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a b s t r a c t

A novel alkaline-earth silicate (Sr–Ca–Y–B–Si–Zn) sealing glass was developed for solid oxide fuel cell
(SOFC) applications. The glass was sandwiched between two metallic interconnect plates and tested for
electrical stability in a dual environment at elevated temperatures of 800–850 ◦C. A ferritic stainless steel
(Crofer22APU) was used as the metallic interconnect material in the as-received state and coated with
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(Mn,Co)3O4 spinel. The isothermal aging results showed stable electrical resistivity at 800–850 ◦C for
∼500–1000 h. The electrical resistivities at 800 or 850 ◦C of the spinel coated samples were lower than
the as-received ones; however, they were still several orders of magnitude higher than typical SOFC
functional parts. Interfacial microstructure was characterized and possible reactions are discussed.

© 2010 Elsevier B.V. All rights reserved.

rofer22APU
OFC

. Introduction

One of the major hurdles for advancing solid oxide fuel cell
SOFC) technologies is a robust and durable sealing material or
ystem. The challenges lie in all aspects of material properties: ther-
al, mechanical, chemical and electrical, and include not only bulk

roperties but also interfaces such as metallic interconnect to glass
r electrolyte to glass [1–5]. The sealing materials have to provide
ermeticity or low leak rate, and must be electrically insulating,
hemically compatible with mating materials, thermally stable and
urable in the harsh dual operating environment (oxidizing vs. wet
educing atmospheres). In addition, the seals must survive thermal
ycling and exhibit long-term stability (e.g., ∼40,000 h) and in some
ases vibrational stability while operating at elevated temperatures
∼700–850 ◦C).

Recent studies of sealing glasses for SOFC applications have
een focused primarily on alkaline-earth based silicates such
s Ba–Ca–Al–B–Si glass with a target operating temperature of
750 ◦C [6] and Sr–Ca–Y–B–Si with a focus on achieving higher

ealing temperatures (>950 ◦C) by varying the B2O3 content [7]. The
efractory type of sealing glass showed very stable microstructure,

rystalline phases and thermal expansion coefficient (CTE) even
fter 2000 h aging at 900 ◦C [7]. Lahl et al. studied the influence of
ucleating agents (e.g., TiO2 and ZrO2) on the activation energy of
rystal growth of various glasses A–Al–Si–B glasses (A = Ba, Ca, Mg)
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E-mail address: yeong-shyung.chou@pnl.gov (Y.-S. Chou).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.03.052
[8]. Sohn et al. investigated the thermal and chemical stability of
the Ba–La–Al–B–Si system. They found that the CTE of the bulk glass
increased with BaO content and a maximum CTE of ∼11 × 10−6/ ◦C
was obtained at BaO = 40% and B2O3/SiO2 = 0.7% [9]. Ley et al. stud-
ied the glass system of Sr–Al–La–B–Si and concluded that the CTE
of the bulk glasses could be tailored in the range of 8–13 × 10−6/ ◦C
[10].

In recent years, SOFC materials’ development has focused on
anode-supported thin electrolyte cells such that the operation tem-
peratures can be lowered from ∼1000 to ∼800 ◦C or lower, which
makes the use of metallic interconnect materials feasible. There-
fore, recent research has focused on chemical compatibility as
well as mechanical integrity of seal/interconnect structures. The
behavior of various sealing glasses with Cr-containing ferritic stain-
less steels under SOFC environments was investigated [11–13],
and the results for as-sealed or short-term aged (<400 h) samples
all showed undesirable alkaline-earth chromate formation [7,13].
The formation of chromate along the glass/metal interfaces often
degraded the strength substantially [14]; however, the strength
reduction was minimized by aluminizing the metal surface [15].
In addition to the issues of Cr reaction with sealing glass at sealing
areas, the Cr-poisoning effect on electrochemical performance of
the cell was well recognized [16–18]. To minimize Cr migration at
the cathode side, the metallic interconnect was often coated with

a protective and electrically conducting oxide such as (Mn,Co)3O4
spinel [19–21]. Thus, it appears that one needs to have two coatings
to use the Cr-containing ferritic stainless steels for SOFC applica-
tions: one for the sealing area and the other for the cathode air
flow field. This presents a potential processing and cost challenge

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yeong-shyung.chou@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2010.03.052
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Table 1
Chemical composition of sealing glasses.
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Mole% SrCO3 CaO Y2O3 B2O3 SiO2 ZnO

YSO46 43.5 5.0 5.0 10.0 34.0 2.5

or SOFC technology, since the environments and temperatures for
eat-treatment may be different for aluminization and spinel coat-

ngs. In this paper, we studied the electrical stability of a novel
ealing glass with the (Mn,Co)3O4 spinel coated Crofer22APU in
ddition to thermal, chemical and mechanical behaviors. In general,
he electrical resistivity of sealing glass was considered insulat-
ng comparing to values of SOFC cells and interconnects. However,
ecent study by Haanappel et al. on alkaline-earth silicate seal-
ng glass with ferritic stainless steels showed excessive internal Cr
xidation for glass containing small amount of PbO, which led to
he formation of highly conductive Fe-oxide dendrites for electri-
al shorting [22]. In this study, we have investigated the effect of
oating, environment and temperature on the electrical stability of
novel alkaline-earth silicate sealing glass. Interfacial reaction and
haracterization were conducted on the as-received metal coupons
nd coated ones. The implication of (Mn,Co)3O4 spinel coatings on
ealing area will be discussed in regard to SOFC applications.

. Experimental

.1. Glass making and test coupon preparation

The glass (designated YSO46) studied in this paper was a deriva-
ive of earlier developed “refractory” sealing glasses with a small
ddition of ZnO [7]. The chemical composition is listed in Table 1.
he glass was prepared by melting constituent oxides and car-
onates at ∼1450 ◦C in a Pt crucible for half an hour in air. The
etails of the sealing glass fabrication and glass powder process-

ng are given in Refs. [7,14]. Thermal properties of the as-cast
lass and glass powder compacts sintered at elevated temperatures

ere measured with the dilatometer (Unitherm 1161, ANTER Corp.,

ittsburgh, PA). The sintering temperature for glass powder com-
act was first heated to 550 ◦C and held for 2 h for binder burn-off,
hen to 950 ◦C and held for 2 h followed by 800 ◦C/4 h for crys-
allization in air. For sealing application, the glass powders were

ig. 1. Schematic drawing shows the set-up of the electrical stability test. The glass was
rovide a dual environment at elevated temperature. Platinum wires were used for meas
urces 195 (2010) 5666–5673 5667

mixed with an organic binder (V-006, Heraeus Electronic Materi-
als, W. Conshohocken, PA) to form a paste. A ferritic stainless steel,
Crofer22APU (ThyssenKrupp, Germany), was selected for electri-
cal stability tests. Crofer22APU is a leading candidate for metallic
interconnect material due to good oxidation resistance, matching
CTE with Ni/YSZ anode-supported YSZ cells, and the formation of
conductive Cr-containing scales. The metal has a nominal composi-
tion of Cr (20–24% in wt.%), Mn (0.3–0.8%), Cu (0–0.5%), Al (0–0.5%),
Si (0–0.5%) and traces of P, S and Ti [14]. The metal coupons were of
square shape, one was 50 mm × 50 mm with a central square hole of
12 mm × 12 mm, the other was 25 mm × 25 mm. The metals were
tested in the as-received state as well as after being coated with
(Mn, Co)3O4 spinel. The processing for the spinel coating, which
involved heat-treatment in a reducing environment followed by
oxidation in air at elevated temperatures, is given in Ref. [19]. Elec-
trical stability test samples were prepared by applying the glass
paste between the two metal coupons to form steel/glass/steel
sandwiches. After drying, the specimens were slowly heated to
550 ◦C for 2 h to remove organic binders. They were then fired to
950 ◦C/2 h followed by crystallization at 800 ◦C for 4 h in air. After
cooling to room temperature, the joined metal couples were tested
for leakage by applying a small amount iso-propanol in the central
cavity to observe any penetration of the alcohol to the other side.
For the electrical stability tests, only hermetic samples were used.

2.2. Electrical stability testing and microstructural
characterization

The electrical stability tests were conducted in a simulated SOFC
environment in which the glass seal was exposed to ambient air at
one side and a humid reducing environment (H2 or ∼2.7% H2/Ar
saturated with ∼30 vol.% H2O) at the other. The high moisture was
maintained by bubbling fuel gas through a water bath kept at con-
stant tempearture (∼70 ◦C). All gas lines are wrapped with a heating
tape kept at higher temperature (∼100 ◦C) to minimize water con-
densation. A schematic drawing of the test set-up detailing the

perimeter seal, the gas chamber and the electrical connections is
given in Fig. 1 [23]. A hybrid mica seal with Ag interlayer was used
as the perimeter seal for the chamber containing the reducing envi-
ronment. The hybrid mica seal with Ag foil was recently reported to
offer very long-term (>28,000 h) stability and thermal cycle stabil-

sandwiched between two metal plates and sealed with compressive mica seals to
uring the voltage drop across a known resister and the sample (Ref. [19]).
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Table 2
Thermal properties (in ◦C) of sealing glasses in the as-cast and crystallized state.
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was provided with dilute hydrogen (∼2.7% H2/Ar) saturated with
∼30% H2O. A high moisture fuel was chosen instead of dry hydro-
gen to more closely simulate operating conditions of real cells,
in which medium to high fuel utilization is expected. The equi-
librium PO2 for this dilute moist hydrogen was calculated to be
Glass/property Tg Ts CTE × 10−6

As-cast 645 693 11.76
Crystallized N/A 916 11.68

ty over 1000 thermal cycles [24]. Four Pt-wires were spot-welded
nto the sealed couples, two on the central square and two on
he larger square but on the opposite side. A DC load of 0.7 V was
pplied with a commercial power supply (Agilent E3632A, Santa
lara, CA) on the sample. A known resistor was also connected

n series to measure the current through the voltage drop with a
ultimeter (Aligent 34970A, Santa Clara, CA). The electrical stabil-

ty tests were conducted in an accelerated manner at 850 ◦C or at
he normal condition of 800 ◦C. After the test, the samples were
haracterized with optical microscopy. Some of the samples were
lso epoxy mounted, sectioned and polished for interfacial char-
cterization using scanning electron microscopy (SEM) and energy
ispersive spectroscopy (EDS) (JOEL SEM model 5900LV).

. Results

.1. Glass properties and spinel coating microstructure

Glass (YSO46) was modified from our earlier “refractory”
ealing glass (YSO-1) [7] which has a composition in mole%
f SrO(42.5%)–CaO(10%)–Y2O3(6%)–B2O3(7.5%)–SiO2(34%). YSO-1
lass was readily crystallized and thermally stable with mini-
um change in CTE after long-term (1000-2000 h) aging in air or

educing environment but required higher sealing temperatures
∼1000 ◦C). This high sealing temperature may promote undesir-
ble and rapid oxidation when using ferritic stainless steels as
andidate metallic interconnect materials. To lower the sealing
emperatures we modified the glass composition by adding a small
mount of ZnO (2.5%) and increased the B2O3 content from 7.5 to
0% (Table 1). B2O3 was found to be effective in lowering the glass
orming temperatures due to its low melting point (∼450 ◦C) and
lass former nature as observed in many silicate glass systems and
n our study [7]. However, the volatility of B2O3 at elevated temper-
tures may be an issue for long-term SOFC applications. Zheng et
l. recently investigated the volatility of two Sr–Ca–Zn–B–Al–Ti–Si
lasses (glass #59 and glass #27) [25]. They found that the volatile
pecies with highest vapor pressure was BO2(g) in dry air and
3H3O6(g) in wet reducing gas for these sealing glasses. The cumu-

ative weight loss for the glass (#59) containing 20% B2O3 was about
0× greater than glass (#27) containg 2% B2O3. However none of
hese glasses were tested with an active cell in SOFC environment
nd the effect of these volatile species remains to be determined.

Glass YSO46 was transparent and clear after casting from
450 ◦C. The glass was then annealed at 600 ◦C for 6 h in air to relieve
hermal stresses for better machining. The glass also remained clear
nd transparent on the surface and in the bulk after annealing,
uggesting no crystallization in the current formulations. Thermal
roperties of glass transition point, softening point and average
oefficient of thermal expansion (CTE) of the as-cast bulk glass and
he sintered glass YSO46 (in powder compact form) are listed in
able 2. The linear thermal expansion behaviors are also shown in
ig. 2. The as-cast bulk glass showed typical expansion behavior of
lasses with a distinct glass transition point where the slope rapidly
ncreased (∼645 ◦C), and a softening point (∼693 ◦C). As compared

◦
o the parent glass (YSO-1), which had a transition point of 695 C
nd softening point of 733 ◦C, the small increase of B2O3 (from 7.5%
f glass YSO-1 to 10% of YSO46) was effective in lowering the ther-
al characteristics of the glass. The effect of a small addition of ZnO

2.5%) was not clear and the limited data would not be able to differ-
Fig. 2. Linear thermal expansion curves of glass YSO46 in the as-cast/annealed and
short-term crystallized (950 ◦C/2 h, 800 ◦C/4 h) state.

entiate the effect of ZnO from B2O3. For the sintered glass, the linear
thermal expansion showed different behavior without the distinct
glass transition point, indicating rapid crystallization, consistent
with the parent glass YSO-1 [7]. Fig. 3 shows the microstructure of
the Mn1.5Co1.5O4 spinel coating on Crofer22APU. The microstruc-
ture was not fully dense with scattered pores through the spinel
layer of 5–6 �m thick. Underneath the spinel layer was a dense
Cr-oxide scale of 2–3 �m thickness.

3.2. Electrical stability in high moisture content fuel

The electrical stability tests of glass YSO46 with as-received and
(Mn,Co)3O4 spinel coated Crofer22APU are shown in Figs. 4 and 5
for test temperature of 850 and 800 ◦C, respectively. The targeted
operating temperature for the sealing glass is ∼800 ◦C. The higher
temperature of 850 ◦C was chosen to accelerate any interfacial reac-
tions and/or diffusion across the glass/metal interface. The glass
was exposed to ambient air at one side and flowing reducing gas
at the other. The reducing condition in this dual environment
Fig. 3. Microstructure of the (Mn,Co)-spinel coated Crofer22APU.
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ig. 4. Electrical stability test of glass YSO46 at 850 ◦C with Crofer22APU in the as-
eceived and (Mn,Co)-spinel coated state in dual environment with dilute hydrogen
2.7% H2/Ar) of high moisture content (30%).

.0 × 10−16 atm. For comparison, the equilibrium PO2 would be

.5 × 10−19 atm for a pure hydrogen fuel saturated with the same
mount of moisture. The initial resistivity at 850 ◦C of the glass
ealed to either the as-received Crofer22APU or the (Mn,Co)-spinel
oated Crofer22APU was similar, about ∼103 � m (Fig. 4). The resis-
ivity of the as-received sample showed gradual increase during
sothermal ageing, reaching ∼3.7 × 103 � m at ∼400 h, and then
ecreased slightly to ∼2 × 103 � m at ∼500 h, while the resistiv-

ty of the (Mn,Co)-spinel coated sample appeared fairly constant
t ∼103 � m after the first ∼100 h. For samples tested at 800 ◦C,
he measured glass resistivities also showed similar values at the
eginning of isothermal ageing: ∼1.3 × 104 � m for the as-received
ample and ∼1.4 × 104 � m for the spinel coated one. The 800 ◦C
esistivity appear to be an order of magnititude higher than 850 ◦C,
ypical of refractory ceramics and non-conducting glasses. The
esistivity showed gradual increase with time for the as-received

ample, reaching ∼7.3 × 104 � m at ∼460 h, while the spinel coated
ample remained fairly constant at ∼1.0–1.4 × 104 � m for ∼1000 h
Fig. 5). Overall, the measured resistivities appeared to be of the
ame magnititude as values previously reported in the literature.

ig. 5. Electrical stability test of glass YSO46 at 800 ◦C with Crofer22APU in the as-
eceived and (Mn,Co)-spinel coated state in dual environment with dilute hydrogen
2.7% H2/Ar) of high moisture content (30%).
Fig. 6. Electrical stability test of glass YSO46 at 850 ◦C with Crofer22APU in the as-
received and (Mn,Co)-spinel coated state in dual environment with pure hydrogen
of high moisture content (30%).

For example, Haanappel et al. reported an electrical resistivity for
a Ba(41.4%)–Ca(8.6%)–Si(34.7%) glass containing small additives of
Al, B, Zn, V and Pb of ∼2–10 × 104 � m at 800 ◦C with a similar fer-
ritic stainless steel of low Si (<0.01) and Al (<0.01) contents [22].
Chou et al. reported a resistivity of ∼3.2 × 104 � m for a similar
alkaline-earth silicate glass on as-received Crofer22APU at 800 ◦C
after aging for 500 h in similar dual environment [26].

In addition to the tests in dilute hydrogen (2.7%H2/Ar), we also
tested the glass in a more reducing environment by using pure
hydrogen and the same amount of moisture (30%). The electrical
resistivity for the (Mn,Co)-spinel coated sample at 850 ◦C vs. time
is shown in Fig. 6. Clearly the glass again demonstrated good elec-
trical stability with a resistivity of ∼4 × 103 � m after ∼200 h aging,
consistent with samples tested in dilute hydrogen.

3.3. Post-mortem microstructure and interface characterization

3.3.1. As-received Crofer22APU sample
Samples tested at 850 ◦C in dilute and moist hydrogen using

the as-received and (Mn,Co)-spinel coated Crofer22APU were sub-
jected to microstructure and interfacial analysis. Fig. 7 shows the
microstructure at the glass/as-received Crofer22APU metal inter-
face in two locations: the center of the glass seal (Fig. 7A) and the
edge of the seal exposed to air (Fig. 7B). The locations of these two
areas are shown in the inset drawing. Chemical analyses by energy
dispersive spectroscopy of selected points in these two areas are
listed in Tables 3 and 4 for the center and edge location, respec-
tively. At the central location, where the glass was sealed between
the two metal couples, it is evident that the glass sealed metal still
formed a thick Cr-oxide layer (∼3–7 �m) on top of the as-received
Crofer22APU matrix (point #1 in Fig. 7A). Next to this gray region
is a thin dark layer (point #2 in Fig. 7A) about 2 �m thick. The layer
consists of Cr, Si, Mn, Sr, Zn and Fe (at.% in decending order). The
observed Cr-oxide layer and layer containing (Cr,Mn) were consis-
tent with earlier reports that these oxides tended to form on ferritic
stainless steel whether in air or reducing environments [22,27].
Next to the dark thin layer were some angular crystals of 1–3 �m
in size (point #3 in Fig. 7A). EDS of these crystals showed they con-

tained primarily Sr, Ba and Cr with the atomic ratio of (Sr + Ba)/Cr
∼1 (Table 3), indicating they were Sr or Ba chromates, which were
previously found at interfaces of alkaline-earth silicate glass with
Cr-containing ferritic stainless steels near the air side [13,14]. There
were also some large grains next to the smaller chromate grains
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Table 3
Chemical analysis of points #1–4 in Fig. 7A (in at.%).

#/element O Si Ti Cr Mn Fe Zn Sr Ba

1 31.29 – 0.45 67.34 – 0.92 – – –
2 48.91 18.28 – 20.61 4.96 1 1.75 4.48 –
3 46.04 – – 26.67 – – – 25.4 1.89
4 19.48 9.47 – 40.11 – – – 25.57 5.38

Table 4
Chemical analysis of points #1–3 in Fig. 7B (in at.%).

#/element O Si Ca Cr Fe Y Sr Ba

1 47.50 0.84 –
2 47.99 – 0.62
3 49.01 25.27 2.27

Fig. 7. SEM micrograph shows the interfacial microstructure of the as-received Cro-
fer22APU/glass sample after electrical stability test at 850 ◦C for ∼500 h in dual
environment: (A) central location and (B) near air side. The location of (A) and (B) is
shown in the inset.
43.59 6.49 – 1.58 –
26.59 0.65 – 23.04 1.11

2.49 – 8.84 12.12 –

(point #4 in Fig. 7A) containing not only Sr, Ba and Cr but also Si.
The angular morphology of these large grains (instead of rounded
shape) suggested they were not residual glassy phases. For alkaline-
earth silicate glasses where the alkaline-earth (Sr or Ba) and Si were
the main constituents the major crystalline phases after devitrifi-
cation were identified as SrSiO3 [7], BaSiO3 and BaAl2Si2O8 if the
glass also contained Al2O3 [6]. No particular crystalline phase was
found from the EDS analysis of point #4. As for the glass/metal
interface near the air side edge, the angular chromate grains (#2
in Fig. 7B) were much more abundant while the Cr-oxide layer (#1
in Fig. 7B) appeared much thinner (Fig. 7B). The Cr-oxide layer was
about <1 �m and the (Sr,Ba) chromate layer reached about 10 �m.
Outside the chromate layer was the sealing glass (#3). The much
thinner Cr-oxide layer and thicker chromate layer was not surpris-
ing that the formation of chromate at air side is thermodynamically
favorable by either of the following reactions [7]:

2SrO + Cr2O3 + 3/2O2 = 2SrCrO4 (1)

2SrSiO3 + Cr2O3 + 3/2O2 = 2SrCrO4 + 2SiO2 (2)

In the presence of oxygen, the newly formed Cr-oxide layer can
continuously react with Sr-oxides to form the chromate. As a result,
no thick Cr-oxide layer was formed and the thick chromate layer
observed instead. It is interesting to note that the thick chromate
layer did not result in debonding along the interface since large
residual stresses were expected along the interfaces and within the
chromate grains because of the very high CTEs (∼22–23 × 10−6/ ◦C)
and anisotropy of Sr or Ba chromates [28].

3.3.2. (Mn,Co)-spinel coated Crofer22APU sample
The microstructure at the glass/metal interface of the (Mn,Co)-

spinel coated sample after the 850 ◦C ∼500 h electrical stability
test is shown in Fig. 8. Two locations were selected for analysis:
one at the center of the sealing glass (Fig. 8A) and one at the air
side edge (Fig. 8B). The locations of these two spots are also shown
in the inset of Fig. 7. Selective points at these two locations were
also subjected to EDS analysis and the chemical compositions are
listed in Tables 5 and 6 for the central and air side edge, respec-
tively. In the central area, where the glass/metal interface was at
an equal distance from the air side and the fuel side, the interfa-
cial microstructure was very different from the as-received sample.
Next to the metal substrate was a very thin (∼1 �m) dense oxide
layer (point #1 in Fig. 8A) consisting primarily of Cr (∼48%) but also
containing Mn (∼3%) and Fe (∼16%). In contrast, the Cr-oxide was
much thicker for the as-received one (Fig. 7A). This is likely due to

the protection from the (Mn,Co)-spinel coating which minimized
the oxygen transport to the bare metal substrate. Next to this thin
layer was another thin dense (∼1 �m) layer (point #2) containing
more Mn (∼11%) and less Fe (∼6%), but also Co (∼6%) and some
Zn and Sr. The initial chemical composition of the spinel coating
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Table 5
Chemical analysis of points #1–6 in Fig. 8A (in at.%).

#/element O Si Ca Cr Mn Fe Co Zn Sr Y

1 33.09 0.44 – 47.97 2.91 15.59 – – – –
2 37.84 0.56 – 35.86 11.12 4.53 5.55 2.76 1.66 –
3 41.85 0.89 – 27.04 12.18 5.65 5.61 2.30 3.74 0.74
4 38.21 25.03 1.01 – 6.58 – 3.99 1.95 23.22 –
5 46.76 12.8 5.19 – 0.79 – – – 19.8 14.66

Table 6
Chemical analysis of points #1–3 in Fig. 8B (in at.%).

#/element O Si Ti Cr Mn Fe Co Zn Sr Ba

8
–
9
–

w
(
s
o
o
w
a
r
p
a
t

F
c
i
a

1 43.87 0.81 – 30.47
2 48.07 – 0.73 28.96
3 40.37 0.85 – 33.03
4 49.57 – – 24.52

as Mn1.5Co1.5O4 (equal mole ratio of Mn–Co). The excess of Mn
instead of Mn:Co = 1:1) in points #2 and 3 was likely from the metal
ubstrate that Mn is known to diffuse outward faster than Cr and
ften forms a thin (Cr,Mn) oxide layer or particles on top of the Cr-
xide layer for these ferritic stainless steels [13]. Above these layers
as a porous region with some large grains (point #3) which had
similar composition to point #2. Above this porous region was a
ather dense thick layer without distinct features (point #4) which
rimarily showed the alkaline silicate glass with some Mn (∼6.6%)
nd Co (∼4%), indicating some dissolution of the spinel coating into
he glass. Away from this ∼10 �m dense layer was the sealing glass

ig. 8. SEM micrograph shows the interfacial microstructure of the (Mn,Co)-spinel
oated Crofer22APU/glass sample after electrical stability test at 850 ◦C for ∼500 h
n dual environment: (A) central location and (B) near air side. The location of (A)
nd (B) is shown in the inset of Fig. 7.
.42 6.07 4.05 4.9 1.41 –
1.31 – – 20.92 –

.15 6.33 4.37 5.27 0.63 –
– – – 21.99 3.93

with only a trace amount of Mn (∼0.8%). It is interesting to note
that within the spinel region (#2 and 3) elements from the sealing
glass showed very different proportions from the parent glass, par-
ticularly Zn and Sr, respectively. The presence of Sr was likely due
to the thermodynamically favorable chromate formation while the
presence of Zn was not clearly understood. Zn in alkaline-earth sili-
cate sealing glass was found to form Ca2ZnSi2O7 when aged 1 week
at 800 ◦C [29]. The reaction of Zn with (Mn,Co)-spinel is unknown
and may not be an issue with a glass of low Zn content.

The glass/metal interface near the air side edge was also exam-
ined (Fig. 8B). Point #1 showed the typical Cr-oxide layer, about
∼2 �m thick, but also contained appreciable amounts of Mn, Fe, Co
and Zn. Next to the Cr-oxide was a layer (about 5 �m thick) of dis-
crete grains (point #2) with primarily Sr and Cr and trace of Fe and
Ti, likely SrCrO4. Point #3 also contained a substantial amount of Cr
(∼33%) and Mn, Fe, Co and Zn from ∼9 to ∼4%, with a trace of glass
constituents such as Si and Sr, respectively. The next region con-
sisted primarily of chromates with (Sr + Ba)/Cr ∼1. From the original
spinel coating microstructure and both Figs. 7 and 8 after the∼500 h
ageing, it is evident that the current sealing glass reacted severely
with the (Mn,Co)-spinel layer, with no distinct (Mn,Co)-spinel layer
remaining after the test.

4. Discussion

4.1. Electrical stability of sealing glass

The measured electrical resistivity of the Sr–Ca–Y–B–Si–Zn
glass was in the range of ∼103 to 105 � m in the tempera-
ture range of 800–850 ◦C. Such high resistivity can be considered
insulating as compared to active SOFC cell materials. For exam-
ple, the electrical resistivity of YSZ electrolyte at 800 ◦C is
∼2.5 × 10−1 � m, 6.7 × 10−5 � m for typical LSM cathode and con-
tact and 3.3 × 10−5 � m for Ni/YSZ anode support. The resistivities
of Ni contact and metallic interconnect such as Crofer22APU would
be even lower. As a result, the electrical loss through the sealing
glasses would be negligible. In our electrical ageing test under DC
load, the limited data from ∼500 to ∼1000 h showed reasonable
stability without a rapid decrease with time. For stationary appli-
cations, all SOFC materials including cells, interconnect, contact and
seals should be able to last ∼40,000 h without substantial degrada-
tion, whether it is chemical, thermal, electrical or mechanical. The
challenge of glass sealing is that most of the changes/degradation

are not independent of each other. For example, a change in ther-
mal properties as CTE over ageing could also have a direct impact
on mechanical integrity of the seal. Likewise, severe reaction at
the glass/metal interface such as chromate formation could very
well degrade the seal strength substantially [14,15]. In this study,
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he Sr–Ca–Y–B–Si–Zn sealing glass was modified from a previous
refractory” sealing glass of very similar chemical compostions. The
omposition of these glass often has less numbers of bridging oxy-
en per SiO4 tetrahedron could lead to rapid crystallization as is
ur system and the glass turned into a glass–ceramics after initial
ealing. The crystallized glass would thus be thermally more sta-
le if the crystalline phases remained unchanged over ageing. Our
revious study of the parent glass showed very stable microstruc-
ure and thermal properties over ∼2000 h ageing [7]. The electrical
onductivity of typical ceramics–glass depends on the charge of
onducting ion, its mobility and concentration. From a mobility
oint of view, a free ion in a glassy phase would be much more
obile than ions “locked” into a crystalline structure or required

o move between crystallites. Therefore the long-term electrical
tability of the current glass would be not be a concern for SOFC
pplications.

.2. (Mn,Co)-spinel coating for sealing area

The Mn1.5Co1.5O4 spinel coating was originally developed for
athode protection from Cr-poisoning due to its ability to prevent
r volatility from steel interconnects, high conductivity, good CTE
atch to ferritic stainless steels and good stability at elevated tem-

erature in air [19]. The current evaluation of an alkaline-earth
ealing glass in terms of electrical stability proved the spinel coating
o be a viable coating for sealing areas, at least from an electrical
nsulation point of view, as compared to a separate coating such
s aluminization for sealing areas alone. Nevertheless, substantial
egradation of the coating structure by the sealing glass was evi-
ent in that the relative dense spinel layer (Fig. 3) was broken down
o discrete particles or islands as shown in Fig. 8A and B after ∼500 h
geing at 850 ◦C. It is likely the molten sealing glass during firing
at 950 ◦C) corroded or dissolved the spinel structure; however, no
articular crystalline phases containing Mn or Co were identified
ithin the corroded/dissolved spinel region. The undesirable chro-
ates were still formed at the air side; however, not in the sealing

entral section. This behavior differed from the as-received sample
here chromates were also formed in the central section (Fig. 7A).

he chemical stability of Mn1.5Co1.5O4 spinel coating on AISI 430
as been investigated by Yang et al. in a reducing environment
2.75% H2/bal. Ar with ∼3% H2O) [19]. They found that the spinel
ecomposed to MnO and Co metal after 24 h exposure at 800 ◦C.

n our spinel coated sample, no spinel decomposition occurred
ince no individual MnO and Co metal particles were present at the
lass/metal interface at the central sealing section, indicating the
he local PO2 was not reducing enough to decompose the structure.
owever, one may expect to see the decomposition of spinel at the

uel side edge. Overall, the observed chromate formation at the air
ide and the instability of the spinel phase in reducing atmospheres
nd when in contact with the glass seal suggests that the spinel
oatings are not viable as protective coatings for glass seal/steel
nterconnect interfaces.

. Conclusion

A novel alkaline-earth yttrium silicate sealing glass
Sr–Ca–Y–B–Si–Zn) was developed and used to test the electrical
tability with and without (Mn,Co)-spinel coating on Crofer22APU.
ll samples, whether with as-received or spinel coated Cro-

er22APU, showed desirable electrical stability with resistivity in

he range of ∼103–105 � m at 800–850 ◦C for 500–1000 h under

DC load of 0.7 V under dual atmosphere exposure conditions.
fter testing, the microstructure at the glass/metal interfaces was
haracterized. For as-received samples, chromates were found at
oth air side and central locations. For the spinel coated samples,

[

[

urces 195 (2010) 5666–5673

chromate was found only at the air side edges. The spinel layer was
apparently attacked by the sealing glass such that the continuous
spinel layer was broken into particles and islands. Although the
electrical resistivity showed good stability, the observed structural
degradation indicated that the (Mn,Co)-spinel coating is not
suitable for SOFC interconnect sealing areas.
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