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Abstract
For reliable operation of planar solid oxide fuel cells (SOFC), long-term stability of the sealing materials, including

gas tightness and bonding to the joined materials, is essential. Failures induced by thermal cycling, slight stack
deformation or degradation of the sealing material can lead to leakages and undesired combustion of fuel gas, causing
hot spots and severe damage of stacks or whole systems. Suitable partially crystallizing SOFC sealing glasses are
presented and characterized in terms of their softening properties, viscosity, thermal expansion and crystallization
behaviour. However, it is not sufficient to characterize these internal properties. For reliable long-term operation,
structural changes of sealing glasses and particularly reactions between interconnector materials and sealing glasses
have to be considered. Therefore model sealings are tested in dual atmospheres with applied voltage. The resistivities of
these arrangements were monitored continuously and changes in the microstructure of the joints were investigated
after testing. The results are discussed in terms of the devolution of resistivity of model sealings at high temperatures
and the microstructures of the sealing glasses and the glass-to-metal interfaces. After the identification of critical glass
components, the development of enhanced sealing glasses with improved degradation properties is demonstrated and
shown for one composition.
Keywords: Crystallization, degradation, sanbornite, sealing glasses, SOFC

I. Introduction
SOFC systems based on planar stack designs are current-

ly being developed for a broad range of mobile and sta-
tionary power sources. For these stack designs, sealings
are a critical issue. Situated in the high-temperature parts
of the stacks, they have to withstand temperatures up to
800 – 900 °C for up to 40 000 h. Sealings have to separate
fuel gas from air in the system and ensure the mechanical
integrity of the arrangement of stack components. For this
reason, the sealing materials have to be chemically stable
at high temperatures against harsh gaseous environments
and the joined materials. Furthermore, the seals between
adjacent metallic interconnectors have to provide electri-
cal insulation in the stacks. Depending on the SOFC de-
sign, it is possible that sealings are exposed to voltages typ-
ical for single cells, but also to high voltages produced by
whole stacks.

Under the operating conditions of SOFCs, glass is a
chemically very stable and compatible sealing material. It
has the advantages of being an electrical insulator, cheap
to produce on a large scale and easy to apply in a variety
of shapes if prepared as tapes or pastes. Different compo-
sitions of sealing glasses are widely discussed in the rele-
vant literature 1 – 6. Most of these publications address the
intrinsic properties of the glasses, such as their thermal ex-
pansion coefficients, crystalline phases, viscosity or resis-
tivity. However, for joining and sealing of SOFCs, not on-
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ly these properties of the sealing material are important.
Only a few authors consider the fact that seals must exhibit
long-term stability against the sealed materials under very
aggressive conditions in order to achieve gas-tight joints.
In SOFCs such materials are mainly high chromium-al-
loyed steels, nickel-based alloys or sinter metals 7, 8. Virtu-
ally no literature is known which addresses the long-term
stability of glass seals in contact with metallic intercon-
nectors under operating conditions including the effects
of high temperatures, dual atmospheres and electric po-
tentials to which the sealed components are exposed. It is
generally accepted that the reactivity of glass with ceramic
components like MEAs made of doped ZrO2 is much less
pronounced than with metallic interconnector materials,
e.g. Crofer 22 APU. An electric potential applied across
the seals will additionally influence the reactivity between
the metallic substrates and sealing glasses at high temper-
atures. Under SOFC operating conditions, partially crys-
tallized sealing glasses contain a fraction of a highly vis-
cous glass melt above the glass transition temperature Tg.
At temperatures above Tg, the mobility and reactivity of
glass components are increased by several orders of mag-
nitude in comparison to solid glasses at ambient tempera-
tures. An electric field will force the migration of mobile
ions in this glass melt, leading to polarization effects in the
glass and also at the glass-to-metal interfaces. Additional-
ly, voltage can contribute to interdiffusion of ions from the
metals components into the glass and vice versa; redox re-
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actions between glass and metals also have to be taken into
account.

The main part of the presented study is focused on in-
terfacial reactions between metallic interconnector mate-
rials and partially crystallized sealing glasses under condi-
tions typical for the operation of SOFC systems. The di-
rect testing of sealing glasses in real SOFC stacks is associ-
ated with several disadvantages. First of all, stacks are ex-
pensive and, as a consequence, testing of glasses would also
be so. Furthermore, SOFC systems often do not operate
under reproducible and stable testing conditions. But also
parameters like testing times, gas composition and flow,
thermal cycling and produced current can vary within one
single stack test and even more often when series of stacks
are tested. Therefore, the results of post mortem analysis
of stacks provide valuable information on sealing glasses,
but data from different stacks are often not comparable.
Therefore, a unique testing furnace for operating with dual
gas atmospheres up to 1 000 °C was developed which is ca-
pable of hosting four model sealings simultaneously. The
samples can be independently impinged with varying fuel
gas compositions and electric potentials up to 30 V. In con-
trast to real stacks, the resistivities of the sealed arrange-
ments are directly measured during the testing procedures.
The need for potentials as high as 30 V strongly depends on
stack designs where sealing glasses sometimes do not on-
ly have to withstand single cell voltages of 0.7 – 1.3 V but
also the potential of the whole stack. The setup of the mod-
el sealing and its integration in the test system is depicted
in Fig. 1; further information is available in 9. The devo-
lution of the resistivity accompanied with SEM investiga-
tions of cross-sections provides information for the under-
standing of degradation processes in the glasses as well as
at the glass-to-metal interfaces, and for an improvement of
sealing glasses.

Fig. 1: a) Top view of model seals, made of glass paste on a Cro-
fer 22 APU- substrate b) Schematic drawing of the measuring set-
up. The inner part of the sample is flushed with fuel gas and air is
at the outer side.

II. Experimental
A number of partially crystallizing glasses from the sys-

tem BaO-Al2O3-SiO2 with molar SiO2: BaO ratios close
to 2, containing B2O3 and further additives such as ZnO
and other oxides in amounts of less than 10 mol%, have
been selected for this study. The glasses contain sanbornite
(BaSi2O5) as the main crystalline phase, which is necessary
to adjust the coefficient of thermal expansion for matching
the values of YSZ and Crofer 22 APU. The ZnO-contain-
ing glass (S01) represents a standard sealing glass which
is commercially used for joining and sealing of SOFC
based on Crofer 22 APU interconnectors (staxera, Dres-
den). With S02 a newly developed sealing glass is present-

ed, which is free of ZnO oxide. A quaternary BaO-Al2O3-
SiO2-B2O3 glass (M01) is used as a model glass to show
the necessity of controlled crystallization processes in par-
tially crystallizing sealing glasses. The overall composition
of this model glass is maintained with respect to the other
glasses.

All glasses were molten from the reagent grade raw ma-
terials in platinum crucibles at 1 500 °C for 1 h. After melt-
ing, the glasses were fritted by pouring them into cold wa-
ter, dried at 150 °C for 5 h and ground to powders with
d50 < 10 lm. The characterization of glass powders includ-
ed several relevant properties to evaluate the conditions
for the sealing processes. Thermal expansion was mea-
sured from crystallized powder compacts in a horizon-
tal pushrod dilatometer “DIL 402 E” from “NETSCH
Gerätebau GmbH”. The coefficient of thermal expan-
sion (CTE) is stated as the technical expansion coefficient,
where the thermal expansion is referred to room tempera-
ture.

The shrinking and softening properties were observed
by means of hot stage microscopy (HSM) using a “Le-
ica Hot Stage Microscope”. Crystalline phases were de-
termined with Rietveld analysis after appropriate thermal
treatment of the glass samples according to sealing pro-
cesses of SOFC stacks. Additionally, thermal analysis by
means of DSC (NETZSCH DSC 404 F1) was conducted
to determine crystallization temperatures.

For the preparation of the model sealings, pastes for
screen-printing processes were prepared. Multiple screen-
printing of the pastes was conducted on Crofer 22 APU
substrates having lateral dimensions of 30 x 60 mm² and a
thickness of 2.5 mm as shown in Fig. 1a. Sandwich-type
samples were prepared by stacking two of these coated
substrates where one substrate was provided with two
holes for realizing a continuous gas flow inside the closed
samples (Fig. 1 b). After sealing, the glass joints had a con-
stant height of 250 lm, realized by ceramic spacers placed
between the metallic substrates, and a wideness of 3.5 to
4 mm. Heat treatment for the sealing process was chosen
according to the softening and the crystallization proper-
ties of the glasses.

These model sealings were tested at 850 °C in a dual at-
mosphere with simultaneous application of a d.c. voltage
ranging from 0.7 V up to 30 V. Values for resistivity are ob-
tained by measuring the electric current and regarding the
geometry of the joints. Owing to the application of a d.c.
potential, an electric field with a given direction is formed
across the sample and, as a consequence, the glass-to-metal
interfaces are constantly polarized in one way. In electro-
chemical terms, one interface is polarized as a cathode (re-
ducing conditions) and the other interface as an anode (ox-
idizing conditions). This nomenclature refers to the type
of electrochemical polarization of the substrates but not
to the usually known “anodic” and “cathodic” side of fu-
el cells. For the fuel gas atmosphere, a gas composition
by volume of 30 % H2; 7 % CO2; 3 % H2O(g) and 60 %
N2 was chosen. Before and after testing, the gas tightness
of the samples is measured in helium leak tests. Leakage
rates lower than 10-8 mbar l s-1 cm-1 were accepted for suf-
ficient gas-tight samples. The microstructure of the joints
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was examined on polished cross-sections with scanning
electron microscopy (SEM) in the back-scattered electron
(BSE) contrast mode and with energy-dispersive X-ray
spectroscopy analysis (EDX).

III. Results

(1) Characterization of sealing glasses

The sintering and softening properties can be well char-
acterized with hot stage microscopy. This method enables
in situ measurement of sintering processes of the powder
compacts along with calculation of the shrinkage. In ad-
dition, the viscosity of amorphous materials can be deter-
mined at certain temperatures based on the shape of the
samples. The values of these viscosity fix-points are widely
discussed and reviewed in the literature 10 – 13. Fig. 2 shows
the linear shrinkage of all three glasses as a function of tem-
perature (heating rate of 5 K/min in air on YSZ substrates).
While the sealing glasses S01 and S02 show a viscous flow
and further shrinkage – owing to wetting of the substrates
after reaching their maximum sintering density – the mod-
el glass M01 continuously expands at temperatures above
760 °C.

Fig. 2: Sintering properties and viscous flow of the glasses measured
by means of hot stage microscopy (HSM) at a heating rate of 2 K/
min in air.

Additionally, it is shown that the sintering process of the
sealing glass S02 is shifted towards higher temperatures
in comparison to S01 and M01. Table 1 lists characteristic
changes of the shapes of the cylindrical samples which
were deduced from the HSM measurements together with
the viscosity fix-points found in the literature.

Table 1: Images of characteristic changes in shape of cylindrical glass powder compacts during heating in a hot stage
microscope in air.
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While the sealing glasses S01 and S02 show softening
properties which are almost typical for glasses, the model
glass M01 shows no additional dimensional changes dur-
ing the sintering process.

This model glass shows a strong crystallization process
occurring during or even at the end of the sintering pro-
cess. According to Fig. 2, the overall sintering shrinkage
of M01 is comparable with S01 and S02, and therefore the
crystallization does not seem to affect the sintering pro-
cess. In the sintered glass M01 the crystallites must form
a skeleton which stabilizes the microstructure to prevent
softening of the partially crystallized glass and wetting of
the substrate. Owing to this strong and early crystalliza-
tion, the model glass M01 is not suitable for sealing appli-
cations. In case of S01 it has to be mentioned that the so-
called “ball point” is not ideally shaped, which can also be
explained based on the crystallization process.

A closer view of the different viscosities of the glasses
is provided by plotting the viscosity against the tempera-
ture. Therefore the six viscosity fix-points listed in Table 1,
ranging from the start of sintering with g = 10 9 Pa⋅s to the
45°-angle (Flow point) with g = 102.2 Pa⋅s are used as seen
in Fig. 3. Additionally the Transformation Temperature
(Tg) obtained with CTE plots of Fig. 7 with g = 10 12 Pa⋅s
is included. While the glass S02 shows a nearly continu-
ous decrease in viscosity with temperature, the glass S01
offers a step in the range of 760 – 950 °C. It can be assumed
that the crystallization process is responsible for the in-
hibited softening before the ball point is reached. For the
glass M01 it is only possible to use the Tg value from CTE
measurements as well as the start and the end of the sin-
tering process. It is seen that up to a temperature of 840 °C
the sealing glass S02 shows a higher viscosity than the glass
S01.

Fig. 3: Plot of viscosity fix-points (measured with HSM) and Tg
(CTE analysis Fig. 7) of the S01 and S02 glasses versus the tempera-
ture.

In order to reveal more information on the crystallization
processes, DSC analysis of all glasses has been conducted.
Despite the fact that the results gave less featured plots
some details can be deduced in relation to the HSM data
(Fig. 4). For the measurement it was necessary to conduct
a second measurement for the baseline correction. Owing
to the fact that this was done with a second heating of

each sample, the glass transition temperatures, which are
normally seen in such DSC analysis, are not visible.

Fig. 4: Comparison of DSC results of the different glasses measured
at 5 K/min in air.

A graphical superposition of the HSM and DSC plots
of the sealing glass S01 is given in Fig. 5. HSM analy-
sis shows that the sintering process, which ranges from
680 – 750 °C, concurs well with the shoulder of the DSC
data, which is located in the same temperature range. Ac-
cording to Eberstein et al., the shoulder in the DSC plot
results from an increasing heat transfer into the sample
owing to reduced porosity of the compacted sample 13.
A smooth exothermic peak at 780 – 820 °C was detected,
which can be attributed to a crystallization process. This
supports the formerly made assumption that crystalliza-
tion inhibits the softening of the glass S01. The DSC results
of S02 and M01 also show sintering shoulders and weak-
ly pronounced crystallization peaks (Fig. 4). In the case of
the model glass M01, the DSC data show a two-step sin-
tering process which overlaps with a small crystallization
peak. This suggests that the endothermic sintering shoul-
der and the exothermic crystallization signal are superim-
posed and are so not clearly detectable.

Fig. 5: Comparison of DSC and HSM results of the S01 glass mea-
sured at 5 K/min in air.

For quantitative measurements of the crystalline phase
contents, samples of all glasses were heat-treated accord-
ing to a thermal profile typical for the sealing of SOFCs in-
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cluding a sealing process and a crystallization time of 30 h
at 850 °C in air. Results of Rieveld analysis indicate san-
bornite (low-temperature modification of BaSi2O5) as the
main crystalline phase for all glasses (Table 2). Despite sim-
ilar SiO2 : BaO ratios as well as similar Al2O3 and B2O3
contents, the data show that the model glass M01 con-
tains a significantly higher content of BaSi2O5 than S01.
This supports the formerly made assumption concerning
the DSC and HSM results of the glass M01. This in turn
explains the necessity of an additional component (ZnO
for the sealing glass S01) for controlling and limiting the
crystallization velocity. This is also confirmed with the re-
sults of Capoglue et al. 14. In the case of S02, ZnO has
been replaced with a corresponding amount of an alterna-
tive oxide. Here, the crystallization of BaSi2O5 is reduced
and a small amount of cristobalite (SiO2) is detected. Fig. 6
shows the corresponding XRD diffractograms of the sam-
ples.

Table 2: Contents of crystalline phases in sealing glasses
after heat treatment according to a typical joining profile
for SOFC stacks, measured by means of Rietveld analysis
with alumina as internal standard.

Glass BaSi2O5
(LT-type)/wt%

SiO2
(cristobalite)/wt%

S01 25 ± 2 none

S02 20 ± 2 < 2

The technical coefficient of thermal expansion (CTE) is
shown in Fig. 7 for crystallized samples of all glass ceram-
ics. The scattering of the data is about ± 4 % of the mea-
sured value. Having the highest content of BaSi2O5, the
model glass M01 shows the highest coefficient of thermal
expansion. Unfortunately, this glass is not suitable for seal-
ing processes owing to an insufficient softening behaviour.
In contrast to this, S01 has a slightly lower CTE and shows
softening at temperatures that are appropriate for SOFC
sealing processes. In the case of the glass S02, a phase trans-
formation of cristobalite at temperatures of 220 – 300 °C
causes a discontinuity as seen for the plot of the corre-
sponding CTE-data. According to the HSM results, the
glass transition temperature (Tg) of S02 is, as compared to
S01 and M01, also shifted to higher temperatures by 50 K.

The results show that the intrinsic properties of the par-
tially crystallizing glasses S01 and S02 are suitable for their
application as sealing glasses for SOFC. But these data do
not allow any predictions concerning their long-term sta-
bility under conditions that are typical for the operation of
SOFCs.

(2) Interactions of sealing glasses with Crofer 22 APU
under electrical load

In a first set of experiments, four model sealings based
on the glass ceramic S01 were exposed for 500 h in dual at-
mosphere at 850 °C with an applied voltage of 0.7 V. Fig. 8
shows the measured currents of each sample recalculat-
ed as resistivities. All samples were treated with the same
time-temperature profile in the furnace, but the starting

times for applying the electric potential were varied. This
means that sample A was exposed to the electric potential
for the whole time of the experiment. For the samples B,
C and D the voltage was applied after 50, 100 and 200 h of
exposure at 850 °C in the dual atmosphere.

Fig. 6: XRD diffractograms of crystallized glasses; low-temperature
modification of BaSi2O5 is identified as the only crystalline phase.

Fig. 7: Technical expansion coefficient of crystallized glasses.

Fig. 8: Resistivities of glass joints at 850 °C in dual atmosphere.
Voltage of 0.7 V was applied at 0, 50, 100 and 200 h after starting
the test at 850 °C. Consider the logarithmic scale of the diagram.
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The plot of the resistivity of sample A can be taken as
characteristic and is explained in detail. Initially, a strong
increase of the resistivity within the first 50 h of testing
occurs. It is assumed that this is caused by polarization
effects in the viscous glassy phase. At 850 °C, ions in the
glass have mobility, high enough to migrate in the electric
field. Two kinds of ions are thought to migrate: barium or
oxygen ions. According to 15, 16, mainly barium ions are
able to migrate in the glass. But also oxygen ions may con-
tribute to the conductivity. For both kinds of ions hav-
ing the same mobility, it is hard to decide whether oxy-
gen or barium ions mainly contribute to the conductivi-
ty 17 or even both. After an initial increase, the resistance
reaches nearly a constant level for a period of about 100 h.
Afterwards, the resistivity of the sample A continuously
decreased with time, not reaching a constant level even af-
ter 500 h of testing. This behaviour denotes an increasing
electric current, which in turn can be interpreted as com-
positional changes of the glass itself, reactions at the glass-
to-metal interfaces or also as reactions of the glass with the
atmospheres. In former investigations, it was found that
a reducing atmosphere has only a minor influence on the
development of the resistivity 18.

A similar behaviour of the resistivity as seen for sample A
can be found for the samples B to D when voltage is not ap-
plied immediately after a temperature of 850 °C is reached
but after the samples have been exposed to this tempera-
ture for 50, 100 or 200 h. However, within this series sam-
ple A shows the highest resistances from the beginning to
the end. All other samples show lower resistivities but the
same characteristic and the all resistivities decrease with
similar rates (consider the logarithmic scale of the diagram
in Fig. 8). After 500 h of testing, the measured resistivities

range within 1.5 and 2.1 MX⋅cm. In order to get an indica-
tion of the accuracy of the in situ resistivity measurements,
we refer to Fig. 14 where two different measurements, each
with a retake, are presented.

SEM analyses of the interfaces between the sealing glass-
es and Crofer 22 APU from selected samples in Fig. 8 be-
fore and after testing provide an insight into microstruc-
tural changes in the sealing glass and especially at the glass-
to-metal interfaces. In Fig. 9 a. the conditions direct after
joining are shown, without the application of any voltage.
There are no differences between the two glass-to-metal
interfaces. Between glass and Crofer 22 APU, a 3 – 5 lm
thick intermediate layer has been formed. EDX analyses
reveal an oxidic composition of this layer with silicon, bar-
ium and chromium as the main components. This layer
is formed by surface oxidation of the Crofer 22 APU and
interaction with the glass phase under sealing conditions.
The microstructure of the glass shows a few pores and ho-
mogeneously distributed BaSi2O5 crystals with diameters
of a few micrometers. After the samples are exposed to
high temperatures with an applied voltage of 0.7 V across
the sandwich-type samples, the opposed polarized inter-
faces differ markedly. Figs. 9 b and c show cross-sections
of the samples A and D with the annotations according to
the polarization. At cathodically polarized glass-to-met-
al interfaces, EDX analyses reveal the formation of a Cr-
Mn-oxide layer 19. In contrast to the known oxide layer
of uncovered Crofer 22 APU, this oxide layer is enriched
with zinc, a component of the glass. EDX analysis reveals
differing amounts of the single elements, so that a com-
position of (ZnCrMn)3O4 is assumed. Additionally the
surface of the Crofer 22 APU also seems to be rougher in
comparison to the as-joined state.

Fig. 9: Interfaces between Crofer 22 APU and sealing glass. The interfaces are denoted as cathodic for reducing and anodic for oxidizing
conditions. a) Microstructure after joining of the samples (no additional treatment) b) Voltage applied after reaching 850 °C (sample A of
Fig. 8) c) Voltage applied after 200 h dwell time at 850 °C (sample D of Fig. 8)
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At anodically polarized interfaces, the composition of
the 1 – 3 lm-thick oxide layers has been changed consider-
ably. EDX analysis revealed an oxide layer again consist-
ing of (ZnCrMn)3O4. Furthermore, single particles with
a similar composition to this oxide layer have migrated in
the glass matrix (dark grey) as seen in the lower image of
Fig. 9 b. Additionally, at all anodically polarized interfaces
crystalline SiO2 needles are detected adjacent to the oxide
layer (black appearance in the BSE contrast in Figs. 10 b
and c). As seen at the cathodically polarized interfaces, the
surfaces of the Crofer 22 APU substrates show a rough
structure, indicating a slightly proceeding destruction of
the microstructure. Regarding the glass phase itself, a grain
coarsening of the BaSi2O5 crystals has occurred in the case
of both samples A and D after 500 h at 850 °C.

These results show that interfacial reactions between the
sealing glass and Crofer 22 APU influenced by the type of
polarization of the metallic substrates can be referred to
the applied electric potential. Neither changes in the mi-
crostructure of the glass nor strong growth of interfacial
layers can be taken as explanations for the continuous de-
crease of resistivities. It seems to be more probable that the
structural changes in the interfacial layers are responsible
therefore. The consumption of electric charge owing to
redox reactions between Crofer 22 APU and the sealing
glass leads to an increased current. The migration of oxi-
dic particles at the anodically polarized interfaces can also
contribute to this effect.

Fig. 10: Resistivities of glass joints at 850 °C in dual atmosphere at
voltages between 0.7 and 30 V. Consider the logarithmic scale of the
diagram.

To clarify the effect of externally applied potential on
the resistivities, samples were treated with higher elec-
tric potentials up to 30 V. The plots of the resistivities are
shown in Fig. 10. The devolution of the resistivities of the
0.7 and 1.3 V samples are comparable with the data shown
in Fig. 9. For higher voltages, the resistivities are shifted to
much higher values and reach their maximum after short-
er testing times. For the 30 V sample, a peak resistivity
of 68 MX⋅cm is reached after 34 h. With increasing val-
ues of the voltage, the peak resistivities are more sharply
pronounced. This behaviour can be attributed to stronger
polarization and charge separation at the glass-to-met-
al interfaces and also in the glass structure for increasing
potentials. Additionally, with increasing voltages the re-
sistivities tend to decrease with higher rates (Consider the
logarithmic scale).

Fig. 11 compares anodically and cathodically polarized
glass-to-metal interfaces of samples treated with 0.7, 5 and
30 V according to the results shown in Fig. 10. At the anod-
ically polarized interfaces the formation of SiO2 needles
on top of the (ZnCrMn)3O4 layer is detected again. In case
of the 0.7 V sample, only some single crystals have been
formed and also (ZnCrMn)3O4 particles have migrated
into the glass phase. By applying higher voltages, dense
layers of SiO2 crystals are formed at anodically polarized
interfaces. In these cases, no (ZnCrMn)3O4 particles are
detectable. The SiO2 layers seem to have a barrier func-
tion that hinders the separation and migration of particles
from the (ZnCrMn)3O4 layer. Owing to the inhomoge-
neous structure of this layer, no clear differences between
5 V and 30 V samples can be identified. However, in con-
trast to the 0.7 V and 5 V samples, the (ZnCrMn)3O4
layers of the 30 V sample become much more porous and
roughly structured. The attack and destruction of the Cro-
fer 22 APU surfaces also becomes stronger with increasing
potentials.

At cathodically polarized interfaces, structured oxide
layers are found. Besides their main components (BaO,
SiO2 and Cr2O3), they also contain manganese oxide
and zinc oxide. The thickness of the layers increases with
the applied voltage and the surface of the Crofer 22 APU
shows pores beside the oxide layer together with an in-
creasing roughness. For voltages from 5 V, metallic parti-
cles with compositions similar to the Crofer 22 APU are
also detected within these layers. Additionally, metallic
inclusions of zinc with minor amounts of iron can be de-
tected next to the oxide layer in the glass structure.

As shown in Fig. 12, the higher voltage also leads to the
formation of large pores in the bulk structure of the com-
position S01. Measurements of very high helium leakage
rates for model sealings treated with high electric poten-
tials confirm the destructive effect of these large pores.
Fig. 13 shows the helium leakage rates measured on the
samples in Fig. 10. Owing to the severe damage to the seal-
ing glasses with open channels in the bulk structure, volt-
ages higher than 10 V result in leakage rates higher than
10-8 mbar l s-1 cm-1. So they do not meet the commonly
accepted gas tightness for sealings in SOFC applications
of less than 10-8 mbar l s-1 cm-1.

From the compositions of the interfacial layers it turns
out that in all cases ZnO is involved in the formation of
these layers and the migration process of oxidic parti-
cles observed at lower voltages. Under certain conditions
metallic zinc inclusions are also formed (Fig. 11). Hence,
it can be assumed that the replacement of ZnO by suit-
able non-reactive components in the used glass ceramic
seals can lead to enhanced stability in contact with Cro-
fer 22 APU interfaces. With the model glass M01 it has
been shown that a simple elimination of ZnO in the com-
position of the sealing glass S01 leads to fast crystalliza-
tion of the glass ceramics. This in turn leads to unsuitable
properties for sealing applications in SOFC stacks. Thus,
ZnO has to be replaced by other components which ide-
ally affect the crystallization velocity of the glass during
the sealing process but do not participate in degradation
processes between the glass ceramic and the metallic inter-
connector materials or even in the crystallization process
by possibly leading to undesired crystalline phases.
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Fig. 11: Interfaces between Crofer 22 APU and sealing glass after 300 h at 850 °C with different voltages. The upper images present the
cathodic conditions and the lower ones the anodic conditions..

Fig. 12: Microstructure of the S01 sealing glass after exposure to
850 °C for 300 h with an applied voltage of 30 V.

Fig. 13: Helium leakage rates of model sealings after exposure to
dual atmosphere at 850 °C for 300 h with different electric potentials
applied.

The composition S02 presented in this work is a result
of the development of sealing glass ceramics for SOFC
with enhanced stability against degradation effects. It is
free of ZnO, shows controlled crystallization properties
and is therefore suitable for sealing processes of SOFC (cf.
3.1). Fig. 14 shows the resistivities of model samples man-
ufactured with the sealing glass S02 tested in dual atmo-
sphere at 850 °C with an applied voltage of 0.7 V and 30 V.
For 0.7 V the resistivities reach a level of around 10 MXcm,
which fluctuates slightly with time. However, no contin-
uous decrease in resistivities occurs as it is observed for
ZnO-containing sealing glasses. When a voltage of 30 V is
applied, the devolution of the resistivity is similar to that
observed for the sealing glass S01. It is worth pointing out
that both measurements show a good repeatability and a
quite low scatter with respect to the measured values in the
MX -range.

Fig. 14: Resistivities of an optimized ZnO-free sealing glass (S02)
in dual atmosphere at 850 °C with applied voltages of 0.7 and
30 V, each measurement is conducted on two samples. Consider the
logarithmic scale of the diagram.
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Cross-sections of these model sealings were investigated
with SEM. An overview of the microstructure of samples
treated with 0.7 V and 30 V including both interfacial re-
gions is presented in Fig. 15.

According to the XRD results in Table 2, after crys-
tallization the ZnO-free glass ceramic contains small
amounts of cristobalite. This phase is formed in situ dur-
ing the crystallization processes even when no voltage
is applied to the glass and the glass is not in contact with
Crofer 22 APU substrates. In Fig. 15 the cristobalite phase
is represented as small irregularly formed and dark crys-
tals throughout the whole microstructure of the partially
crystallized sealing glass. The microstructure of the sample
treated with 0.7 V in Fig. 15a only shows small pores and
good adhesion to the metallic substrates. In contrast, the
microstructure of the sample treated with 30 V shown in
Fig. 15b contains large pores and sufficient leak tightness
of the model sealing is no longer given. This is supported
by the results of the helium leakage measurements in Ta-
ble 3. It has to be mentioned that the formation of large
pores in the microstructure of the glasses at high voltages
is observed reproducibly with various sealing glasses and
is not limited to certain components. Up to now no clear
explanation can be given for this phenomenon. Schilm et
al. already described a localized accumulation of pores at
anodically polarized gold electrodes in contact with seal-
ing glasses 9.

Detailed SEM images of the oppositely polarized glass-
to-metal interfaces of cross-sections in Fig. 15a are giv-
en in Fig. 16. In contrast to the composition S01, interfa-
cial layers with a thickness of less than 1 lm are formed at
both anodically and cathodically polarized interfaces. No
formation of additional silica crystals is observed at ano-
dically polarized interfaces (Fig. 16a.). It seems that only
the initially formed (CrMn)3O4 layer on the metal sur-
face is dissolved into the glass and has formed a thin scale
with a composition different to that of the original glass
ceramic. Additionally, no migration of oxide particles is

observed. However, the distribution of cristobalite shows
a shift towards anodically polarized interface after heat
treatment under additional voltage of 0.7 V. In compari-
son to the main fraction of the visible microstructure, con-
siderably less cristobalite is located in the region near ca-
thodically polarized interfaces. At cathodically polarized
glass-to-metal interfaces virtually no interfacial layers can
be detected (Fig. 16b). It can be assumed that the initially
formed oxide scale on Crofer 22 APU has been dissolved
in the glass during the experiment and the cations (Cr, Mn)
have migrated and diluted into the glassy phase. This may
explain the lack of an interfacial oxide scale at this side.
In contrast to this, the presence of ZnO in the standard
glass S01 promotes the formation of a distinct oxide scale at
cathodically polarized glass-to-metal interfaces (Fig. 11).
Thus, the microstructural analysis of model samples of the
sealing glass S02 confirms the electrical measurements per-
formed with an applied voltage of 0.7 V. The absence of in-
terfacial layers can be taken as the reason for the non-de-
grading electrical insulation properties of the sealing glass
S02. However, the application of large potentials also leads
to the destruction of the sealing glass itself and also of the
Crofer 22 APU substrates.

Table 3: Results of measurements of helium leakage rates
from model sealings containing the sealing glass S02 which
are exposed to dual atmosphere at 850 °C for 300 h.

Sample Applied
potential/V

Helium leak-
age rate/

l mbar s-1 cm-1

S02_1 0.7 < 8.3·10-11

S02_2 0.7 < 8.3·10-11

S02_3 30 0.8

S02_4 30 0.8

Fig. 15: Microstructure of model sealings containing the sealing glass S02 in contact with Crofer 22 APU substrates after exposure to dual
atmosphere for 300 h at 850 °C with applied voltages of 0.7 V (a) and 30 V (b).
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Fig. 16: Microstructure of a model sealing containing the sealing glass S02 in contact with Crofer 22 APU substrates exposure to dual at-
mosphere for 300 h at 850 °C and a voltage of 0.7 V.

IV. Conclusions
A series of partially crystallizing sealing glasses suitable

for joining planar SOFC stacks based on Crofer 22 APU
were prepared and characterized in terms of their intrinsic
properties and tested in model sealings under conditions
that are typical for the operation of SOFCs. Owing to the
fact that only one crystalline phase, BaSi2O5, determines
the final properties of the glass ceramics in the sealed state
it is possible to exchange components of the residual glassy
phase without significantly affecting the relevant sealing
properties.

In order to adjust the crystallization properties of the
glass ceramics to the sealing process, additional compo-
nents such as ZnO or alternative oxides are necessary
which do not participate in crystallization processes. Sim-
ple model glasses without additives crystallize before ap-
propriate sealing conditions are reached, and joints with
bad adhesion and insufficient gas tightness are obtained.
Investigations of glass seals in sandwich-type model seal-
ings with metallic interconnectors were performed under
simulated SOFC operating conditions. The resistivity of
the samples was measured in situ and values for the re-
sistivity were calculated. ZnO-containing glasses showed
considerable degradation in conjunction with SEM inves-
tigations of glass-to-metal interfacial layers. The applica-
tion of d.c. potentials to the model sealings leads to local-
ization of interfacial reactions depending on the anodic or
cathodic polarization. These interfacial layers grow with
prolonged aging times at high temperatures as well as with
increased voltage. The effect of voltage on the resistivi-
ties of sealed arrangements strongly depends on the level.
While low potentials only affect reactions at the glass-to-
metal interfaces, high electric potentials additionally lead
to severe destruction of the glass structure at the glass-
to-metal interfaces and also of the bulk glass structure it-
self owing the formation of pores. Particularly ZnO was
found to be the most reactive component of the glass ce-
ramic seals involved in degradation processes. An opti-
mized composition of the sealing glasses was developed
by replacing ZnO with appropriate oxides. The formation
of reaction layers at the glass-to-metal interfaces is mini-
mized, and as a consequence the optimized sealing glass-
es show constant resistivity on a high level without sig-

nificant degradation. In summary it can be stated that the
development of long-term stable sealing glasses has to be
conducted with the support of testing methods that simu-
late the operating conditions of SOFC. This is necessary in
order to recognize degradation processes early and identi-
fy critical components and properties of the applied seal-
ing glasses.
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