voltage and deposition time, were determined. The best results
in terms of uniformity of the glass deposits were achieved with

suspensions of distilled water containing 20 wt.% glass, applied
voltage of 5V and deposition time of 5 min, with continuous
magnetic stirring. The deposits were dried at room temperature
for 24 h.

Fig. 5a shows a SEM micrograph of the cross-section of a
SACN glass layer as deposited on Crofer 22 APU substrate by
EPD. It can be seen that the SACN glass coating has a fairly uni-
form thickness of approximately 40 pwm. Thicker layers could be

Fig. 4. Wettability of SACN glass on Crofer 22 APU using different SACN powder sizes (d <20 pwm, d =20-38 pm, d=38-75 pm, d=75-106 pum and d> 106 pm)

(25 °C/min, Ar).
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Crofer 22 APU

Fig. 5. (a) Cross-section of SACN glass deposited on Crofer 22 APU substrate by EPD. Conditions: 20 wt.% five glass in suspension, applied voltage 5V and a
deposition time 5 min. (b) SEM top view of a sintered layer of glass sealant deposited by EPD.

obtained, if required, by modifying EPD parameters, as shown
elsewhere for other silicate glass systems.?’ The EPD layers
were sintered by the same thermal treatment used for the slurry-
based samples, i.e. Ar atmosphere with a dwelling time of 30 min
at 900 °C and heating rate of 5 or 25 °C/min. Fig. 5b shows
the obtained result: the Crofer 22 APU substrate is seen to be
uniformly coated by the EPD glass—ceramic layer.

3.4. Preparation and characterization of joined samples

Accordingly to what was discussed above, SACN glass
powders (38-75 wm) were deposited on as received and pre-
oxidised Crofer 22 APU substrates by both slurry coating
technique and EPD. Then as received and preoxidised Crofer 22
APU/SACN/YSZ joined samples were prepared with a “sand-
wich like” structure. At the sealing temperature of 900 °C no
differences in the joining porosity and crystalline structure were
observed by increasing the dwelling time from 30 to 120 min.
Although EPD provided a better control of the thickness of
the seal layer, no major difference was expected regarding the
structural integrity of the sandwich structure developed by both
methods. Therefore the further characterisation was concen-
trated on the structures made by slurry deposition.

The SACN glass—ceramic interfaces with both as received
and preoxidised (not reported here) Crofer 22 APU alloy and
YSZ ceramic are continuous, no cracks are present and the
glass—ceramic sealant exhibits a fairly homogeneous microstruc-
ture (Fig. 6).

Moreover Fig. 7 shows the cross-section of a Crofer 22
APU/SACN/YSZ joined sample obtained at 900 °C (heating rate
25 °C/min, dwelling time 30 min), where residual porosity is
observed in the sealant.

The influence of heating rate on the glass—ceramic sintering
behaviour and on the sealant residual porosity was investigated
on as received and preoxidised Crofer 22 APU/SACN/YSZ
joined structures. The cross-section of a joined sample obtained
at 900°C (dwelling time of 30min) using a heating rate of
5°C/min is showed in Fig. 8. Very low closed porosity can be
now observed in the seal region, thus indicating that this sealant
will provide high gas tightness and a hermetic structure. SEM

Fig. 6. Glass—ceramic microstructure of the sintered sealant (900 °C, 25 °C/min,
30 min) after HF etching.

images at higher magnification of Crofer 22 APU/SACN and
YSZ/SACN interfaces are shown in Figs. 9 and 10, respectively;
both interfaces are seen to be continuous and defect free.

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

Fig. 7. Cross-section of Crofer 22 APU/SACN/YSZ joined structure obtained at
900 °C (heating rate 25 °C/min) showing residual porosity in the glass—ceramic
sealant.
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- YSZ

Fig. 8. Crofer 22 APU/SACN/YSZ cross-section obtained at 900 °C (heating
rate 5 °C/min).

Crofer 22 APU

Fig. 9. Cross-section of the interface between Crofer 22 APU alloy and SACN
glass—ceramic (heat treatment 5 °C/min, 900 °C, 30 min).

reported that in sintering with concurrent crystallization of glass
powders, the heating rate plays a very important role in determin-
ing the final product microstructure and properties. The observed
behaviour reported in literatures (e.g. >>2°), however, is gener-
ally the opposite to the results of this study, since higher heating
rates are reported to overcome concurrent crystallization.>%6 In
our glass—ceramic system, the particle boundaries are not evi-
dent and pores approach spherical shape (Fig. 7), which indicates
that residual porosity could be determined by bubble formation

ol NSRS

Fig. 10. Cross-section of the interface between YSZ ceramic and SACN
glass—ceramic (heat treatment 5 °C/min, 900 °C, 30 min).

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

The cross-section of as-joined samples was investigated by
SEM-EDS measurements in order to detect possible chromium
diffusion from the Crofer 22 APU alloy into the glass—ceramic
sealant. However EDS analysis on the as prepared joined sam-
ples did not reveal any chromium diffusion into the seal (both
for preoxidised and not preoxidised Crofer 22 APU samples)
during the joining heat treatment.

Thermal ageing tests in air atmosphere at 800 °C for 400 h
were performed on the sealed samples. Fig. 11 shows the
cross-section of a Crofer 22 APU/SACN/YSZ joined sample
(produced at 900°, heating rate 5 °C/min, dwelling time 30 min),
after thermal ageing. It can be observed that the joint region
does not exhibit substantial modifications from the morpho-
logical point of view; no cracks or pores are present, and the
interfaces between the SACN glass—ceramic and both Crofer
22 APU alloy and YSZ ceramic are still continuous and free of
cracks.

EDS mapping results are shown in Fig. 12a and b. The Cr
EDS mapping at the interface between the SACN glass—ceramic
layer and Crofer 22 APU alloy (preoxidised and not preox-
idised, before the joining processing) gave different results.
As it can be seen in Fig. 12b, Cr diffusion occurs into the
SACN glass—ceramic layer for the non-preoxidised Crofer
22 APU/SACN/YSZ joined sample for a depth of about 30 pm
from the interface. On the other hand, for the preoxidised Cro-
fer 22 APU/SACN/YSZ joined samples, Cr is not detected in the
SACN glass—ceramic layer (Fig. 12a). The preoxidised layer on
the Crofer 22 APU alloy substrate (about 1 micron thickness)
seems to have acted as a barrier to the Cr diffusion into the
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

Fig. 11. Cross-section of Crofer 22 APU/SACN/YSZ joined structure obtained
at 900 °C (heating rate 5 °C/min), after 400 h of exposure in air at 800 °C.
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Cr (at%)

Fig. 12. Cr EDS mapping at the interface between SACN glass—ceramic and Crofer 22 APU substrate after 400 h of exposure in air at 800 °C: (a) preoxidised Crofer

22 APU/SACN interface and (b) not preoxidised Crofer 22/SACN interface.

after thermal ageing, thus indicating the thermo-mechanical
stability of the glass—ceramic seal after 400h at 800°C in
air.

Current investigations focus on the study of the thermal
stability of the joined structures in dual atmosphere (air and
Hy-3%H,0).

4. Conclusions

A new barium- and boron-free glass has been designed and
successfully used to join YSZ to Crofer 22 APU alloy. The pres-
sure less joining process at 900 °C causes the partial surface
induced crystallization of the glass, resulting in a glass—ceramic
seal, still having a matched TEC with both YSZ and Crofer 22
APU alloy. The wettability of the seal was determined to be very
good on both YSZ and as received- and preoxidised Crofer 22
APU substrates. The powdered glass was successfully applied
as a sealant by both slurry coating and by EPD, in air or Ar.
The use of EPD can be advantageous for a better control of the
glass—ceramic seal thickness. Thermal ageing in air (800 °C,
400 h) caused a Cr-diffusion from Crofer 22 APU alloy to the
seal only when the alloy is in the as received condition, whereas
the preoxidised one did not result in migration of Cr ions through
the seal.
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