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Abstract

This paper describes the design and development of a composite seal for SOFC to
produce a hermetic joint between the ceramic and metallic components 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 phase (alumina) was chosen to increase the seal viscosity at the SOFC
working temperature (about 800°C), to improve the thermal shock resistance of 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, thermo mechanical analysis,

TMA, X-ray diffraction, XRD and differential thermal analysis, DTA.
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The joining process between YSZ and AISI 430 was optimized taking into account that
the maximum process temperature should be around 1000°C. Joined samples were

preliminary submitted to H»-3%H,0 atmosphere exposure at 80°C for 200 hours.
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1. Introduction

Fuel cells convert chemical energy into electrical energy with high efficiency and low
emission of pollutants [1]. Among the different SOFCs, the planar type, which is
expected to be cost effective and mechanically robust, offers an attractive potential for
the increased power densities compared to other fuel cell concepts. The repeating unit of
a planar configuration is formed by anode-electrolyte-cathode and interconnect; the
interconnect provides electrical connection between the anode of one individual cell
(repeating unit) to the cathode of the neighboring one. In most planar solid oxide fuel cell
stack designs, the interconnect has to be sealed to the adjacent ceramic components; as
interconnect, chromia-forming ferritic stainless steels are among the most promising
candidates, due to their electrically conducting oxide scale [2], appropriate thermal
expansion behavior, and low cost. The seal has to meet some important requirements: it
should be hermetic, in order to prevent mixing of fuel and oxidant; it should match its
thermal expansion coefficient to the interconnect and anode-cathode-electrolyte ones,
depending on stack design; it must provide electrical isolation of the cell and a low
reactivity with the other cell components over the lifetime of the cell, when in contact

with both the fuel and the air sides of the electrolyte.



Different seal concepts have been proposed: rigid glass or glass-ceramic seals [3-7],
glass-ceramic composite seals [8] or compressive seals such as micas [9-11].

A glass- or a glass-ceramic-matrix composite seal should have several advantages [12]:
e.g., the thermo-mechanical properties of the composite seal (viscosity, thermal
expansion coefficient, thermal conductivity) can be controlled by volume fraction and
particle size of the second phase, the glass matrix can flow to mitigate stresses and to heal
cracks and the conversion of the glass in a more stable glass-ceramic can improve the
mechanical properties of the seal [13] [14] [15] [16].

In this study, two sodium-calcium-aluminosilicate glasses (SACN1 and SACN2) were
developed as glassy seals and as matrix for glass-ceramic composite seals for joining
components in SOFC planar configuration. The sealing materials were produced in an
amorphous state; the subsequent introduction of a second phase and the thermal treatment
for joining AISI 430 and YSZ determined the formation of a glass-ceramic matrix
composite seal.

The sealing materials were barium oxide free, in order to avoid the formation of high
thermal expansion coefficient barium chromate, due to the interaction with chromium
oxide on the surface of AISI 430. [17]

The second phase, Al,O5 particles, was chosen to increase the seal viscosity at the SOFC
working temperature (about 800°C) and to improve the thermal shock resistance of the
seal. In fact, the most critical aspect of the known seals is their low resistance to thermal
cycling for prolonged time: the mechanical strength improvement and the higher thermal
conductivity, which can be obtained by using alumina as reinforcing phase, should

increase the thermal fatigue resistance of the seal.



2. Experimental

The heat resistant metal alloy used for this study was AISI 430, a ferritic stainless steel
containing 16 wt% of chromium (thermal expansion coefficient: 11.5x10° K™) . For the
wettability experiments, AISI430 plates (15x10x2 mm) were ultrasonic cleaned in
acetone, then used as as-received or pre-oxidized in air (900 °C, 2 hours).

The 8% mol yttria stabilized zirconia wafers (15x10x1 mm), with a thermal expansion
coefficient of 10.5x10° K™, were supplied by InDec Ltd (The Netherlands).

The two glasses, labeled as SACN1 and SACN2, were produced by melting the raw
materials (SiO,, Al,O3, Na,CO3;, CaCO3; and H3BO3) at 1500°C for 1 hour in a platinum
crucible; the glasses were poured on a brass plate and subsequently powdered (40-68
pHm). The molar compositions of the two glasses are: SACNL1: SiO, (45%), Al,O3 (9%),
CaO (18%), Na,O (18%) and B,03 (10%); SACN2: SiO, (40%), Al,03 (9%), CaO (18%),
Na,O (23%) and B,O3; (10%). Their thermal expansion coefficients were measured on
glass bars (8x5x4 mm) in a Perkin Elmer DMA, (heating rate 5 °C/min). The glass
transition temperatures were measured by DSC (Perkin Elmer DSC 7) and DTA (Perkin
Elmer DTA 7).

The wettability of both glasses on AISI 430 and YSZ was studied by heating stage
microscopy (LEITZ Wetzlar, Germany) in air and under Ar flow. The joined samples
were processed according to the set up shown in figure 1. The AISI 430/seal/YSZ
samples were prepared by slurry technique, i.e. dispersion of glass powders in ethanol,
the slurry was deposited at room temperature between the pre-oxidized AISI 430 plate

and the YSZ wafer, then heat treated in a tubular oven, under Ar atmosphere, at



temperature above glass softening point, i.e. from room temperature to 1000°C with a
dwelling time of 30 minutes at 1000 °C, heating rate of 20°C/min.

In order to obtain the AISI 430/composite seal/YSZ, the procedure was the same as
described above, but alumina particles were added (10-20 % vol, 20 um particle average
diameter) and mixed to the SACN slurry, In this case, the joining thermal treatment was
from room temperature to 1020 °C (dwelling time 30 minutes, under Af flow).

Polished cross-sections of the joined specimens were examined by scanning electron
microscopy (SEM, Jeol) and optical microscopy.

Crystalline phases formed in the composite seal were detected by XRD diffraction.

Both AISI 430/seal/YSZ and AISI 430/composite seal/YSZ joined samples were
submitted to H»-3%H,0O atmosphere exposure at 800°C for 200 hours. Reducing
conditions were obtained by using H; gas, which was humidified by passing over a water
bath at 22.8 °C.

Polished cross-sections of the tested specimens were examined by scanning electron

microscopy (SEM, Jeol) equipped with EDS.

3. Results and discussion
3.1 Wetting and adhesion
SACN2 glass has a higher amount of sodium than SACN1 (see experimental details); the
consequence is a higher thermal expansion coefficient and also a lower viscosity, as it can

be observed in table 1 (where the characteristic temperatures and TECs for the two



glasses are summarized); as a consequence SACN2 could be deposited at lower
temperatures than SACNL1.

Figure 2 shows a comparison among the coefficients of thermal expansion of the AISI
430, the YSZ and the two glasses (SACN1 and SACNZ2); it can be observed that SACN2

TEC has an intermediate value between the AISI 430 and the YSZ.

The wettability tests of glasses on AISI 430 (as received and pre-oxidized) and on YSZ
plates were conducted at different temperatures (1040°C for SACN1 and 1000°C for
SACN?2) in air or argon atmosphere. The AISI 430 substrates were pre-oxidized with the
aim of forming an adherent oxide layer compatible with both glass and metal substrate,
whose function was to act as transition layer and to promote strong chemical bonding
between metal and seal [18]. The pre-oxidation gave rise to the formation of a 3-5
microns thick chromium-manganese oxide and chromium-iron oxide layer, as detected by
XRD and SEM.

Table 2 summarizes observations on wetting and adhesion tests: the two glasses showed
good wettability on both substrates, but in many cases seal/AlSI 430 interfaces detached
during cooling from test temperature; the best results (crack-free and continuous
interface, no pores into the glass seal) were obtained using SACN2 on the pre-oxidized
AISI 430, under argon flow. Then, the production of a pre-oxidation layer on AlSI1430
was really effective to increase the interface bonding between metal and seal, but it was
not sufficient with high thermal expansion coefficient mismatches (i.e. SACNZ1/AISI 430

samples).



In fact, the lower value of the SACN1 TEC results in a low quality and somewhere
detached interface between the glass matrix and the pre-oxidized AISI 430; besides, some
cracks are present near the SACN1 glass/AISI 430 interface (Figure 3).

The interfacial adhesion of SACN2, whose TEC is very closed to AISI 430, with pre-
oxidized AISI 430 was clearly better, as it can be observed in figure 4, where no cracks or
pores are present. A partial infiltration of the glass is visible through the chromium-iron
manganese oxides rich layer; no bubbles or cracks are present in the glass joint. As a
consequence of these results, the SACN2 glass was chosen as seal and as a matrix for the

composite seal.

3.2 Seal processing and characterization

3.2.1 Glass seal

The joining between the pre-oxidized AISI 430 and the YSZ plate by SACN2 glass was
carried out by heating in argon atmosphere up to 1000 °C for 30 minutes chosen as the
best experimental conditions in terms of interface morphology.

Figure 5 is a SEM micrograph of the cross section of the joined AISI 430/SACN2/YSZ
sample; the average thickness of the joint is 300 um. The absence of cracks near the
interface both with AISI 430 and YSZ demonstrates the good matching of SACN2 TEC
with both the substrates to be joined (in figure 2, SACN2 TEC is intermediate between
AISI430 and YSZ); the SACN2 glass joint region is free from pores and cracks
perpendicular to the substrate surfaces; no morphological evidence of precipitates or

crystalline phases was found in the SACN2 joint region.



Figure 6 is a magnification of the interface zone between the SACN2 and the YSZ plate;

the interface is continuous and without pores or cracks.

3.2.2 Glass-ceramic matrix composite seal

The SOFC working temperature should be around 800 °C for several hours; the main
advantages of the composite seal, compared to the glass seal, are the enhanced toughness,
thermal chock resistance and viscosity. In particular, enhanced viscosity of the composite
seal should avoid the sealant flow at the working temperature, still assuring the healing of
cracks at working condition.

The composite joint between pre-oxidized AISI 430 and the YSZ plate, with the SACN2
added with 10-20 % vol alumina particles, was obtained at temperature of 1020°C, for 30
minutes in argon atmosphere: this process caused the crystallization of the SACN2 glass
matrix, as can be observed by the X-ray diffraction pattern of figure 7; the detected
crystalline phases are Ca,Al,SiO7, AINa(SiO,) and residual aluminum oxide.

The estimated TEC of the composite seal 10.84 x10° K™, calculated according to the rule
of mixture, is intermediate between AISI 430 and YSZ.

Figure 8 shows an optical micrograph of the interface between pre-oxidized AlISI 430 and
composite seal: the experimental evidence was the absence of cracks in the joint region; a
good dispersion of alumina particles in the SACN2 matrix was achieved. SEM
observation of the cross section (picture not reported here) of the joint AISI
430/SACN2/YSZ, showed the absence of cracks in the joint region; anyway a residual
porosity was present in the joint region, probably due to the high viscosity of the

composite seal and to its shrinkage during crystallization.



Finally, an EDS analysis (see figure 9) on the composite seal up to 20 um from the

interface with the pre-oxidized AlSI 430 substrate did not detect any Cr-diffusion.

3.2.3Exposure of the joined samples to H,-3%H,0 atmosphere

Both AISI 430/seal/YSZ and AISI 430/composite seal/YSZ joined samples were
submitted to H,-3%H,0 atmosphere exposure at 800°C for 200 hours.

In the case of glassy seal, a high degree of corrosion was observed, both in the joint
region and in the metallic interconnect at the three-phase boundary. Figure 10 shows the
three-phase boundary for AISI 430/seal samples; a severe degree of corrosion was
observed, together with a high amount of chromium, iron and manganese oxides
diffusion into the seal. EDS analysis conducted on point A (about 20 microns from
AlSl/seal interface) revealed the presence of oxygen, chromium, manganese and iron.
More promising results were obtained after the test on samples joined by the composite
seal. Figure 11a shows the cross section of AISI 430/composite seal/YSZ joined sample
after exposure for 200 hours at 800°C to H,-3%H,0 atmosphere. No presence of cracks
was observed and the AISI430/composite seal and composite seal/YSZ interfaces are still
continuous and flawless. A slight interface corrosion is confined to the AISI
430/composite seal three-phase boundary (Figure 11b), where the thickness of the
chromium, iron, manganese oxide layer increased to about 10 um.

The mechanism for corrosion at the three-phase boundary is due to the decomposition of

sodium oxide under reducing conditions, as described in ref.19.



The difference in corrosion behavior between AlIS1430/seal/YSZ and AISI 430/composite
seal/YSZ joined samples at the three-phase boundary was probably due to the higher
viscosity of the composite seal together with the higher thermodynamic stability of glass-
ceramic composite structure (where Ca,Al,SiO7, AINa(SiO4) crystalline phases were
formed) with respect to the glassy seal .

Anyway, the AISI 430 corrosion and consequently the reactivity at the AISI 430/seal
interface region, could be further reduced by application of thin more stable metal-oxide

coating to the AISI 430 interconnect, prior to sealing [19].

4. Conclusions

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

A composite seal based on this glass showed a good interface with pre-oxidized AlISI 430
and the YSZ; no reactions were observed at the deposition temperatures, but a residual
porosity is still present in the composite seal. Joined samples were preliminary submitted
to H2-3%H,0 atmosphere exposure at 80°C for 200 hours. The morphological analysis
showed integrity of the AISI 430/composite seal/YSZ joint region, but at the three-phase

boundary a slight corrosion zone were observed.
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Figure Captions

Figure 1. Schematic view of the joint between YSZ and AlS1430.

Figure 2. Thermal expansion coefficients of: the AISI 430, YSZ and the two glasses
(SACN1 and SACN2)

Figure 3. SEM micrograph: cross-section of the interface between pre-oxidized AISI 430
and SACNL1 (1040°C, 30 minutes)

Figure 4. SEM micrograph: cross-section of the interface between pre-oxidized AISI 430
and SACNZ2 glass (1000°C, 30 minutes)

Figure 5. SEM micrograph of the cross section of the joint AISI 430/SACN2/YSZ
(1000°C, 30 minutes)

Figure 6. SEM micrograph: magnification of the interface between the SACN2 and YSZ
(1000°C, 30 minutes)

Figure 7. X-ray diffraction pattern of the composite seal

Figure 8. Optical micrograph of the interface between AISI 430 and the composite seal
(1020°C, 30 minutes)

Figure 9. . EDS analysis on the composite seal up to 20 um from the interface with the

pre-oxidized AISI 430
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Figure 10. Three-phase boundary for AISI 430/seal sample, after exposure for 200 hours
at 800°C to H»-3%H,0 atmosphere

Figure 11a. Cross section of AISI 430/composite seal/YSZ joined sample after exposure
for 200 hours at 800°C to H,-3%H,0 atmosphere

Figure 11b. Three-phase boundary for AISI 430/composite seal, after exposure for 200

hours at 800°C to H,-3%H,0 atmosphere

Tables
Table 1 characteristic temperature for the SACN1 and SACN2
Table 2 Wetting and adhesion experimental observations for SACN1 and SACN2 on

AISI 430 and YSZ
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