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Abstract

The suitability of various combinations of glass–ceramic sealants with high-chromium ferritic steels under conditions simulating SOFC
stacks has been evaluated, i.e. three glass–ceramic sealants and seven types of ferritic steels. The test method used is based on test samples
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onsisting of two metallic sheets, joined together with a glass–ceramic sealant. The outer side of the specimens was exposed to
t 800◦C, whereas the inner side was exposed to hydrogen saturated with 3 vol.% water vapour. In particular, attention is paid to th
f small amounts of additives to both the glass–ceramic sealant and the steel on the electrical and chemical behaviour of the spe
Under experimental conditions simulating SOFC stacks, it appeared that excessive internal Cr oxidation of the ferritic steels,

ccompanied by external Fe-oxide formation, only occurred in the case of glass–ceramics containing minor amounts of PbO. T
xidation finally resulted in a volume change of the ferritic steel, which was manifested in bulging of the steel. As a consequ
lass–ceramic was pushed away from the steel surface and crack formation at the glass–ceramic–steel interface occurred. The rat
ttack strongly depended on the detailed steel composition. Increasing Si content apparently increased the rate of the corrosion

hus possibly decreasing the time for the occurrence of short-circuiting.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In planar type SOFC devices, glass–ceramic-based mate-
ials from the BCAS (BaO–CaO–Al2O3–SiO2) system are
ften used for joining dissimilar materials, i.e. ceramic cells,
etallic manifolds, and metallic interconnects[1–6]. These

oints should be both gastight and electrically insulating,
hich implies that the sealants should separate:

the fuel gas in the inlet and outlet channels from the oxidis-
ing environment, i.e. the cathode compartment and outer
side of the stack (ambient atmosphere), and
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• the oxidising gas in the inlet and outlet channels from
anode compartment (fuel gas) and the outer ambient
ronment.

In addition to these properties, the glass sealant sh
possess a thermal expansion coefficient which is sim
to that of the material to be joined. It should also exh
long-term stability under oxidising, reducing, as well
dual environmental conditions at high temperatures as
as chemical compatibility with the joined materials. Al
properties like viscosity at the joining temperature, wet
ability of the joined components, and leakage rates o
sealant have to be optimised[1–3,7]. In order to fulfil the
necessary requirements, several additives are frequ
used to influence the chemical and physical properties o
glass sealant. An overview of the effects achieved by s
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Table 1
Effects of the presence of small amounts of additives in the glass–ceramic
sealant[7]

Compounds Effects

La2O3, Nd2O3, Y2O3 Increased thermal expansion coefficient,α,
Tg, Tm, controlling viscosity

B2O3 Improves flux; reducesα, surface tension
ZnO, PbO Improves flux, reducing agent
Al2O3 Improves flux, retarding crystallisation
Cr2O3, V2O5 Reduces surface tension
NiO, CuO, CoO, MnO Improves adhesion
TiO2, ZrO2, SrO Promotes crystallisation
Sb2O5 Oxidising agent

amounts of additives is given inTable 1 [7]. For instance, ZnO
and PbO can be added as a reducing agent, thus improving the
adhesion between the steel and the glass–ceramic sealant[8].

The main properties required for the interconnect materi-
als are[9]:

• a sufficient chemical resistance to a dual atmosphere with,
on the cathode side, an oxidising environment and on the
anode side a reducing environment;

• a thermal expansion coefficient adapted to the other com-
ponents;

• a sufficiently high electronic conductivity of the bulk ma-
terial as well as of the oxide scale formed;

• satisfactory compatibility with the glass or glass–ceramic
sealants.

Taking these requirements into account, potential can-
didates for the interconnect are based on ferritic steels
with a chromium concentration of at least 17 wt.%[9]. The
latter ensures the formation of a continuous and protective
Cr-based oxide scale during high-temperature exposure.
Generally, these types of steels also contain small amounts
of Si and Al to keep the oxygen concentration in the steel at
a sufficiently low level during production.

A recent study based on a fast-screening test exposing var-
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Table 2
Chemical composition of the steels used (wt.%)

Steel Fe Cr Mn Ti Si Al Re-el. Ni

T-1 Balance 22.6 0.4 0.06 0.1 0.1 La-0.1 0.2
T-2 Balance 23.3 0.4 0.05 <0.01 <0.01 La-0.1 –
T-3 Balance 22.1 0.5 – 0.4 0.2 Zr-0.1 0.3
T-4 Balance 22.1 0.5 0.05 0.02 0.02 La-0.05 0.02
T-5 Balance 22.1 0.4 0.05 0.1 <0.01 La-0.1 –
T-6 Balance 22.0 0.4 0.05 <0.01 0.1 La-0.1 –
T-7 Balance 22.7 0.4 0.04 <0.01 <0.01 La-0.05 –

2. Experimental

2.1. Materials

The test samples consisted of two metallic sheets of a fer-
ritic steel. The sheets with a thickness of 2.0 mm were cut
into 50 mm× 50 mm squares, whereby one sheet contained
a small hole in the centre (diameter: 10 mm) allowing the de-
sired gas composition to reach the inner part of the sample.
The surfaces of the steel sheets were ground and ultrason-
ically cleaned with ethanol and acetone.Table 2shows the
chemical compositions of the various model steels tested.

The glass–ceramic sealants used in this study are based
on mixtures of Al2O3, SiO2, CaO, and BaO. They addition-
ally contain minor amounts of transition metal oxides to op-
timise the SOFC-relevant physical and chemical properties
[7]. The chemical compositions of the various glass–ceramic
sealants used are given inTable 3. The glass paste contain-
ing an organic binder was applied by a robot dispenser to the
circumference of one of the sheets in the sandwich sample.

2.2. Electrical resistance measurements

In order to measure the electrical resistance of the sample,
each sheet was connected to two Pt wires, one to apply the ex-
ternal voltage over the glass sealant and the other to measure
t her-
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ous glass–ceramic sealant/ferritic steel combinations to
emperatures in a hydrogen/water vapour mixture alread
ealed that certain combinations induced severe degrad
f the ferritic steel[10]. In addition to this, experiments we

nitiated with sandwich samples tested under conditions
lating SOFC stack conditions more closely.

In the present the interaction of various glass–cera
ealants with a number of ferritic steels under simulated
itions relevant for SOFC stacks are evaluated. The e

mental method is based on test samples consisting o
etallic sheets joined by a glass–ceramic sealant[11]. The
uter side of the sample is exposed to ambient atmosp
hereas the inner side is exposed to hydrogen saturate
vol.% of water vapour.
Special emphasis is put on the influence of small amo

f additives in both the glass–ceramic sealant and the
n the electrical and chemical properties of the specime
he current density. The samples were placed on top of a
etically sealed alumina housing, which contained four
utlets. With this set-up a maximum of four samples coul

ested simultaneously. A silver gasket was used to obtai
ightness between the alumina housing and the sample
andwich samples were placed into the furnace, each s
eing loaded by a weight of about 300 g. A schematic se
f the test unit is depicted inFig. 1.

For the joining of the metallic sheets and crystallisatio
he glass–ceramic sealant the samples were heated in
50◦C at a heating rate of 1◦C min−1. After reaching 850◦C,
dwell time was set. This was followed by cooling down

able 3
hemical composition of the various glass–ceramic sealants used (w

lass sealant SiO2 CaO BaO Small additives

73 34.7 8.6 41.4 Al2O3, B2O3, ZnO, PbO, V2O5

75 35.0 8.5 42.8 Al2O3, B2O3, PbO, V2O5

76 36.3 8.6 42.1 Al2O3, B2O3, ZnO, V2O5
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Fig. 1. Schematic view of the experimental set-up for electrical resistance measurements during high-temperature exposure in dual atmospheres.

800◦C at 1◦C min−1. During this process organic solvents
were removed, the glass was softened and a chemical interac-
tion occurred between the glass sealant and the steel resulting
in chemical bonding[8]. After reaching the desired test tem-
perature of 800◦C, the inner part of the alumina housing
was flushed (100 ml min−1 ATP) with the desired gas com-
position: hydrogen saturated with 3 vol.% H2O on the inner
side, and air on the outer part of the samples. An external
voltage of 800 mV, typically prevailing in SOFC stacks, was
applied. The electrical resistance measurements were based
on DC methods using a current-control power supply type
Gossen 24K32R4 (Gossen-Metrawatt GmbH, Germany) and
a computer-controlled data acquisition system, including a
datalogger type NetDAQ 2640A (Fluke, The Netherlands).
Current density, external voltage, and consequently the over-
all electrical resistance of the sample were monitored con-
tinuously. After the total exposure time, the samples were
cooled down to ambient temperature at a rate of 1◦C min−1.
During cooling the inner part of the samples was flushed with
argon.

2.3. Microstructural characterisation

Scanning electron microscopy (SEM) analyses of the
surface morphology and cross-sections of the specimens
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e
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T1–G73 (measured twice) substantially decreased after about
60 h of exposure. Generally, this short-circuiting occurred
after a short-term increase of the resistance (Fig. 2). The
specific resistance of specimen T2–G73 (measured twice)
was >10 k� m during the whole exposure time. After a few
hours of exposure specimen T3–G73 already showed signif-
icant fluctuations of the electrical resistance (Fig. 2b). The
resistance decreased to values of around 20� m after about
140 h of exposure. During exposure of specimen T4–G73 no
obvious decrease of the resistance was measured. For this
sample, the specific resistance increased, reaching a maxi-
mum value of almost 10 k� m after about 50 h. After 170
and 230 h of exposure two specimens of the T5–G73 combi-
nation (Fig. 2c) showed a decrease of the resistance to values
lower than 1� m. The other specimens, i.e. T6–G73, and
T7–G73, did not show any fluctuations of the specific re-
sistance during the total exposure time at 800◦C. Fig. 2d
shows the electrical resistance of two samples based on steel
T1 and two different glass sealants, i.e. G75 and G76. In
this case, after about 220 h of exposure the sandwich sam-
ple with the steel/glass sealant combination T1–G75 showed
apparent fluctuations of the electrical resistance, finally re-
sulting in short-circuiting. Specimen T1–G76 showed neither
fluctuations of the resistance nor any indications of short-
circuiting.
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ested was performed using a LEO 1530 electron micros
quipped with an EDX analysis system.

. Results

.1. Electrical resistance measurements

Fig. 2a–d shows results from resistance measurem
ith various combinations of steel/glass sealants. It is fo

hat under the given experimental conditions, the resist
f sandwich samples with the steel/glass sealant combin
.2. Microstructural analysis

Different locations on the surface area of the specim
ere microscopically investigated. To clarify the different
ations analysedFig. 3shows a schematic view of the sa
ich sample, indicating the various analysis areas. Pos
in Fig. 3 corresponds to the boundary between air, g

ealant, and steel; position 2 corresponds to that betwee
rogen, glass sealant and steel and position 3 to the
urface at the hydrogen side approximately 2–3 mm from
lass sealant.
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Fig. 2. Specific resistance of various sandwich samples as a function of the exposure time: (a) samples T1–G73, T2–G73; (b) T3–G73, T4–G73; (c) T5–G73,
T6–G73, T7–G73; (d) T1–G75, T1–G76. Gas composition: dual atmosphere with hydrogen (3 vol.% H2O) in the inner part and air at the outer part; temperature:
800◦C; externally applied voltage: 800 mV.

Fig. 4a–d shows micrographs of the surface morphology of
specimen T1–G73 near the triple phase boundaries air/glass
sealant/steel (Fig. 4a and c) and hydrogen/glass sealant/steel
(Fig. 4b and d). Near the glass sealant/steel/air boundary sig-
nificant amounts of an iron-rich oxide are formed (Fig. 4a).
Apart from this corrosion product, the outer edge of the glass
sealant was rich in Ba and Cr. On the outer surface of the
steel on the air-side, a rather homogeneous oxide layer had
formed, which was rich in chromium and manganese. EDX
analysis revealed the presence of low concentrations of Pb on

Fig. 3. Schematic view of a sandwich sample (illustrating location of surface
and cross-sectional analysis) with hydrogen atmosphere on the inner side
and air on the outer side. Position 1 corresponds to the triple phase boundary
air/glass–ceramic sealant/steel; position 2 with the triple phase boundary
hydrogen/glass–ceramic sealant/steel; and position 3 with the specimen sur-
face outside the vicinity of the glass–ceramic sealant.

the oxide surface in the vicinity of the glass sealant.Fig. 4b
shows the three-phase boundary on the hydrogen side. Here,
a rather smooth interface between the glass sealant and the
steel is observed without the presence of iron-rich oxide prod-
ucts. Furthermore, no substantial Ba-, Cr-rich oxide zone was
observed at the edge of the glass sealant at the hydrogen site.
White particles, rich in elemental Pb were locally found on
the glass edge. On the steel surface, whisker-like oxide prod-
ucts were formed, which were rich in Cr and Mn, or in Fe,
Mn, and Cr, as also recently discussed more extensively else-
where[12–16]. The grinding structure of the underlying steel
can still be observed, which implies the formation of a rather
thin oxide layer in the hydrogen-based atmosphere.

Fig. 5a and b shows SEM cross-sections of the specimen
T1–G73. Severe material degradation has taken place at the
air-side and near the glass sealant/steel edge area, due to ex-
tensive interaction between the glass sealant and the steel.
EDX analysis revealed the presence of voluminous outwardly
growing iron-rich oxide nodules. Internal Cr2O3 precipitates
were found at the steel grain boundaries as well as in the
grains. In this internal oxidation zone, the metallic matrix
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Fig. 4. SEM micrographs of the surface morphology of specimen T1–G73 after exposure for 400 h at 800◦C in a dual atmosphere of hydrogen/air with an
externally applied voltage of 800 mV: (a) triple phase boundary air/glass–ceramic sealant/steel (position 1); (b) triple phase boundary hydrogen/glass–ceramic
sealant/steel (position 2); (c) higher magnification of the steel surface on the air-side; (d) higher magnification of the steel surface on the hydrogen side.

was depleted in chromium. The glass sealant left behind and
located near position 1, formed a bright phase (not depicted
in this figure), rich in Ba and Cr. Severe internal oxidation
was also found on the hydrogen side. It is important to note
that internal oxidation of the steel was not only found on local
sites beneath the glass sealant or at the triple phase boundary

area, but also on sites at a certain distance from the interface
between the glass sealant and the steel. Also at position 2,
intergranular and intragranular formation of chromium ox-
ide is observed (Fig. 5b). However, at this position, neither
large iron-rich oxide nodules nor the formation of Ba-/Cr-
rich oxides were found at the outer zone of the glass sealant.

Fig. 5. SEM micrographs of a cross-section of specimen T1–G73 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere: (a) position 1: air-side; (b)
position 2: hydrogen side.
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Fig. 6. SEM micrographs of a cross-section of specimen T1–G73 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere: (a) oxide formation on the
steel surface on the hydrogen side without the presence of a glass–ceramic sealant (position 3); (b) oxide growth on the steel surface near position 2.

Fig. 6a shows a higher magnification of the oxide formed
on the steel surface further away (position 3) from the glass
sealant (Fig. 6a) and the area in which internal oxidation oc-
curred (position 2) (Fig. 6b). On the hydrogen side, only a
thin chromium-rich oxide layer is formed (Fig. 6a). Beneath
this layer, Si- and Al-rich oxide precipitates are locally found
[14]. In the vicinity of position 2 (Fig. 6b) severe internal ox-
idation occurred. Near the interface between the alloy and
the internal oxidation zone, enrichment of Al and sometimes
Si was detected locally, whereas in other places internal ox-
idation was generally characterised by Cr-rich oxide. The
maximum internal oxidation depth found under these exper-
imental conditions was about 500�m.

The surface morphology of specimen T2–G73 after 400 h
of exposure at 800◦C in the dual atmosphere hydrogen–air
is shown inFig. 7a–d. On the steel surface exposed to the air-
side (Fig. 7a and c) a smooth oxide layer rich in Cr and Mn was
formed. Here, residual crystals of the glass–ceramic, rich in
Ba, Ca, Si (Pb), and Ba, Cr, and Ba, Ca, Si (Zn, Pb) remained
on the steel surface. In contrast to specimen T1–G73, no large
iron-rich oxide products were found. On the hydrogen side
(Fig. 7b and d), some parts of the glass sealant were spalled
off (Fig. 7b), whereas the steel surface near the triple phase
boundary (position 2) formed a thin oxide layer (Fig. 7d)

rich in Cr, Fe, and Mn, or Cr and Mn. In the cross-sections
of specimen T2–G73, neither intergranular nor intragranu-
lar oxidation of Cr was found (Fig. 8a and b), and at the
three-phase boundary on the air-side (position 1), no volumi-
nous iron-rich oxide nodules were formed. The outer edge of
the glass sealant showed a barium- and chromium-rich ox-
ide phase. The oxide scale formed on the steel surface at the
hydrogen side (position 3) was rich in chromium. Beneath
this oxide layer a zone of homogeneously distributed, very
fine titanium oxide precipitates (Fig. 8a) were present. Near
the triple phase boundary, at position 2, only a thin oxidation
zone, rich in chromium had formed (Fig. 8b). In this case, the
maximum internal oxidation depth was about 5�m. At this
position the glass sealant did not form the bright Ba-/Cr-rich
oxide, as found on the air-side.

The surface morphology of specimen T3–G73 was similar
to that of specimen T1–G73 (seeFig. 4). Also here, large iron-
rich oxidation products were formed near the glass edge on
the air-side. Metallographic cross-sections revealed similar
severe interactions between the glass sealant and the steel
as observed in the case of specimen T1–G73 (seeFig. 5).
The maximum depth of internal oxidation of the steel was
approximately 500�m, i.e. similar to that found for specimen
T1–G73.
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Fig. 7. SEM micrographs of the surface morphology of specimen T2–G73 after exposure for 400 h at 800◦C in a dual atmosphere of hydrogen/air with an
externally applied voltage of 800 mV: (a) triple phase boundary air/glass–ceramic sealant/steel (position 1); (b) triple phase boundary hydrogen/glass–ceramic
sealant/steel (position 2); (c) steel surface on the air-side; (d) steel surface on the hydrogen side.

After removing specimen T4–G73 from the furnace, no
adherence existed any more between the two metallic sheets.
Observations revealed that brownish Fe-rich corrosion prod-
ucts were formed along the edges of the glass sealant as well
as below the sealant. The surface morphology of the sam-
ple was similar to that of specimens T1–G73 and T3–G73.
Cross-sectional analysis revealed that for this specimen, the
formation of an externally growing iron-containing oxide was
less pronounced than that observed on the outer surface of the
specimens T1–G73 and T3–G73. Also inter- and intragranu-
lar Cr-oxide formation occurred, but was far less pronounced
than in the former specimens based on the steels T1 and T2.
In this case the depth of internal attack was approximately
30�m.

Fig. 9shows the surface morphology of specimen T5–G73
after 400 h of exposure at 800◦C in a hydrogen/air en-
vironment. Here, at position 1 corresponding to the glass
sealant/steel edge on the air-side, significant amounts of an
iron-rich oxide are formed (Fig. 9a). These corrosion prod-
ucts were not found on the hydrogen side (Fig. 9b). Only
on the air-side of the glass sealant a bright, Ba-/Cr-rich ox-
ide was formed. A higher magnification ofFig. 9a shows the

formation of a rather dense chromium- and manganese-rich
oxide layer at the steel surface. Near the glass edge, small
amounts of Pb were detected by EDX on the oxide layer. On
the hydrogen side, similar oxidation products were formed on
the steel surface (Fig. 9d). However, the oxide did not exhibit
the dense structure found on the air-side[14]. Cross-sectional
observations of this specimen (Fig. 10a and b) revealed simi-
lar features to those observed for specimen T1–G73 (Fig. 5).
The depth of internal oxidation was about 600�m. Near the
interface between the steel and the internal oxidation zone,
internal oxidation products enriched in Al and occasionally
in Si and Al were detected.

For specimens T7–G73 (Fig. 11) and T6–G73, similar ob-
servations were made as for specimen T2–G73 (seeFig. 7).
No voluminous iron-rich oxidation products were formed,
neither at the air-side nor on the hydrogen side. Near the
air-side the glass sealant showed the formation of a Ba-/Cr-
rich oxide zone. In the vicinity of the glass sealant, particles
containing elemental Pb were locally found.Fig. 11shows
SEM micrographs of specimen T7–G73 in the region near the
glass edge on the air (Fig. 11a) and hydrogen side (Fig. 11b).
The bright phases of the glass sealant are rich in Ba and Cr
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Fig. 8. SEM micrographs of a cross-section of specimen T2–G73 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere: (a) oxide formation on the
steel surface on the hydrogen side without the presence of a glass–ceramic sealant (position 3); (b) internal oxidation on the steel surface near position 2.

(Fig. 11a).Fig. 11c shows bright particles containing elemen-
tal Pb. On the hydrogen side, small Fe-rich oxide grains were
formed (Fig. 11d). Both specimens neither exhibited severe
outward Fe-oxide growth nor severe internal Cr oxidation.

Surface examinations and cross-sectional analysis
(Fig. 12a–c) revealed for specimen T1–G75 morphological
features similar to those obtained with specimens T1–G73,
T3–G73, and T5–G73 (Figs. 4–6, 9 and 10). The depth of
internal corrosion attack was about 300�m. Along one side
of the glass sealant/steel interface no adherence between
the glass and steel existed any more. Here, severe internal
Cr-oxidation as well as outward Fe-oxide growth had
taken place. The volume change imparted by the internal
oxidation resulted in significant deformation of the steel.
As a consequence, the glass sealant was separated from the
steel.

After 400 h of exposure under the dual atmosphere the
surface morphological features of specimen T1–G76 showed
no voluminous Fe-oxide products (Fig. 13a and b). The sur-
face morphology was similar to that of specimens T2–G73,
T6–G73, and T7–G73 (Figs. 7, 8 and 11). Cross-sectional
analysis revealed no internal oxidation of chromium, nei-
ther on the air-side (Fig. 14a) nor on the hydrogen side
(Fig. 14b).

4. Discussion

The present study, simulating SOFC stack conditions, has
shown that excessive interaction of the glass–ceramic with
the interconnect steel can lead to a rapid degradation of stack
components due to short-circuiting phenomena. The latter
could be shown to be related to voluminous Fe-oxide for-
mation on the steel surface near the boundary between steel,
glass–ceramic, and oxidant (air). Due to the high electronic
conductivity of the Fe-oxides, especially Fe3O4 and FeO,
the voluminous oxide growth results in the formation of a
“bridge” with extremely small electrical resistance between
the adjacent metallic plates and thus in short-circuiting.

The systematic parameter variation in the present study
combined with results from other recent investigations[17]
revealed the following findings with respect to this undesired
degradation phenomenon:

• The voluminous, outward Fe-oxide growth only occurs at
the boundary between the oxidant (air), the glass–ceramic,
and the steel, and is accompanied by excessive internal
oxidation of chromium in the steel.

• Internal oxidation of chromium also occurs at the
boundary between the hydrogen-based environment, the
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Fig. 9. SEM micrographs of the surface morphology of specimen T5–G73 after exposure for 400 h at 800◦C in a dual atmosphere of hydrogen/air with an
externally applied voltage of 800 mV: (a) triple phase boundary air/glass–ceramic sealant/steel (position 1); (b) triple phase boundary hydrogen/glass–ceramic
sealant/steel (position 2); (c) higher magnification of the steel surface on the air-side; (d) higher magnification of the steel surface on the hydrogen side.

Fig. 10. SEM micrographs of a cross-section of specimen T5–G73 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere: (a) position 1: air-side; (b)
position 2: hydrogen side.
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Fig. 11. SEM micrographs of the surface morphology of specimen T7–G73 after exposure for 400 h at 800◦C in a dual atmosphere of hydrogen/air with an
externally applied voltage of 800 mV: (a) triple phase boundary air/glass–ceramic sealant/steel (position 1); (b) triple phase boundary hydrogen/glass–ceramic
sealant/steel (position 2); (c) higher magnification of the steel surface on the air-side; (d) higher magnification of the steel surface on the hydrogen side.

glass–ceramic, and the steel. After prolonged exposure
times it is also found locally near the interface between
the glass–ceramic and the steel. In these cases, however,
no voluminous external Fe-oxides are formed.

• Neither the voluminous external Fe-oxide formation nor
the excessive internal oxidation of Cr is found if the expo-
sures of the samples are carried out in air instead of a dual
atmosphere[17].

• If the exposures are carried out in a hydrogen/water vapour
mixture instead of a dual atmosphere, the internal oxida-
tion of Cr at the boundary between the environment, the
glass–ceramic, and the steel is similar to that described
above. However, no voluminous external Fe-oxide forma-
tion is found and no short-circuiting occurs[17].

• The excessive internal oxidation of chromium, sometimes
accompanied by voluminous, external Fe-oxide formation,
only occurs in case of glass–ceramics G73 and G75, i.e.
glass–ceramics containing minor amounts of PbO.

• The rate of corrosion attack strongly depends on the
detailed steel composition. Increasing Si content appar-
ently increases the rate of the corrosion attack which, in
a dual atmosphere, eventually results in short-circuiting
(Fig. 15).

Based on these findings in combination with the morpho-
logical features of the corrosion products and the time de-
pendence of the reactions, the following sequential steps are
proposed to explain the occurrence of the short-circuiting
phenomenon:

• In the hydrogen/water vapour environment the remaining
PbO in the glass–ceramic will be reduced to Pb because the
oxygen partial pressure of the environment is lower than
the dissociation pressure of PbO (foraPb= 1 at 800◦C,
log(pO2/bar) =−11). Due to its low melting point (328◦C)
it is obvious that Pb will be present in liquid rather than
in solid form. Additionally, substantial amounts of vapour
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Fig. 12. Optical micrographs of a cross-section of specimen T1–G75 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere.

phase will be present due to the relatively high vapour
pressure of Pb (1× 10−4 bar at 800◦C).

• At high temperatures a reduction–oxidation reaction takes
place between chromium (in the bulk material) and PbO.
This explains the presence of small elemental Pb drops
along the glass–ceramic/steel interface.

• The internal grain boundary attack of the steels exhibits
a morphology which is very similar to that frequently
described in the literature as “liquid metal corrosion”

[18–20], here likely initiated by liquid Pb at the steel
grain boundaries (Fig. 16a and b). The attack makes the
grain boundaries accessible for gaseous species such as
water vapour, resulting in excessive internal oxidation of
chromium. Because of the low melting point and high
vapour pressure (vapour phase transport), it is likely that
the Pb attack may not only occur in the immediate vicinity
of the boundary between the hydrogen-based environ-
ment and the glass but also at a small distance from the

F 1–G76 an
e ss–cer c
s

ig. 13. SEM micrographs of the surface morphology of specimen T
xternally applied voltage of 800 mV: (a) triple phase boundary air/gla
ealant/steel (position 2).
after exposure for 400 h at 800◦C in a dual atmosphere of hydrogen/air with
amic sealant/steel (position 1); (b) triple phase boundary hydrogen/glass–cerami
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Fig. 14. SEM micrograph of a cross-section of specimen T1–G76 exposed for 400 h at 800◦C in a hydrogen/air dual atmosphere: (a) position 1: air-side; (b)
position 2: hydrogen side.

Fig. 15. Internal oxidation depth as a function of the Si concentration of
various chromia-forming ferritic steels. Glass–ceramic sealant used: G73;
exposure time: 400 h; temperature: 800◦C; atmosphere: hydrogen/air; ex-
ternal voltage applied: 800 mV.

glass–ceramic edge, in agreement with the actual
experimental findings (Fig. 12).

• The excessive internal oxidation of Cr, initiated on the
hydrogen-based side of the sandwich sample results in a
volume change of the ferritic steel, which leads to a local
bulging of the steel. As a consequence, the glass–ceramic
is pushed away from the steel surface and crack formation
at/near the interface between the glass–ceramic and steel
occurs (Fig. 16c). This explains the increase in resistance
before the onset of short-circuiting (Fig. 2).

• The hydrogen-based gas can penetrate into the crack lead-
ing here to the occurrence of local internal oxidation of
Cr in a manner similar to that initially started near the
edge of the glass–ceramic. Also here, elemental Pb is avail-
able along the interface, due to the redox reaction between
chromium in the bulk phase and PbO. The crack tip prop-
agates and once the crack reaches the air-side, internal
oxidation of Cr also occurs at the boundary between air,
glass–ceramic, and steel (Fig. 16d).

• The excessive internal oxidation leads to a severe Cr deple-
tion in the steel matrix. Once the matrix concentration has

Table 4
Schematic overview of phenomena related to various glass–ceramic sealant–steel combinations exposed in a dual atmosphere (hydrogen–air) for 400 hat 800◦C

Steel T1 T2 T3 T4 T5 T6 T7

G
G C: no

G

G

S
s

lass–ceramic sealant
73 SC: yes SC: no SC: yes
IO: +++ IO: − IO: +++
EO: +++ EO:− EO: +++

75 SC: yes
IO: +++
EO: +++

76 SC: no
IO: −
EO:−

C: short-circuiting; IO: internal oxidation along grain boundaries; EO: exter
mall; (++) moderate; (+++) severe.
SC: no SC: yes SC: no S
IO: + IO: +++ IO:− IO: −
EO: +++ EO: +++ EO:− EO:−

nal oxidation by outwardly growing iron-rich oxide nodules; (−) negligible; (+)
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Fig. 16. Schematic illustration of excessive reactions of a sandwich sample
with a Si-containing steel and a glass–ceramic sealant including a minor
amount of PbO, in a dual atmosphere. Experimental conditions: temperature:
800◦C; hydrogen/air; externally applied voltage 800 mV.

decreased below a critical level the steel is no longer able to
retain a protective chromia layer and consequently it will
start to form an external Fe-based oxide scale, depend-
ing on thepO2. Due to the low oxygen partial pressure
near the glass/steel interface on the hydrogen side, iron
will not oxide at all [21]. However, very rapidly grow-
ing, external Fe-based oxide scales will be formed near
the glass/steel interface on the air-side. This rapid forma-
tion of large Fe-oxide nodules will, after prolonged ex-
posure times lead to “bridge”-formation between the two
metallic sheets (Fig. 16d and e), and as a result, to short-
circuiting.

One might speculate that the transport of hydrogen to the
air-side could also occur via a different path to that described
above. It is well known that hydrogen can easily permeate
through most metallic materials at high temperatures and in
this way can affect oxidation processes in dual environment
exposures[22–24]. However, previous studies[25,26] have
shown that hydrogen permeation through chromia-forming
materials is significantly reduced by the presence of the
protective oxide layer. This suggests that the contribution
of hydrogen permeation by through-metal permeation is
likely to be of minor significance in the initiation of the
excessive internal Cr oxidation near the interface between
glass–ceramic, steel and air. Also on the basis of the mor-

phological features observed in the present study, a transport
via the formed cracks along the steel/glass interface is a far
more likely process.

The prevailing results strongly indicate that the rate of ex-
cessive internal Cr oxidation, which is the “trigger” for the
eventual occurrence of short-circuiting in the case of the Pb-
containing glass–ceramics is affected by the Si content of the
steel. Recent developments of ferritic steels for SOFC inter-
connects were based on the alloy system FeCrMn (La/Ti)[14
and references therein]. The concentrations of common im-
purities such as Si and Al were kept as low as technologically
possible, because especially Si additions are known to ad-
versely affect the SOFC-relevant properties of the protective
Cr-based oxide scale. First, Si easily oxidises internally near
the alloy/chromia interface, which may result in a decrease
of the electrical conductivity of the oxide scale[15] and/or
the scale spallation resistance[15,16,27–31]. Additionally,
the volume change caused by internal oxidation leads to out-
ward metal movement resulting in micro-damaging of the
scale as well as formation of metallic in-scale inclusions
[14,16]. These processes result in a deterioration of the pro-
tective scale properties and in an increase of the growth rate
of the Cr-based oxide scale[16]. These factors may be re-
sponsible for the observed differences in enhanced attack of
the various steels by the Pb-containing glass–ceramics. It is,
however, difficult to understand why such a process in which
i f the
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e -
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m tion
t ight
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b rther
s iled
e ally
S Pb-
c

en-
t ribed
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C t that
a ce the
a se the
v eas-
i alter
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b vapour
t f gas
t rease
h ently
nternal oxidation deteriorates the protective properties o
xternal oxide scale would occur in the case of internal
ation of Si and not in the case of internal oxidation of,
xample Al (seeFig. 2c andTable 4). The latter clearly oc
urs for instance in case of alloys T2 and T4, however t
aterials showed much slower rates of internal Cr oxida

han Si-containing steels such as T1, T3, and T5. This m
ndicate that the Si acts in a direct way to promote the inte
xidation attack of the steel grain boundaries making t
oundaries permeable for oxygen or water vapour. Fu
tudies will, however, be required to elucidate the deta
ffect of minor, oxygen-active alloying additions, especi
i, on the observed detrimental interaction between the
ontaining glass and high-Cr ferritic steels.

An open question remains, in how far the use of the m
ioned glass–ceramics may lead to similar effects as desc
n the present paper, in other SOFC systems, which are
esigned to operate in the temperature range 900–100◦C.
onsidering the mechanisms derived, one might expec
n increase of the operating temperature will even enhan
lready observed rapid degradation phenomena becau
apour pressure of Pb will obviously increase with incr
ng temperature. However, higher temperatures might
he gas permeability of the surface oxide scales in a neg
ut also in a positive manner. In the latter case the degrad
henomena would, on the basis of the proposed mechan
e expected to decrease because the access of the Pb

o the metal surface would be hampered. Improvement o
ightness of surface oxide scales upon temperature inc
ave been discussed in literature, however, it would pres
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be speculative to derive whether such an effect might occur
for the ferritic steels used in the present study. Another com-
plicating factor is that for SOFC systems operating in the
temperature range 900–1000◦C, other types of metallic ma-
terials, e.g. Cr-base alloys[14] rather than ferritic steels are
likely to be used as interconnect materials. Due to their com-
pletely different composition in respect to main as well as
minor alloying additions as well as major differences in al-
loy microstructure, a reliable prediction of their behaviour in
contact with the discussed (Pb-containing) glass–ceramics
seems not possible on the basis of the prevailing
results.

5. Conclusions

The present study emphasises that the evaluation of suit-
able combinations of glass–ceramic sealants and steels for
SOFC applications requires the use of realistic test meth-
ods which closely simulate the conditions prevailing in ac-
tual SOFC stacks. During high-temperature exposure of vari-
ous glass–ceramic/steel combinations under purely oxidising
conditions (air) no severe interactions detrimentally affect-
ing the electrical properties of the sandwich specimens were
observed[17]. However, when using experimental parame-
ters which closely simulate SOFC stack conditions, i.e. in the
p e fer-
r ults
i tes.
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