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The suitability of combinations of sealing material and alloy under simulated SOFC stack
conditions has been evaluated by a novel test method. This method is based on test items
of two metallic sheets, joined together with a glass or glass-ceramic sealant. The outer side
of the sample is exposed to ambient atmosphere, whereas the inner side can be exposed to
different gas compositions. The whole set-up is placed in a furnace. Optionally, an external
voltage can be applied across the sheets.

Experiments revealed that the chemical and electrical behaviour of the sandwich samples
strongly depends on the experimental conditions. Under oxidative conditions (air) no
undesirable interactions take place, which detrimentally affect the electrical properties,
indicating satisfactory suitability of the tested sealant—alloy combinations. However,
different results were obtained when SOFC conditions were simulated by the use of a dual
environment including air on the outer part and hydrogen on the inner part of the sample.
Under these test conditions, and depending on the chemical composition of the alloy, a
strong decrease of the resistance, measured between the two metallic sheets, was
observed, due to excessive chemical reactions between the sealant, the alloy, and the
surrounding gas atmosphere.

Well-chosen test conditions can more closely simulate real stack conditions, and as a
result, the electrical, physical, and chemical behaviour of investigated samples is closer to
that of materials applied in real SOFC stacks. Therefore, before performing model
experiments simulating complete SOFC devices, it is recommended that a critical analysis
should be made of the experimental conditions as present in SOFC devices.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Solid oxide fuel cells (SOFC) are promising energy de-
vices for converting the chemical energy of fuel gases,
such as hydrogen and methane, directly into electrical
energy. Other advantages are that these SOFC devices
in comparison to conventional energy production sys-
tems are clean, environmentally friendly due to low car-
bon dioxide emissions, and efficient. As a consequence,
these devices are of major interest for stationary elec-
tricity and heat generation. Such a device, once it meets
the targets for long-term durability and reliability, can
compete with conventional energy conversion devices.

During the past decade Forschungszentrum Jülich
(FZJ) has worked on advanced SOFC devices using pla-
nar cells and thin electrolytes. The design of these sys-
tems comprises planar stack designs with a large surface
active area and flat anode substrate cells [1]. These de-

∗Author to whom all correspondence should be addressed.

signs, indicated as type E-, F-, or G-design, are further
adapted to obtain a satisfactory voltage output, which
implies that the SOFCs are connected in serial mode us-
ing bipolar metallic interconnects. Glass-ceramic based
materials from a BCAS (BaO-CaO-Al2O3-SiO2) sys-
tem are often used for joining dissimilar materials, i.e.
ceramic cells, metallic manifolds, and metallic inter-
connects [2–5]. These joints should be both gastight and
electrically insulating, which implies that the sealants
should separate (a) the fuel gas in the inlet and outlet
channels from the oxidising environment, i.e. the cath-
ode compartment and outer side of the stack (ambient
atmosphere), and (b) the oxidising gas in the inlet and
outlet channels from the anode compartment (fuel gas)
and the outer ambient environment. In addition to these
properties, the glass sealant should possess a satisfac-
tory matching of the thermal expansion coefficient with
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Figure 1 Schematic view of an E-design stack technology.

the cells and the chosen alloy, and it should also exhibit
a long-term stability under oxidising as well as dual
environmental conditions at high temperatures.

Fig. 1 shows a schematic view of a 2-cell stack in the
so-called E-design with internal manifold and counter-
flow configuration [1]. Fuel and oxidant gases both en-
ter the stack from the bottom through two tubes, each
arranged at the corners of opposite sides. In both lay-
ers, each containing one cell, the gases are distributed
over the entire width of the cell inside the manifold.
Through the channels in the interconnect the gases are
distributed over the entire surface of anode and cath-
ode. In the exit manifold the gases are collected in the
centre and leave the stack via one tube on each side. In
Fig. 1 the manifolds and gas channels on the fuel side
are visible, although not all gas channels are drawn.

At present various stack components still suffer from
degradation, which significantly limits the maximum
operation time. This can partly be explained by chem-
ical and physical interactions between the sealant and
the alloy to be used for the interconnect and the mani-
fold, and/or the surrounding gas atmosphere [2].

Several studies evaluating glass and glass-ceramic
sealants are based on determining the chemical inter-
actions between glasses and interconnect alloys [2, 6],
characterisation of the crystallisation behaviour [3], or
bond strength of a ‘sandwich’ sample during exposure
in air at high temperatures [7]. The suitability of poten-
tial alloys to be used for the interconnect and/or man-
ifold is generally based on oxidation experiments per-
formed in either air, humidified hydrogen atmospheres,
or carbon-containing fuel gases [8–12]. Other model
studies, with respect to the development of construc-
tion materials for SOFC interconnects, are based on
the improvement of a combination of properties re-
quired for the interconnect under real SOFC conditions
[13–15].

Recent studies have shown that the presence of a dual
atmosphere, i.e. hydrogen or steam on one side of the
sample and air on the other, can have a significant effect
on the oxidation behaviour of the underlying alloy [16–
18]. In addition, and probably even more important, the
interaction between the alloy and the sealant material
depends on the type of oxide scale formed.

In this study the suitability of sealing material—alloy
combinations under simulated conditions relevant for
SOFC stacks will be evaluated by the introduction of
a novel test method. With this method several exper-
imental parameters affecting stack life can be varied
systematically allowing a systematic approach to the
influence of each parameter on the physical and chem-
ical interactions between the sealant and the alloy.

2. Experimental
2.1. Experimental set-up
Experiments were performed with sandwich samples
based on two metallic sheets, which were joined to-
gether by a glass paste applied by a dispenser. One
of the sheets also contained a small hole allowing the
desired gas composition to reach the inner part of the
sample. In order to measure the electrical resistance of
the joined couple, each sheet was connected to two Pt-
wires, one to apply the desired external voltage over
the glass sealant and the other to measure the current
density. The samples were placed on top of a hermeti-
cally sealed alumina housing with four gas outlets. With
this set-up a maximum of four samples could be tested
simultaneously. A silver gasket was used to obtain suf-
ficient gas tightness between the alumina housing and
the sample.

After the sandwich samples were placed into the fur-
nace, each sample was loaded by a weight of about
300 g. Joining of the metallic sheets and crystallisation
of the glass sealant was carried out by a thermal cycle
performed in air. The samples were heated to 850◦C at
1◦C/min. After reaching the temperature, a dwell time
was set. This was followed by cooling the furnace down
to 800◦C at 1◦C/min. During this temperature cycle or-
ganic solvents were removed, the glass was softened
and a chemical interaction occurred between the glass
sealant and the alloy resulting in sufficient bonding.

After the furnace reached the desired test tempera-
ture, in this case 800◦C, the inner part of the alumina
housing was flushed (100 ml/min ATP) with the desired
gas composition: on the inner side hydrogen saturated
with 3 vol% H2O, and on the outer part of the samples
air. Optionally, an external voltage typically prevailing
in SOFC stacks could be applied. All data were obtained
by DC methods using a current-control power sup-
ply 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 electrical resistance were
monitored continuously. If no external voltage was ap-
plied, the ohmic resistance was measured at regular in-
tervals of approximately 24 h. A schematic set-up of the
test unit is depicted in Fig. 2. After the total exposure
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Figure 2 Schematic view of the experimental set-up for electrical re-
sistance measurements during high temperature exposure in dual atmo-
spheres.

time, the samples were cooled down to ambient tem-
perature at a rate of 1◦C/min. During cooling the inner
part of the samples was flushed with argon.

With respect to the electrical behaviour of the sam-
ples as a function of the exposure time, plots are pre-
sented with the specific resistance on the Y-axis and the
exposure time on the X-axis. The specific resistance
is calculated from the measured ohmic resistance be-
tween the two metallic sheets and corrected for the total
surface area and thickness of the glass sealant.

2.2. Material
Various series of experiments were performed with
sandwich samples consisting of two metallic sheets of
various types of model alloys including different sur-
face treatments. Metallic sheets with a thickness of 2.0–
3.0 mm were cut into 50 × 50 mm squares, whereby
one sheet contained a small hole in the centre (diame-
ter: 10 mm). The surface of the alloy sheets was sub-
sequently ground, polished, and ultrasonically cleaned
with ethanol and acetone to remove organic substances.
Table I shows the chemical composition of the various
model alloys tested.

Two different glass sealants were used in this study,
indicated as type A and B, the first was based on Al2O3
(3.3 wt%), SiO2 (27.9 wt%) CaO (5.7 wt%), BaO (49.1
wt%), and the other on Al2O3 (2.1 wt%), SiO2 (34.7
wt%) CaO (0.6 wt%), BaO (41.4 wt%). Both sealants
include minor additions of transition metal oxides to op-
timise the SOFC relevant physical and chemical prop-
erties. The glass paste was applied by a disperser to
the circumference of one sheet. An overview of the
experiments with various alloy-glass sealant combina-
tions under various experimental conditions is given in
Table II.

TABL E I Chemical composition of the alloys used

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

Alloy T-1 Bal. 22.6 0.4 0.06 0.1 0.1 La-0.1 0.2

Alloy T-2 Bal. 23.3 0.4 0.05 – – La-0.1 –

Alloy T-3 Bal. 22.1 0.5 – 0.4 0.2 Zr-0.1 0.3

Alloy T-4 Bal. 17.3 0.3 0.01 0.9 1.0 – 0.2

Alloy T-5 Bal. 22.1 0.4 0.05 0.1 – La-0.1 –

Alloy T-6 Bal. 22.0 0.4 0.05 – 0.1 La-0.1 –

Alloy T-7 Bal. 22.7 0.4 0.04 – – La-0.05 –

2.3. Characterisation
Scanning electron microscopy (SEM) analyses of the
surface morphology and cross sections was performed
using a LEO 1530 electron microscope (Gemini).

3. Results
3.1. Electrical resistance measurements
The first series of electrical resistance measurements
deals with purely oxidising conditions regarding vari-
ous glass sealant—alloy combinations without (air–air,
0 mV) or with (air–air, 800 mV) an externally applied
voltage. A second series is based on testing the sand-
wich samples in only hydrogen (3 vol% water vapour)
without an externally applied voltage (H2–H2, 0 mV).
The third series deals with testing the sandwich samples
in a dual atmosphere. This means that the inner part of
the samples is exposed to hydrogen with 3 vol% water
vapour and the outer part to ambient atmosphere. Also
here, tests were performed without (H2–air, 0 mV) and
with (H2–air, 800 mV) an externally applied voltage.

Air–air, 0 mV: Resistance measurements of a series
of sandwich samples (nos. 1–18: see Table II) exposed
in air–air at 800◦C without an externally applied volt-
age showed no obvious degradation of the electrical
resistance of the glass sealant. After 400 hrs of expo-
sure the specific resistance of the samples was still more
than 1 k�·m. This indicates that under these conditions
no electrical shunt was formed between the two metal-
lic sheets. In addition, no differences occurred between
samples with either glass sealant type A or type B.

Air–air, 800 mV: In this case, only Alloys T-1 and
T-2 were tested with glass sealant type A and B (sample
nos. 19–22). In comparison with similar samples tested
in air without an externally applied voltage, no obvious
differences occurred between the electrical resistance
as a function of the exposure time. The specific resis-
tance was still high enough to avoid short circuiting.

H2–H2, 0 mV: The specific resistance of Alloy T-1
and T-2 with glass sealant type B (sample nos. 23 and
24) in only hydrogen with 3 vol% water vapour did
not significantly change during 400 hrs of exposure at
800 ◦C. The specific resistance over the whole exposure
time was always higher than 100 �·m. Fig. 3 shows the
specific resistance of both alloy/glass combinations as
a function of the exposure time.

H2–air, 0 mV: To investigate the effect of a dual gas
atmosphere, one series of samples (nos. 25–26) was
tested with air on the outer side and hydrogen (3 vol%
H2O) on the inner side of the sample. In this case, no
external voltage was applied. The specific resistance of
the samples as a function of the exposure time is shown
in Fig. 4. From this figure it is clear that in the case
of Alloy T-1 after about 50 hrs of exposure the spe-
cific resistance was significantly reduced from almost
10 k�·m to less than 1 �·m, whereas that for Alloy
T-2 was always higher than 10 k�·m over the whole
exposure time.

H2–air, 800 mV: Resistance measurements (with
samples nos. 27–33) regarding Alloy T-1 and T-2 re-
vealed that under a dual hydrogen—air atmosphere
no obvious differences occurred between those tested
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TABL E I I Various alloy—glass sealant combinations regarding experiments performed at 800◦C for 400 h under different experimental conditions

Ext. appl.
Glass Gas comp. voltage

no. Alloy sealant Surface treatment inner–outer side (mV)

1 Alloy T-1 A As-received air - air 0

2 Alloy T-1 B As-received air - air 0

3 Alloy T-1 A As-received + 100 hr/800 ◦C air - air 0

4 Alloy T-1 B As-received + 100 hr/800 ◦C air - air 0

5 Alloy T-1 A Polished + 100 hr/800 ◦C air - air 0

6 Alloy T-1 B Polished + 100 hr/800 ◦C air - air 0

7 Alloy T-1 A Hot-rolled, polished air - air 0

8 Alloy T-1 B Hot-rolled, polished air - air 0

9 Alloy T-2 A Polished air - air 0

10 Alloy T-2 B Polished air - air 0

11 Alloy T-2 A Polished + 100 hr/800 ◦C air - air 0

12 Alloy T-2 B Polished + 100 hr/800 ◦C air - air 0

13 Alloy T-3 A Polished air - air 0

14 Alloy T-3 B Polished air - air 0

15 Alloy T-3 A Polished + 100 hr/800 ◦C air - air 0

16 Alloy T-3 B Polished + 100 hr/800 ◦C air - air 0

17 Alloy T-4 A Polished + 100 hr/800 ◦C air - air 0

18 Alloy T-4 B Polished + 100 hr/800 ◦C air - air 0

19 Alloy T-1 A As-received air - air 800

20 Alloy T-1 B As-received air - air 800

21 Alloy T-2 A Polished air - air 800

22 Alloy T-2 B Polished air - air 800

23 Alloy T-1 B As-received H2 – H2 0

24 Alloy T-2 B Polished H2 – H2 0

25 Alloy T-1 B As-received air – H2 0

26 Alloy T-2 B Polished air – H2 0

27 Alloy T-1 B As-received air – H2 800

28 Alloy T-2 B Polished air – H2 800

29 Alloy T-3 B Polished air – H2 800

30 Alloy T-4 B Polished air – H2 800

31 Alloy T-5 B Polished air – H2 800

32 Alloy T-6 B Polished air – H2 800

33 Alloy T-7 B Polished air – H2 800

without an externally applied voltage of 800 mV. Also
here, after relatively short exposure times Alloy T-1
showed an obvious increase in conductivity. The spe-
cific resistance of Alloy T-2 was sufficiently high over
the whole exposure time. Similar results were obtained
with Alloy T-7. Fig. 5 shows the resistance as a function
of the exposure time of Alloy T-1, T-2, and T-7 in a dual
atmosphere at 800◦C.

Additional measurements were made with Alloy T-
1 to verifying reproducibility, Alloy T-5, and T-6 (see
also Fig. 6). Here, it is clear that the use of Alloy T-1,
T-3 and T-5 (see also Table I for the chemical composi-
tion of the tested alloys) adversely affected the electri-
cal behaviour of the sandwich samples under the given
experimental conditions. After about 250 h of expo-
sure a substantial decrease of the resistance was ob-
served. After about 70 h of exposure Alloy T-1 showed
short circuiting, in a similar way as shown in Figs 4
and 5.

3.2. SEM analysis
Air–air: Fig. 7a shows the surface morphology of the
inner part of a sandwich sample with Alloy T-1, exposed
in air for 400 h at 800◦C (no externally applied voltage).
The outer surface of the alloy (top) consists mainly of a
chromium- and manganese-rich oxide. Near the three-
phase boundary, i.e. air–glass–alloy, a relatively high
amount of a bright crystalline phase rich in barium,
chromium, and oxygen was formed (Fig. 7b). Similar
features were found with the other samples exposed in
air. An external voltage of 800 mV did not obviously
affect the reaction products formed near the three-phase
boundary.

Cross-sectional analyses showed that the adhesion
between the glass ceramic sealant and the alloy was al-
ways satisfactory. Figs 8a and b show micrographs of
the cross section of Alloy T-2 with glass sealant type
A. Here, different phases can be observed which are
formed during the crystallisation cycle and probably
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Figure 3 Specific resistance of Alloy T-1 and T-2 exposed in hydrogen
at 800◦C without an externally applied voltage.

Figure 4 Specific resistance of Alloy T-1 and T-2 in a dual atmosphere
at 800◦C without an externally applied voltage.

Figure 5 Specific resistance of Alloy T-1, T-2, T-7 in a dual atmosphere
at 800◦C with an externally applied voltage of 800 mV.

also during the long-term exposure at 800◦C. Near
the three-phase boundary (Fig. 8a) also a significant
amount of a bright phase rich in Ba, Cr, and O, indica-
tive of the formation of barium chromate was formed.
No other oxidation products were found which might
finally lead to degradation of the electrical resistance
between the two metallic sheets.

Hydrogen–hydrogen: Two sets of sandwich samples,
i.e. Alloy T-1 and Alloy T-2, both with glass sealant

Figure 6 Specific resistance of Alloy T-1 and T-3 (upper part), and Alloy
T-5 and T-6 (lower part) in a dual atmosphere at 800◦C with an externally
applied voltage of 800 mV.

type B, were also tested in hydrogen, saturated with
3 vol% H2O. During 400 h of exposure at 800◦C no
short-circuiting phenomena occurred, indicating that
under these experimental conditions no highly conduc-
tive corrosion products were formed between the two
metallic sheets. Removing the sheets from each other,
it appeared that no yellowish reaction products (barium
chromate), nor any brownish corrosion products (iron-
containing oxides) were formed near the three-phase
boundary.

Fig. 9 shows the surface morphology of Alloy T-1
with glass sealant type B near the three-phase bound-
ary. The outer metallic surface shows the formation
of only small oxide particles (bottom part of Fig. 9a).
Interesting to note is the presence of small cracks par-
allel to the three-phase boundary. The glass sealant, as
shown in Fig. 9a (upper part) and Fig. 9b, shows a crys-
talline structure, with crystals rich in Ba, Si, and O, or
Ba, Ca, Si, and O. Cross-sectional analyses of the sand-
wich sample with Alloy T-1 (Fig. 10a) revealed severe
internal oxidation of the alloy. This was not found in
the case of Alloy T-2 (Fig. 10b). Here, a satisfactory
adhesion between the glass sealant and the alloy can be
observed.

Hydrogen–air: SEM analyses were performed on two
positions of the inner surface area, i.e. at the air side
and the hydrogen side. The morphology near the three-
phase boundary at the hydrogen as well as at the air
side of Alloy T-2 with glass sealant type B was compa-
rable with that formed after 400 h of exposure at 800◦C
under purely oxidising conditions. Here, a dual atmo-
sphere did not obviously change the formation of the
various reaction products. In addition, the use of Alloy
T-6 did not result in obvious detrimental effects either.
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Figure 7 SEM micrographs of the surface morphology of Alloy T-1 with glass sealant type B after 400 h of exposure in air at 800◦C. No external
voltage was applied.

Figure 8 SEM micrographs of the cross section of Alloy T-2 with glass sealant type A after 400 h of exposure in air at 800◦C. No external voltage
was applied.

Figure 9 SEM micrographs of the surface morphology of Alloy T-1 with glass sealant type B after 400 h of exposure in hydrogen at 800◦C. No
external voltage was applied.
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Figure 10 SEM micrographs of the cross section of Alloy T-1 (a) and Alloy T-2 (b) with glass sealant type B after 400 h of exposure in hydrogen at
800◦C. No external voltage was applied.

Figure 11 SEM micrographs of the surface morphology and cross sections of Alloy T-1 with glass sealant type B after 400 h of exposure in a dual
atmosphere (hydrogen—air) at 800◦C with an externally applied voltage of 800 mV.

With Alloy T-1 and glass sealant type B a different mor-
phology was formed. Here, different reaction products
were observed with respect to both three-phase bound-
aries. At the hydrogen side (see also Fig. 11a), the alloy
surface near the glass sealant was covered with a fine-
grained, thin oxide layer. No excessive oxide growth

was observed. On the air side and along the glass edge,
large iron-containing oxide nodules were present. Ex-
cessive oxide growth occurred, which finally could lead
to “bridge formation” between the two metallic sheets.
Fig. 11b shows SEM micrographs of the surface mor-
phology of Alloy T-1 with glass sealant type B after
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400 h of exposure in a dual atmosphere at 800◦C. In
this case, an external voltage of 800 mV was applied.
Furthermore, from SEM observations it was concluded
that the presence of an external voltage of 800 mV did
not obviously affect the formation of the various reac-
tion products.

Figs 11c and d show the cross sections of the sample
at both positions. Here, it is evident that on the hydrogen
side only severe internal oxidation took place, whereas
on the air side also external oxide growth occurred.
Similar features were obtained with sandwich sam-
ples consisting of alloys T-3 and T-5 and glass sealant
type B.

4. Discussion
To obtain more insight into the relation between
the chosen experimental parameters simulating SOFC
stack conditions and the chemical and physical compat-
ibility of glass sealants with various ferritic, chromia-
forming alloys, different series of conductivity mea-
surements (see Table II) were performed. The first se-
ries of measurements was based on samples, which
were exposed in air for a period of up to 400 h.
For a well-functioning SOFC stack, the formation of
highly conductive oxide products between the mani-
folds and the interconnects has to be suppressed. Un-
der the given conditions, these chosen test parameters
specifically simulate that part of a stack, where the
glass sealant insulates the cathode compartment (air)
from the outer ambient atmospheric environment (see
Fig. 1). Of course, glass sealants also have to fulfil other
requirements, such as adapted viscosity, suitable ther-
mal expansion coefficient, a wetting angle on the join-
ing components of at least 90◦, adapted flow and shrink
behaviour, however, an in-depth discussion of these as-
pects is beyond the scope of this paper. Here, the dis-
cussion is limited to an evaluation of the introduction of
a novel test method to analyse the suitability of sealing
material—alloy combinations for SOFC stacks under
various experimental conditions.

Conductivity measurements performed in air re-
vealed no electrical degradation for any of the tested
samples as listed in Table II. This means that during
400 h of exposure no highly conductive oxide products
were formed which adversely affect the electrical in-
sulation between the two metallic sheets. Furthermore,
cross-sectional analyses revealed the formation of a yel-
lowish reaction product, rich in Ba, Cr and O, along the
edges of the glass sealant. The formation of this oxide
can be explained by the presence of a chromium oxide
scale which is in contact with the glass sealant contain-
ing BaO. Under oxidising conditions these species can
form BaCrO4. At the interface between the glass sealant
and the alloy, a thin chromium-rich oxide layer was
formed. Here, no extensive formation of BaCrO4 was
found. Despite the formation of relatively large pores
at the inner side of the glass sealant, as can be observed
in Fig. 4, no cracks were found near the glass sealant—
alloy interface. It can be suggested that the presence
of these pores probably adversely affects the insulation
capacity of the sealant, because they act as fast diffu-

sion paths for gaseous species. However, helium leak
testing of these samples showed that the leakage rates
were still within an acceptable range.

With the novel test method described in this paper,
interaction between glass sealant and alloys can be criti-
cally evaluated. In this case the experimental conditions
were closely related to those expected in real SOFC
devices, i.e. separating cathode chamber and oxidant
inlet and outlet channels from the outer ambient en-
vironment. From the observations, it was concluded
that under purely oxidising conditions all listed glass
sealant—alloy combinations showed satisfactory inter-
action. Moreover, type A and B are potential candidates
to be used for stacks where the glasses have to separate
the air in the channels and in the cathode compartment
from the outer ambient environment due to the excellent
compatibility of the glass sealant with the underlying
alloy.

In order to investigate the effect of an external volt-
age on the interaction between the glass sealant and
the adjacent alloy, the experimental set-up was slightly
modified. Here, realistic stack operation conditions in-
cluding a constant load were simulated, where the glass
sealant separates the oxidant channels and the cathode
chamber from the outer ambient atmosphere. In this
case, two types of alloys, i.e. Alloy T-1 and Alloy T-2,
were tested with glass sealant type A and B. Conductiv-
ity measurements as well as surface morphological and
cross-sectional analyses of these samples showed that
the results were similar to those observed under similar
test conditions apart from an externally applied volt-
age. This means that with the above-mentioned alloy—
sealant combinations the presence of an externally ap-
plied voltage of 800 mV is not required. However, care
has to be taken in generalising these conclusions. It
might be well possible that other alloy—sealant com-
binations have a higher dependence on the presence of
an externally applied voltage.

The use of sandwich samples with hydrogen (hu-
midified with 3 vol% H2O) at the inner side and air
at the outer part of the sample simulates that part of
a stack where the glass sealant has to reliably prevent
mixing of the oxidising atmosphere with the fuel gas
in the inlet and outlet channels and that in the anode
chamber (see Fig. 1). Also, in this case, no differences
occurred between samples exposed with or without an
externally applied voltage. Noticeably different to the
former observations, with samples exposed in only air,
was the fact that under these experimental conditions
including a dual atmosphere differences in the elec-
trical and corrosion behaviour occurred. The ferritic
steels T-1, T-3, and T-5 showed already a substantially
decrease of the specific resistance after short exposure
times, indicating the presence of an electrical shunt be-
tween the two metallic sheets. In the case of Alloys
T-2 and T-6, the specific resistance was still quite high
even after 400 h of exposure at 800◦C in a dual at-
mosphere. Surface morphological and cross-sectional
analyses showed that in the case of short circuiting
significant amounts of voluminous corrosion products
were formed, in addition to the formation of a Ba- and
Cr-rich oxide. In particular, the formation of iron-rich
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oxide products, often found near the three-phase bound-
ary glass sealant—air—alloy, is worth noting. These
fast growing and highly conductive oxides finally re-
sult in “bridge formation” between the two metallic
sheets. In addition, severe internal oxidation of the al-
loy was observed. The iron-rich oxide products were
not found near the three-phase boundary glass sealant—
hydrogen—alloy. In this case, only internal oxidation
of the alloy occurred.

These results show that with the given experimen-
tal conditions including a dual gas atmosphere of hy-
drogen and air, the electrical properties and corrosion
behaviour of the sandwich samples strongly depends
on the composition of the alloy and the glass sealant.
Therefore, care has to be taken with respect to a thor-
ough consideration of test parameters simulating the
conditions prevailing in real SOFC stacks. Alloy—
glass sealant combinations, which showed an excellent
behaviour under purely oxidising conditions can still be
very susceptible to internal and external oxide forma-
tion, the latter resulting in short-circuiting, under a dual
atmosphere. Moreover, to create model studies simulat-
ing complete SOFC devices, which can be performed
with this novel method, it is important to make a crit-
ical analysis of the experimental conditions as present
in these SOFC devices.

For comparison reasons, tests were also made in only
hydrogen with 3 vol% water vapour, however, without
an externally applied voltage. In this case, only tests
with Alloy T-1, T-2, and glass sealant type B were
carried out. Conductivity measurements showed that
the specific resistance of the two alloys was not obvi-
ously altered during 400 h of exposure at 800◦C, in-
dicating that no short circuiting had taken place. To
investigate the interaction between the alloy and the
glass sealant in more detail, surface morphological and
cross sectional analyses were made. In the case of Al-
loy T-1, only internal oxidation was observed. This in-
ternal oxidation resulted in high internal stresses due
to volume expansion, finally resulting in crack forma-
tion in the outer layer of the alloy. Another feature,
which results from this effect is the reduced distance
between the two metallic sheets. Initially, the distance
between the sheets was about 200 µm, however, it de-
creased to about 60 µm after 400 h of exposure at
800◦C. Therefore, it may well be possible that after
longer exposure times the two sheets may come into
contact with each other resulting in short circuiting.
Besides, the two sheets can be pushed away from each
other when excessive internal oxidation takes place at
the glass sealant—alloy interface. These phenomena
were only found for Alloy T-1 with glass sealant type
B. In the case of Alloy T-2, no fast-growing external
oxide products, nor internal oxidation or crack forma-
tion in the alloy near the three-phase boundary was
observed.

5. Conclusions
• Significant differences occurred between the elec-

trical properties and chemical behaviour of ‘sand-
wich’ samples when exposed in only ambient at-

mosphere or in a dual environment simulating
SOFC stack conditions.

• Well carefully selected test conditions can simu-
late real SOFC stack conditions, and, as a result,
the electrical, physical, and chemical behaviour of
investigated samples are closer to that of materials
applied in real SOFC stacks.

• Before performing model experiments to evaluate
the behaviour of materials (combinations) in SOFC
devices, it is recommended that a critical evalua-
tion should be made of the experimental conditions
prevailing in SOFC devices.
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