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A novel high-temperature alkaline earth silicate sealing glass was developed for solid oxide fuel cell
(SOFC) applications. The glass was used to join two metallic coupons of Cr-containing ferritic stainless
steel for seal strength evaluation. In previous work, SrCrO4 was found to form along the glass/steel inter-
face, which led to severe strength degradation. In the present study, aluminization of the steel surface
was investigated as a remedy to minimize or prevent the strontium chromate formation. Three different
processes for aluminization were evaluated with Crofer22APU stainless steel: pack cementation, vapor-

?grﬁ;gigth phase deposition, and aerosol spraying. It was found that pack cementation resulted in a rough surface
Sealing glass with occasional cracks in the Al-diffused region. Vapor-phase deposition yielded a smoother surface, but
Interface the resulting high Al content increased the coefficient of thermal expansion (CTE), resulting in the failure

Aluminization of joined coupons. Aerosol spraying of an Al-containing salt resulted in the formation of a thin aluminum

SOFC oxide layer without any surface damage. The room temperature seal strength was evaluated in the as-fired
state and in environmentally aged conditions. In contrast to earlier results with uncoated Crofer22APU,
the aluminized samples showed no strength degradation even for samples aged in air. Interfacial and
chemical compatibility was also investigated. The results showed aluminization to be a viable candidate
approach to minimize undesirable chromate formation between alkaline earth silicate sealing glass and
Cr-containing interconnect alloys for SOFC applications.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among the challenges facing developers of planar solid oxide
fuel cells (SOFCs) technology, a reliable and robust sealing mate-
rial or system remains a high priority in research and development
activities [1,2]. The sealing material or system has to be hermetic or
of low leakage, electrically insulting, chemically compatible with
mating materials, thermally stable, and mechanically strong in
the harsh dual environment (oxidizing, wet, and reducing atmo-
spheres) to survive numerous thermal cycles as well as long-term
(~40,000h) operation at elevated temperatures (~700-850°C).
Current SOFC seal research can be classified into three areas: glass
seal [3-11], active braze [12-15], and compressive seal [16-18].
The advantages and disadvantages of these approaches have been
reviewed in the literature [19,20]. Among these approaches, glass
and glass—-ceramics have been extensively studied due to the wide
range of properties available through modification of the composi-
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tion. Alkaline earth silicate glasses are among the most studied glass
systems. For example, Chou et al. studied a Sr—Ca-Y-B-Si glass sys-
tem with a focus on obtaining high sealing temperatures (>950°C)
for better long-term thermal and chemical stability by varying the
B, 03 content [3]. Meinhardt et al. developed a Ba-Ca-Al-B-Si glass
with a lower sealing temperature (<830°C) [4]. Lahl et al. exam-
ined the crystallization kinetics of A-Al-B-Si glasses (A=Ba, Ca,
and Mg) and the influence of nucleating agents on the activation
energy of crystal growth [5]. Sohn et al. investigated the thermal
and chemical stability of the Ba-Al-La-B-Si system. They found
that the CTE increased with BaO content and a maximum CTE of
~11 x 1076 °C-1 was obtained at BaO =40% and B,03/Si0, =0.7 [6].
Ley et al. studied the system of Sr—-Al-La-B-Si glass with varying
CTE in the range of (8-13) x 10-6°C~1 [7]. Adding ceramic fibers to
improve the thermal cycle stability was demonstrated by Taniguchi
et al. [8]. However, the complex seal system required very high
compressive stress (2 kgfcm=2).

In addition to close CTE match, chemical compatibility with
mating SOFC components is also required for sealing glasses. As
the operation temperature for SOFC has dropped from ~1000°C to
below ~800°C, the use of Cr-containing ferritic stainless steel such
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as Crofer22APU as the interconnect material appears to be feasible.
However, glass/metal interaction has created another level of hur-
dles. The behavior of various glass—ceramics with ferritic stainless
steels under SOFC environments has been investigated [9-11]. The
results of as-sealed or short-term aged (<400 h) samples showed
undesirable chromate formation [3,11], microstructure degrada-
tion, and electrical shorting [9]. In our earlier study of the seal
strength of alkaline earth silicate sealing glass with Crofer22APU,
Sr—chromate was readily formed along the glass/metal interface
when exposed to air, and the seal strength almost dropped to zero
after ageing in air for a few hundred hours. No strength degrada-
tion was observed when sealed coupons were aged in a reducing
environment, due to fact that the chromate phase is not stable
in reducing atmospheres and therefore did not form. [21]. A pos-
sible solution to the air-side chromate formation was proposed
which involved aluminizing the metallic interconnect to form a
protective layer of alumina. Aluminide coatings on alloys or steels
are commonly applied to minimize the oxidation or increase the
creep resistance of base metals. For example, pack cementation
was applied with different activators on alloy steels containing
9-12wt.% Cr and 1 wt.% Mo at 650°C to improve its oxidation and
creep resistance [22]. Houngniou et al. showed the iron-aluminide
coating exhibited excellent resistance to cyclic oxidation at 1000°C
[23]. The coating was also applied to porous Ni anodes for molten
carbonate fuel cells to improve the creep resistance [24] as well as
in multi-component coatings of (Fe,Cr); Al which showed no attack
when tested in a simulated boiler atmosphere at 500°C for 500 h
[25]. The objective of the present study was to investigate several
aluminization processes - pack cementation, vapor-phase deposi-
tion, and aerosol spraying - to form a protective alumina surface
layer instead of the aluminide, and to evaluate its effect on the
seal strength of a novel high-temperature sealing glass with Cro-
fer 22APU steel. In addition, environmental effects during aging
were studied. Fracture surface and microstructure analysis were
conducted and correlated with results of strength testing.

2. Experimental
2.1. Sealing glass preparation

The sealing glass used in this study is a high-temperature
(Sr0,Ca0)-Y,03-B,03-Si0, glass (with a mole ratio of
48.5:6:8.5:37), designated YSO75, which was prepared by con-
ventional oxide or carbonate mixing followed by glass melting
at 1500°C for 0.5h in a Pt-crucible. The details of glass making
and heat-treatment are given in [3]. This glass was developed for
higher (>950°C) sealing temperatures than the conventional G18
(Ba-Ca-Al-B-Si) glass of sealing temperatures <850°C [4]. The
as-prepared bulk glass has a glass transition point (Tg) of 685°C, a
softening point (Ts) of 741 °C, and an average coefficient of thermal
expansion (CTE) of 11.6 x 10-6°C-1. Partially devitrified (short-
term crystallized) glass shows no distinct glass transition point,
but still contains some residual glassy phase and exhibits softening
at 914°C, and a slightly higher average CTE of 11.9 x 10-6°C-1[3].

2.2. Aluminization of Crofer22APU

The ferritic stainless steel Crofer22APU was chosen for the alu-
minization evaluation. Crofer22APU is a special ferritic stainless
steel developed for SOFC applications which contains about 22 wt.%
of Cr to improve the oxidation resistance while maintaining good
oxide scale electrical conductivity. It also contains small amounts
of impurities or additives of Mn, Al, Ti, Si, and La (<0.5-0.8 wt.%)
[21,26]. The as-received Crofer22APU sheet had a thickness of 0.5

or 1.0mm and was cut into 12.5mm x 12.5 mm squares for coat-
ing and strength testing. Before coating, the metal coupons were
ultrasonically cleaned in iso-propanol followed by cleaning in ace-
tone. For aluminization via a pack cementation process, the metal
coupons were embedded in a powder mixture of Al, Al 03, and acti-
vator using a commercial process (NC101, Hitemco, Old Bethpage,
NY). Before coating, the samples were degreased and lightly sand
blasted using fine alumina powders to remove surface oxides. The
samples were then processed at ~900-1100°C for several hours
in an inert atmosphere (H,/Ar) to produce a coating thickness of
~50-100 wm. The second aluminization process was conducted
via vapor-phase deposition using the same pack of powers; in this
case, the metal coupons were not embedded within the powder
mixture but suspended above it (VPA GP-275, Hitemco, Old Beth-
page, NY). The samples were heat-treated the same as the pack
cementation process. The as-prepared aluminized coupons from
the pack cementation or vapor-phase process were further heat-
treated in air at 1000 °C or 1200°C for 2 h to convert the aluminide
to aluminum oxide. A third process was also tested which involved
air-spraying of an Al-halide in an solvent (A aerosol, ZYP Coatings,
Oak Ridge, TN) a few times onto both sides of the metal coupons.
After drying, the coupons were first heat-treated at 650°C in a
reducing environment for 12 h (2.7% Hy/balance He) to convert the
deposited Al-halide to Al and promote the diffusion into the metal
substrate. The coupons were then fired to 1000°C for 1h in air to
form the alumina layer.

2.3. Coupon sealing, mechanical testing, and microstructure
characterization

The as-prepared glass was crushed, passed through a #100-
mesh sieve, and mixed with organic binders to form a paste. For
coupon sealing, the paste was sandwiched between two metal
coupons and dried in an oven. After drying, the couple was slowly
fired to 550°C for 2h, then to 950-975°C for 2h followed by
800°C for 4h. To evaluate environmental aging effects, the as-
sealed coupons were aged in air or in wet (~30% H,0) dilute
hydrogen (~5.2% H, /[He) at 850 °C for 300 h. For room temperature
seal strength tests, the as-sealed or aged coupons were glued to two
aluminum test fixtures and tested in uniaxial tension. The details of
the assembly and test conditions are given in an earlier paper [21].
For each condition, about 6-7 samples were tested and the average
strength was reported. After the test, fracture surfaces were exam-
ined with optical microscopy. Some of the sealed samples as well
as unsealed aluminized coupons were also sectioned and polished
for interfacial characterization using scanning electron microscopy
(JOEL SEM model 5900LV). All the images were taken under back
scattering mode.

2.4. Chemical compatibility study

To investigate the chemical compatibility of the sealing glass
with alumina, the as-prepared YSO75 glass powders (~100 mesh)
were mixed with alpha-alumina powder (Alfa Aesar, MA, 99.98%
purity, surface area=6m?2 g~!) in a mass ratio of 2:1 in iso-propanol
for 15 min. The slurry was then dried and sieved through a #100-
mesh sieve. The mixed powders were die-pressed at 50 MPa and
sintered at 950 °C for 2 h followed by heat-treatment at 800 °C for
4 h before cooling to room temperature. The ramp rate for heat-
ing and cooling was 5°Cmin~!. Since the sealing glass partially
devitrifies readily at SOFC operating temperatures, a parallel test
to understand the reaction of devitrified glass with alumina was
also conducted using pre-devitrified glass powders (glass powder
heat-treated at 950 °C for 2 h and 800°C for 4 h, followed by vibra-
tion milling in a WC container and sieving through a #100-mesh
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sieve). The short-term crystallized powders were then processed in
the same manner as the as-prepared glass powders with alumina
powders for chemical compatibility tests. After sintering, the pel-
lets were crushed and pass through a #325-mesh sieve for X-ray
diffraction analysis (Phillips XRG3000) at 40 kV and 45 mA.

3. Results and discussion

3.1. Surface morphology and cross-section of aluminized
Crofer22APU

3.1.1. Pack cementation

The as-received Crofer22APU steel was rather smooth (surface
roughness about 1-2 wm) since it was fabricated by rolling metal
sheets down to 0.5 mm or 1 mm thickness. After pack cementation-
based aluminization, the surface appeared to be much rougher
(10-20 pm) and somewhat damaged as shown in the cross-section
view in Fig. 1A and B. The Al-diffused region was also evident,
extending from the surface to a depth of about 100 wm as shown
in Fig. 1A by the different color contrast. It is worth noting that
the presence of Al as aluminide in the diffused region also induced
large residual tensile stresses upon cooling which caused localized
cracking within the diffused aluminide layer. This is likely due to the
high CTE and the brittle nature of these intermetallic aluminides.
Various aluminides were reported by the pack cementation pro-
cesses such as Fe,Als when using activator of AlF;3 on P92 steel
(Fe-9Cr-1.0Mn-0.1C) at 650 °C [22], or Fe3Al and FeAl when using
NH4Cl activator on Fe-30Cr at 1000°C [23]. From EDS analysis,
the chemical composition of the as-coated surface was found to
have a mole ratio of (Fe,Cr) to Al=73:27, close to 3:1 correspond-
ing to (Fe,Cr)s;Al. However, the chemical compositions at a depth
of 10-20 pm from the outer surface were found to have an atomic
ratio of Fe:Cr:Al =44:12:44. Whether this corresponds to a mixture
of Fe—-Aland Cr or solid solution of Fe-Cr-Al is not clear. Nonetheless
the aluminides are known to have very large CTEs. For example, the
average CTE of oxide dispersion strengthened Fe3Al was reported
to be greater than (21-22) x 10-6°C-1 and (18-21) x 10-6°C-! for
FeAl at temperature range 500-1000°C [27]. The CTE of the base
metal Crofer22APU is about 12.5 x 10~6 °C~1, As a result of the large
CTE mismatch between the Al-diffused region and the base metal,
high residual tensile stresses developed during cooling, resulting in
the observed cracking (Fig. 1B). The as-coated surface is shown in
Fig. 1C with the majority of the surface being covered by the metal-
lic coating (white phase), and some residual alumina particles from
the pack formulation (dark particles).

The coated samples were further heat-treated in air at 1000°C
or 1200°C for 2 h to form an Al,03 surface layer for glass sealing.
Fig. 2 shows the cross-section and the surface morphology of a sam-
ple oxidized at 1000 °C. It will be noted that the surface appears to
be even rougher, with a depth close to 40-50 wm (Fig. 2A). The
oxidized surface did not show a uniform dense layer (dark phase)
but instead exhibited a thickness varying from ~1 pm to ~5 wm
(Fig. 2B). The surface morphology consisted of a fine-featured oxi-
dized layer with small primary particles (Fig. 2C). Spot EDS chemical
analyses were also conducted on the oxidized layer as well as the
base metal. The results showed that the oxidized outer layer was
mainly Al,O3 with trace amounts of Cr and Fe, while the base
metal at a location ~10 wm from the oxide layer showed a chemi-
cal composition of Fe:Cr:Al = 63:16:21, indicating that the oxidation
treatment did not deplete all the bulk-diffused Al, which was about
44 at% at a similar location before the oxidation treatment. Plain
Crofer22APU oxidized under the same conditions (1000°C for 2 h)
formed a dense Cr,03 sub-layer about 1-2 pm thick (Fig. 3A) and
an outer layer of spinel (Mn,Cr);04, often in the form of fine crys-

Fig. 1. SEM micrographs of as-received aluminized Crofer22APU sample made by
pack cementation process. (A) A low magnification view showing the Al-diffused
region and a surface crack, (B) a high magnification view near the surface, and (C) top
view (dark grains were residual adhered alumina powders from pack formulation).

tals (Fig. 3B). Comparing the surface morphology and cross-section
chemical analysis, it was evident that the pack aluminization pro-
cess is effective in suppressing the formation of a Cr-based scale,
and hence is likely to help mitigate Cr volatility as well as the above-
mentioned chromate formation which can result from glass/alloy
interactions.

3.1.2. Vapor-phase deposition

A second process technique involving suspending the Cro-
fer22APU coupons above the pack formulation was also evaluated.
The objective was to minimize surface roughness as well as to pre-
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Fig.2. SEM micrographs of aluminized Crofer22APU sample made by pack cementa-
tion process after oxidation at 1000 °C for 2 h. (A) A low magnification cross-section
view, (B) a higher magnification, and (C) a top surface view.

vent the adhesion of Al,03 particles which occurred in the pack
cementation approach. From a sealing point of view, a slightly rough
surface would be beneficial in terms of providing mechanical inter-
locking to improve the mechanical strength, assuming a relatively
weak interface. However, surface roughness with a depth of 50 um
(as shown in Fig. 2A) or greater may present problems in terms
of glass “filling” during the sealing process, resulting in residual
air pockets at the interface. Fig. 4 shows cross-sections (A, B) and
top surface view (C) of a vapor-phase-deposited aluminized sam-
ple after oxidation at 1000°C 2 h. The surface was indeed much
smoother as compared to the pack cementation process (Fig. 2A),
with aroughness depth less than 10 wm. The alumina layer (Fig. 4B)

/ Cry05 (A)

Metal
substrate

(Mn,Cr)304

Fig. 3. (A) Cross-section and (B) top surface SEM views of plain Crofer22APU after
oxidation at 1000°C 2 h in air shows the continuous, dense Cr,03 layer and a top
layer of fine (Mn,Cr); 04 crystals.

appeared to be thinner compared to the pack cementation sample
(Fig. 2B). The oxidized surface showed typical alumina aggregates
with small platelet-like crystals. Note that there was no clear color
contrast to show the Al-diffused regions (as in Fig. 1A, which shows
a gray region near the surface), and no cracks were observed. How-
ever, there appeared to be voids of the size about 10 pm beneath
the surface. The formation of these voids was not clear and was
expected to have minimal impact on mechanical strength since they
were subsurface defects.

Attempts to create sandwich samples with these coupons were
unsuccessful. Most of the coupons were completely debonded
after cooling to room temperature after the high-temperature seal-
ing/joining process. A simple linear thermal expansion test was
conducted on these samples; the results are plotted in Fig. 5
together with the plain Crofer22APU base metal. It is evident that
the aluminized samples exhibited a much higher CTE than the plain
alloy. An average CTE of ~16 x 10-6 °C~! was estimated for the alu-
minized sample, while the plain one had a CTE of ~12.5 x 106 °C-1,
This large CTE mismatch and arelatively smooth surface (i.e., lack of
roughness for mechanical interlocking) resulted in the fracture of
the sealed coupons (recall that the CTE of the sealing glass was only
11.9 x 10-6°C~1). EDS elemental analysis showed that a substantial
amount of Al diffused into the thin (1.0 mm) metal substrate to a
total depth of ~0.66 mm (~0.33 mm from each side). As a result of
the high Al content, the CTE was much higher than the base metal.
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Fig. 4. (A) and (B) Cross-section and (C) top surface view of vapor-phase-deposited
aluminized Crofer22APU after oxidation at 1000°C for 2 h in air shows the much
less rough surface and the fine alumina crystallites on the surface.

3.1.3. Aerosol spraying

In order to avoid substantial Al diffusion into the base metal,
a third process involving simple spraying of an aerosol containing
Al salts in a solvent was also evaluated. The samples were sprayed
twice in an orthogonal pattern. After coating, the samples were
first heat-treated in a reducing environment (650°C for 12 h) to
promote Al diffusion into the metal substrate, followed by oxida-
tion in air. Fig. 5 shows the cross-section of an oxidized sample
after the coating process. It is clear that the coating process did
not lead to substantial inward Al diffusion, as most of the sprayed
material remained on the surface and formed fine Al,05 particles
after oxidation. The minimal Al diffusion into the bulk may be due

metal substrate

Fig. 5. Cross-section view of the aerosol sprayed Crofer22APU after oxidation. Note
that many residual Al, 03 particles still adhered to the surface. Arrows show some
fine Al O3 particles on the surface layer. Chemical analysis by EDS of points 1-4 is
listed in Table 1.

to a limited amount of Al available for diffusion as well as limited
contact at the surface, since the aerosol spraying process resulted
in a coating of very loose whitish powder. EDS analysis of the cross-
section (points 1-4 in Fig. 5, also see Table 1) confirmed that most
of the Al was present as relatively large discrete alumina particles
above the surface scale which was composed primarily of Cr,03
with trace amounts of Fe and Mn. There also appeared to be some
discrete sub-pm alumina particles formed within the Cr,03 layer
or on top of the chromia layer (arrows in Fig. 5). Just a few pm into
the bulk alloy away from the surface, no detectible Al was present.
Overall, the surface was smooth without any cracks or deep cavities.
This batch of samples was used for studying the effects of environ-
mental ageing on seal strength. No spallation or debonding was
observed for these samples after sealing in a sandwiched couple,
which is consistent with the EDS analysis indication that there was
minimal Al inward diffusion. The lack of significant Al diffusion into
the alloy left the CTE of the alloy unchanged, so that it remained
well-matched to that of the glass sealing material (Fig. 6).

3.2. Room temperature seal strength of pre-oxidized aluminized
samples

Room temperature seal strength of the joined metal/glass/metal
couples is shown in Fig. 7 for the aluminized Crofer22APU sam-
ples prepared by pack cementation. For comparison, published
strength data for couples prepared with plain Crofer22APU is also
included [21]. The seal strength of plain Crofer22APU, aluminized
Crofer22APU pre-oxidized at 1000°C for 2h, and aluminized
Crofer22APU pre-oxidized at 1200°C for 2h was 6.3 +£0.9 MPa,
6.34+2.0MPa, and 5.1 +2.7 MPa, respectively. It is evident that
there was little or no strength degradation for aluminized Cro-
fer22APU as compared to plain Crofer22APU. In contrast, the seal

Table 1

Chemical analysis by EDS of selected points in Fig. 5

Element Point 1 Point 2 Point 3 Point 4
Cr 22.7 224 54.1 0.8
Fe 773 77.6 2.5

Al 4.6 50.6
Mn 3.6 0.5

Si 0.5

[0} 35.2 47.6
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Fig. 6. Linear thermal expansion of Crofer22APU before (dotted line) and after (solid
line) aluminization by the vapor-phase deposition process showing the increase of
CTE from ~12.5 x 1076°C~! to ~16 x 10-6°C-".

strength of plain Crofer22APU pre-oxidized at 1000 °C 2 h was only
2.6 0.8 MPa [21]. The cause for the strength degradation in the
plain Crofer22 APU was attributed to the formation of SrCrO4 (which
has very high CTE) along the metal/glass interfaces. Load and dis-
placement curves of the aluminized samples showed typical brittle
fracture with catastrophic failure at maximum load, similar to plain
Crofer22APU.

3.3. Effect of environment on seal strength of aged samples

The effect of environment on seal strength of aged samples
is shown in Fig. 8. For comparison, previously obtained data for
plain Crofer22APU is also included. It is evident that there was
no strength degradation for the aluminized samples, but instead
a slight increase in strength after ageing. The as-sealed aluminized
samples had a room-temperature strength of 5.8 + 1.4 MPa, which
increased after ageing in air (850°C/300h) to 8.2 & 1.5 MPa, and to
8.4+ 1.2 MPa after ageing in a wet reducing environment. On con-
trast, the strength of plain Crofer22APU substantially decreased to
0.5+ 0.3 MPa after ageing in air, although it also slightly increased
to 7.0 + 1.6 MPa after ageing in wet and reducing gas [21]. It is clear
that aluminization was very effective in solving the problem of
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strength degradation which occurred for plain Crofer22APU when
aged in air. The improvement can be attributed to the presence of
an outer layer of Al,03 which suppressed the spontaneous forma-
tion of SrCrO4 at the metal/glass interface (via reaction between
oxygen in the air, Sr in the glass and Cr in the steel). From fracture
surface analysis, no yellowish color (typical of SrCrO4) was identi-
fied along the sealing perimeter where oxygen was available from
the ambient air, suggesting that no SrCrO,4 formed at the interface.
Similarly, no SrCrO4 was found at the glass/metal interface during
cross-section analysis, as shown in Fig. 9A. In contrast, the inter-
faces with plain Crofer22APU typically contain the chromate phase,
which often cracks due to its very high, anisotropic CTE (arrows in
Fig. 9B).

As noted above, aluminized samples aged in either the air or
reducing environment showed some increase in strength (the stan-
dard deviation of +£1.2-1.5MPa or 14-18% was consistent with
typical brittle ceramics), although the strengths remained low
compared to dense glass materials. There are several possible expla-
nations for the observed behavior. One could be related to changes
in defect morphology and/or size during the 300 h ageing. Although
no direct evidence could be identified on the fracture surfaces,
one may not expect to detect a decrease in critical flaw size or
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Fig. 8. Effect of environmental ageing on seal strength of aluminized Crofer22APU coupons prepared by aerosol spraying process. For comparison, seal strength of plain

Crofer22APU was also included (data from [21]).
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Fig.9. Cross-section of glass/metal interface of air aged Crofer22APU, (A) aluminized
sample by aerosol spraying, and (B) plain Crofer22APU (arrows are SrCrOy).

morphology giving the fact the sealing glass experienced substan-
tial viscous flow during the initial high-temperature sealing. As a
result, most defects should initially have a round geometry and
a smooth outer surface. As the sealing glass subsequently devitri-
fied into a polycrystalline multi-phase mixture (with some residual
glass), significant changes in the flaw size and morphology may
have occurred, possibly including a reduction in the size of the crit-
ical flaws leading to failure during the tensile strength tests. The
other explanation could be related to the relief of residual stresses
(created as the samples were cooled from the sealing tempera-
ture of 950 °C) during the subsequent high-temperature anneal at
850°C. The initial bulk glass, which has a CTE of 11.6 x 10-6°C~!
and a softening point of 741 °C, becomes more rigid after short-term
crystallization, resulting in a higher softening point at 914 °C [21].
Since the metal has a higher CTE (12.5 x 10-6°C-1), some residual
stresses may have developed as the glass was cooled down below
the softening point, which were subsequently relieved by the for-
mation of new phases during the partial devitrification of the glass
which occurred as it was aged at 850 °C for several hundred hours.

3.4. Chemical compatibility

For alkaline earth (such as Ba) silicate glasses containing
aluminum, devitrification can result in formation of a stable mon-
oclinic celsian phase (BaAl,Si,Og), a meta-stable hexagonal celsian
phase, and/or an orthorhombic (paracelsian) phase. The mono-
celsian is stable from room temperature to 1590°C; above this
temperature hexa-celsian is stable up to the melting point of
1760°C [28]. The formation of the celsian phases can cause prob-
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Fig. 10. XRD of the chemical compatibility study of YSO75 glass and alumina pow-
ders.(A) As-made YSO75 glass, (B) crystallized glass, (C) sintered mixture of as-made
glass and alumina, and (D) sintered mixture of crystallized glass and alumina. 1:
SrSiO3, 2: Ca35105, 3: CaZSiO4, 4: Sl'BzO4, 5: YzSiOs. 6: A1203, 7: Sl'zA]zsiO7, and 8:
Sl‘AleizOg.

lems due to their low CTE; mono- and hexa-celsian phase have a
CTEof3.0 x 106°C-1 and 8.0 x 10-6°C~1, respectively. In addition,
there is a dimensional change (4%) during the reversible transfor-
mation between the orthorhombic and hexagonal phase. In our
earlier thermal properties study of a Ba-Ca-Al-B-Si glass, hexac-
elsian phase was formed initially and then gradually transformed
into the more stable monoclinic phase, resulting in a decrease in
bulk CTE after ageing at 750°C for 1000 h [28]. Because Sr is very
similar to Ba in terms of valence and ionic size, one may expect
similar celsian phases may form if aluminum is present. The glass
used in the present study did not contain aluminum, but of course
the aluminized steels had alumina surface layers, so it was impor-
tant to investigate the chemical compatibility between the glass
and coated steel. Both the as-prepared glass powder and powders
from crystallized glass were mixed with alumina powders and heat-
treated. XRD patterns of the heat-treated mixtures are shown in
Fig. 10, along with patterns for the glass powders. As expected,
the as-prepared glass was amorphous with no distinct diffraction
peaks. For the crystallized glass, the major crystalline phases were
SrSi03, Ca3SiOs and/or Ca,SiOy4. It also contained minor phases
of SrB,04 and Y,SiOs. Similar BaSiO3, CaSiO3, and MgSiO3 crys-
talline phases have been identified for Ba-Al-Si, Ca-Al-Si, and
Mg-Al-Si sealing glasses, respectively [5]. The XRD pattern of
the heat-treated mixture of as-prepared glass and alumina was
very similar to the heat-treated mixture of crystallized glass and
alumina. Two additional phases were identified: Sr,Al,SiO; and
SrAl;Si;Og. The mixture of as-prepared glass and alumina powders
showed a more distinct presence of SrAl;,Si; Og (number 8 in Fig. 10,
pattern C) than that of the crystallized glass and alumina mix-
ture (pattern D). This may suggest that the formation of SrAl,Si; Og
from the reaction of glass and Al,03 is more favorable, consistent
with the fact that unordered (amorphous) phases should be more
reactive (less constraint for atoms to reorganize) than ordered crys-
talline phases. This indicates that devitrifying glasses may have
an advantage over non-crystallizing glasses for high-temperature
SOFC sealing applications. SrAl,Si;Og is chemically analogous to
celsian (BaAl,Si;Og) phase; the thermal expansion coefficients are
not known but are expected to be low. In addition, another tetrago-
nal phase, SrAl,SiO7, was found in the sintered powder mixtures,
but again no published CTE data was available. Overall, the study
of the powder mixtures did indicate some reaction between glass
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YSO75 and alumina. On the other hand, no distinct crystalline
phases of SrAl,Si;Og or SryAl,SiO7 could be identified along the
metal/glass interfaces of the sealed coupon samples during post-
strength test analysis, suggesting that any reaction that did occur
was very limited.

4. Summary and conclusion

The problem of strength degradation of SOFC sealing
glass/metallic interconnect interfaces was addressed with alu-
minizing processes. Three different process techniques were briefly
evaluated. The pack cementation process resulted in a rough sur-
face with localized surface cracks. The vapor-phase process yielded
a smoother surface morphology; however, care must be taken to
minimize overdosing Al, which can lead to a significant increase
in CTE. A simple aerosol spray formed a very thin and discrete
alumina layer. High-temperature ageing of sealed, aluminized
metal couples resulted in increased strength, in contrast to the
severe strength degradation observed for non-aluminized coupons.
XRD patterns indicated some potential reactivity between the
sealing glass and alumina to form secondary phases; however,
none of these phases could be confirmed on the sealed coupons.
Overall, aluminization appears to be a viable approach to prevent
adverse reaction between Cr-containing metallic interconnects
and alkaline earth silicate sealing glasses.
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