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Abstract

Solid oxide fuel cells (SOFC) convert chemical energy from hydrogen, methane, or
other hydrocarbons directly into electrical energy and heat. Advantages are low noise
during operation as well as relatively low pollutant emissions. This makes them in-
teresting for stationary applications, eg combined heat and power plants for domestic
use and for mobile applications, when there is a demand for integrating auxiliary
power units. The high operating temperatures of about 850°C and the simultane-
ous presence by both, reducing and oxidizing atmospheres place high demands on
the components of a SOFC. Due to these requirements, glass-ceramics are proposed
as sealants between interconnector and electrolyte. They provide lower costs and
lower weight than commercially used silver solders. Furthermore, they have the fol-
lowing impressive benefits: The sealants are electrical insulating, chemical stable
and by careful materials selection and adapted manufacturing processes, they ad-
here well on steel and on ceramic substrates. In order to characterize the adhesion
of glass-ceramic sealants on steel and on zirconia substrates, layer-like composites
are fabricated by screen-printing and subsequent sintering in air. It turns out that the

formation of crystalline phases at the interface is crucial for the adhesion behavior.
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important that leaks are avoided and electrical insulation be-
tween the layers is ensured. For this reason, the sealant must

There are several ways to store secondary energy. These types
of energy sources often depend on the weather or climate to
work effectively, and include such methods as wind power,
solar power, gas technology, and hydroelectricity in its many
forms.'* Actually, a reuse of stored energy in fuels like meth-
ane or hydrogen is possible eg with a solid oxide fuel cell
(SOFC). SOFCs are a type of power source conversion device
that can transform hydrogen or hydrocarbon gases into elec-
tricity at temperatures of 700-1000°C.>® SOFC cells consist
principally of three layers: cathode/ electrolyte/ anode. It is

provide hermeticity between the system components.

Commercially available SOFCs mostly use silver solders
that have been examined in several studies, eg see Kuhn et al.”
10In order to reduce costs in the production of a SOFC the
use of glass sealings is discussed because they are electronic
insulating as well as thermally, chemically and mechanically
stable. In addition to the realization of the joining of metallic
interconnector sheets used in planar SOFC, a glass-ceramics
sealing can also be used to join the ceramic electrolyte on
ferritic steel.
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In this work, glass solders for joining steel or ceramics
are investigated. The focus is on the development of the sol-
dering process that is evaluated on the basis of the time- and
temperature-dependent microstructure formation and the
achievable adhesion for the individual thermal treatments.
The glass solder layer is based on a composition patented by
Durschang'' and is printed on the substrates by screen print-
ing. The subsequent soldering process is done in air, but under
an applied uniaxial load. The most important parameters are
temperature and time, which are systematically investigated
and their influence on the soldering process is evaluated and
discussed. To account the different joining partners a ferritic
steel- and zirconia as ceramic substrates are used.

For mechanical characterization, a modified four-point
bending test according to Charalambides et al'>!3
evaluate the adhesion considering different soldering condi-
tions. In order to estimate crystal phases quantitatively, SEM
and EDX images of cross-sections were used to determine the
area fraction of the individual phases. As a result, these two
quantities can be related to each other.

was used to

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and sample preparation

In order to compare adhesion between glass ceramic and the
individual substrate materials, suitable samples must be pre-
pared for each interface combination. The tested interfaces
are glass-ceramic on steel (Crofer 22 H®) and glass-ceramic
on two types of zirconia.

For zirconia, TZ-8Y and TZ-3Y (Fully stabilized zir-
conia with 8 mol % and tetragonal zirconia polycrystal
with 3 mol % yttria, respectively; both TOSOH, Japan)
powder is prepressed and afterwards isostatically pressed
at 400 MPa into rectangular plates with the dimensions
(65 x 45 x 4 mm3) at 400 MPa. Thereafter, the plates
were sintered at 1500°C (3Y-TZP) and 1600°C (8Y-CSZ)
with a heating rate of 2 K/min, and held for 3 hours. After
slow cooling (appr. 2K/min) the samples are taken out and
ground either to substrates (2.5 X 7 X 45 mm®) or to stiff-
ening elements (2.5 X 7 X 22 mm3) needed for the bending
tests, see Figure 1.

The screen-printing paste is based on a fritted alumi-
na-borosilicate glass (basic composition: appr. 20 mol%
MgO, 10 mol% CaO, 10 mol% B,0;, 5 mol% Al,Os,
45 mol% SiO, and in sum 8 mol% ZrO, and Y,0;, for
details see 11,14). The frit was milled in a planetary ball
mill to powder until a particle size of ds; = 5-30 um was
achieved.'* Subsequently, the glass powder was dispersed
in an organic suspension medium and screen printed as de-
scribed in Dittrich et al.'> Glass layers of about 100 pm
thickness were screen-printed with a printing paste having
50 volume % solid-content. The two 20 mm X 5 mm glass
layer traces were screen printed on substrate material by
SD 05 (Roku Print) as shown in Figure 1.

2.2 | Soldering process

The stiffening elements were placed on the previously
screen-printed layers and the composites were heated at 5 K/
min to 450°C under a load of 120 kPa and kept for 30 min
to burn out the organic. In a second step, the samples are
further heated to the final temperature. For the adhesion test
of the glass-ceramic sealant/steel composite, the sintering
temperature is varied from 860°C to 930°C and samples are
either cooled immediately after reaching the temperature or
held there for two hours. Cooling to room temperature was
carried out at a cooling rate of up to 5 K per minute.

2.3 | Mechanical characterization

The mechanical characterization is based on a four-point
bending test according to Charalambides'®, modified by
Hofinger et al'>, which allows the calculation of the energy
release rate (Ggg) when driving a crack between substrate and
solder:

G :Mb'(l_vfub.)' l_l (1)
58 2-E, L I

Equation (1) contains Young's Modulus E and Poisson's
ratio v of the substrate material as well as the sealant

stiffener

substrate

FIGURE 1
sample of the modified four-point bending

Components of a built-in

test after Charalambides'?. Representation
according to Hofinger et al'? [Color figure
can be viewed at wileyonlinelibrary.com]
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material (see (5)) and the applied moment M,, that is cal-
culated by:

v

My=1- @)

S

where P is the applied load, / the distance between inner and
outer supports (/ = 10 mm) and b the width of the substrate.
Further, in Equation (1) there is the second moment of

inertia, 1, that is described as:

3
1= h1_2b 3)

with hg, as the thickness of the bar-shaped substrate.
Using the parallel-axis-theorem results in a correction of
the second moment of inertia which is abbreviated by /...
Assuming as a simplification that the substrate and stiff-
ener material are the same (u = 1) and of the same thick-
nesses (see Hofinger et allz), the correction of the moment
of inertia is expressed by:
2 1

L=k, +—K-h +h

1 2
'_3 sub ' 19 sub'hl+§'hSUb'hl 4)

with the thickness of sealant layer /;, and an expression named
«, that is defined as:

_El.(l_vgub)

= 5
Egp (1-07) ©

For calculating the energy release rate, all Poisson ratios
were assumed to be 0.3. The Young's Modulus was deter-
mined using the resonance method (MKS5i, GrindoSonic,
Belgium) according to DIN 843-2.'° The Young's moduli
are E; = 104 GPa for the glass ceramic layer, E,,;, ,p = 210
GPa and E, -5, = 174 GPa for ceramic and E,;, .., = 208
GPa for steel (this value is taken from the data sheet'’). A
change in modulus of elasticity E; and the Poisson number
due to the transformation from glass to glass ceramic was

neglected.

2.4 | Microscopic investigation

SEM-images were collected in order to characterize the
microstructure, whereas energydispersive X-ray spectros-
copy (EDS) was performed for the elemental analysis in
order to gain insights on the developed phases. As impor-
tant parameters, the area fractions of the crystal phases in
comparison to the residual glass and the pore fraction were
determined from the micrographs of the cross-sections. For
this, samples were cut with a wire saw, embedded in epoxy

SCIENCE
resin and polished stepwise with using diamond suspen-
sions up to 0.25 um.

3 | RESULTS AND DISCUSSION

3.1 | Densification and crystallization

To obtain information on the densification behavior, poros-
ity evolution was studied over time and temperature. The
results are shown in Figure 2. The porosity remains approxi-
mately constant for temperatures below 720°C indicating
that densification starts above 720°C. After this temperature
the relative porosity decreases and consequently the thick-
ness of the printed glass layer begins to shrink. At 860°C it
can be assumed that densification is completed, since the po-
rosity is close to zero. Looking at the microstructure shown
in Figure 3A), one can see that no particle boundaries exist
anymore. For the thermally treated samples with the same
temperature condition, but with a hold time of 2 hours, (filled
white squares in Figure 2), the porosity values are lower in-
dicating that with a longer hold time the sintering process at
800°C is completed.

The SEM images of the microstructure, Figure 3, show
that a crystallization process occurs when the samples were
treated in the temperature range between 860°C and 930°C
and hold times up to two hours. The different phases which
can be seen in the images of Figure 3 are quartz, enstatite,
and zirconium rich crystalline phases (including baddeleyite
and zircon) as well as pores and residual glassy phase. In the
temperature range from 860°C to 930°C the crystallization of
the homogeneous glassy layer to a glass ceramic occurs. This
can be seen in more detail in Figure 4A,B, where the areas
of the images were allocated proportionally to the phases and
the relative proportion of each phase was averaged with four
image values.

In general, areas of 2000 to 5000 square micrometres were
evaluated. A mean error of 2% was found when comparing
the images of a parameter variation.

As can be concluded from a comparison of Figure 4A,B,
the hold time has an important influence on the crystalli-
zation process. For samples heat treated between 860 and
930°C without hold time, no significant crystal formation,
with the exception of quartz, up to 3% of the total phase, was
observed. However, this changes when applying longer hold
times: the proportion of enstatite- and zirconium-containing
crystals increase as the temperature increases (Figure 4B).
In particular, the proportion of the enstatite crystals grow up
to 24% at 900°C and over 30% of the total composition at
930°C. The enstatites first crystallize at the interface, so a
heterogeneous nucleation can be assumed. The crystal for-
mation at the interface should have a greater influence on the
adhesion properties than a crystallization in volume.
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FIGURE 2 Dependence of the average

relative porosity on the temperature (680°C
to 930°C) of the controlled termination of

the test (black squares), the minima values

of the relative porosity measurements of the
termination experiments (dashed plot) and

average relative porosity with a 2-h hold

time (white filled squares)
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3.2 | Mechanical testing of the composite:
Glass-ceramic-sealant/steel

To carry out mechanical tests, a homogeneous glass layer is
needed, which has to adhere to both joining partners. In ad-
dition, the glass particles must form a continuous layer, so
that sufficient strength is achieved. From about 860°C the
densification appears to be complete, which is shown by a
homogeneous glass phase, see Figure 3A.

The determined energy release rates (Ggg), which are a
measure of the quality of adhesion of the joined materials,
are shown in Figure 5 normalized to an equal joining width of
7 mm. Regarding the soldering process, it should be noted that
there is a mismatch in thermal expansion of the individual ma-
terials. For the glass solder a CTE of 8.1 X 107 K" and for the
ceramic a value of 10.2 x 107 K™ between room temperature
and 500°C is given in 14 while the used steel substrate has a
higher value of 11.0 X 1070 K7, Accordingly, the glass solder
has the smallest coefficient of thermal expansion, which means
that stresses are built up from the point at which the tempera-
ture during cooling falls below 7. This leads to compressive
stresses in the glass, while the substrate is stressed in tension.
However, since the substrate is comparatively thick, the latter
can be neglected. Nevertheless, stresses remain, which proba-
bly have an influence on the energy release rate. However, since
all the variants examined have the same conditions, the results
are at least comparable with each other.

The adhesion of the still amorphous glass layer shows a
lower energy release rate than a crystallized glass-ceramic layer,
see Figure 5. As the temperature increases, the values for Ggg
of the glass-ceramic-sealant/steel composite increase for two
hours holding time. At the highest investigated temperature of
930°C, the differences between the two series of tests become
minimal, which is why it can be assumed that soldering is al-
ready complete. It turns out, however, that the hold time is quite
helpful, since higher energy release rates are achieved even at
lower temperatures. So, there is a shift to lower temperatures and
from 900°C on, a maximum in energy release rate is reached.
Considering the microstructure and the developed phases, the
formation of enstatite crystals in the interface region seems to
be responsible for the better adhesion. Accordingly, comparable
interface areas can be seen in Figure 3B,E even that the sintering

860 880

parameters, 880°C (hold time of two hours) and 930°C (with-
out hold time), being quite different. Both figures show similar
crystal phase distributions at the interface despite the sintering
parameters, so that the energy release rates are almost identical
(see Figure 5). The samples that were treated at a lower tempera-
ture do not show any crystallized areas in the SEM image, which
is why they are not shown here. The energy release rate thus
seems to be dependent on the fraction of interface covered with
enstatite. A maximum of Ggg can be achieved using a sintering
temperature of 900°C and a hold time of two hours. To reach the
maximum of adhesion, it does not seem to make any difference
whether the enstatite crystals need to be particularly large or have
a certain relative proportion, but a continuous enstatite layer of 3
to 4 micronmeter at the interface seems to be beneficial.

3.3 | Mechanical testing of the composite
glass-ceramic-sealant/ceramic

In addition to investigations of the layer adhesion of the glass
ceramic to the joining partner steel, ceramics were also investi-
gated as substrate material. Experiments with the joining part-
ner steel indicate that the maximum adhesion occurred after
soldering at 900°C for two hours. Therefore, this parameter
set was used for the tests with ceramic as a substrate. Because
the glass-ceramic sealant adheres well to the 8Y-CSZ ceramic
substrate, the substrate breaks rather than cracking along the
interface. This is partly due to the strong adhesion, on the
other hand, it is due to the relatively low fracture toughness of
the 8-CSZ. As a result, the CSZ ceramic breaks, the compos-
ite remains (see Figure 6). For this reason, an energy release
rate can only be estimated according to the work of He and
Hutchinson.'® Therefore, it requires a substrate material with
higher fracture toughness, so instead of 8-CSZ tetragonal zir-
conia polycrystals (3Y-TZP) is used (see Figure 8).

By changing the substrate material, the crack could be held
at the interface (see Figure 3F), which is why the Charalambides
test provides evaluable results. This test revealed energy release
rates Ggg 17p Of about 15N/m for 900°C sintering temperature
and a holding time of two hours (see Figure 5) that is close to
Ggs-values for composites with steel substrates. Considering the
microstructure of the glass-ceramic-sealant in combination with
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FIGURE 3 Exemplary SEM images
from cross-sections of the sealed glass
ceramic compound with steel- (A-E) and a
PSZ-ceramic (F). Samples are sintered with
a load of 120 kPa and sintering temperature
from 860°C to 930°C and 2-h hold time
(A-D and F) and once in a termination
experiment with no hold time at maximum
temperature (E). In the pictures some
phases are marked with the abbreviations:
Including quartz phase (dark spots, Q)
zirconium containing phases (white spots,
Z), pores (black areas, P), enstatite phases
(highlighted grey areas, E), and residual
glass phase (grey background)

the 3Y-TZP ceramic, the same crystalline phases are visible as
in the steel composites. Also the enstatite crystals are formed at
the interface that according to our working hypothesis probably
hinders crack propagation and leads to a higher energy release
rate. From this we conclude that the formation of these near-in-
terface enstatite crystals is responsible for the increased adhe-
sion of the glass sealant to both individual joining partners. As
already mentioned, the Ggg s can be estimated by the model
of He and Hutchinson.'® Two cases are distinguished where the
crack either runs along the interface (eg 3Y-TZP, see Figure 3F))
or passes through the substrate material (eg CSZ, see Figure 6).
Thus, if the crack propagates along the interface, the adhesion

SCIENCE

can be quantified with the energy release rate Ggg according to
(1). In the second case, energy is released by forming new sur-
faces which can be described best by the strain energy release
rate G, of the substrate material, which follows

K2

Ic
Gsub. = (6)

sub

where Esub and E are defined as:
E _ E sub . E _ El
sub= 7 5 v BT T %

(1=0%) (1-) @
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FIGURE 4 Relative phase composition in the sintered glass ceramic for a glass ceramic/steel compound for (A) termination experiments and
(B) a 2-h hold time. Shown are quartz phase (black square), zirconium containing phase (gray diamond), porosity (gray dotted plot), and enstatite
phase (circle), (B) that is divided into enstatite form the interface with steel (half-filled circle) and enstatite been present only in the glass ceramic

(white filled circle)

With the consideration of He and Hutchinson, it can
be clarified under which circumstances which of the two
cases applies. Thus, in their model, they analytically ap-
proximated the conditions of the two cases with a function
that depends inter alia on the ratio of the different energy
release rates Ggg to G, and a parameter a, which can be
calculated by

E. —E
= ®)
Egpt+E;
By combining Equations (7) and (8) it yields for a:
1-0?)—E, (1-0?
o= sub ( Z) 1 ( Sub) (9)

sub (1_0[2)+El (1_1)2 )

sub

As shown by He and Hutchinson,]8 the ratio of the two
energy release rates (Ggg/G,,) Vs a has to be considered. For
example, using the measured Young's moduli and setting the
Poisson's ratios to v=0.3, as described in Section 2.3, o re-
sults in a value of 0.23. From this, an energy release rate ratio
for both edge conditions can be determined. By projecting
the intersection of the function at a equal to 0.23 with the ab-
scissa (see figure 11 in 18), the energy release rate Ggg g7 iS
approximately 30% of the substrate G,,. As seen in Figure 7,
energy release rates of maximum 30 N/m can occur for CSZ
ceramics. Taking that into account and the determined ratio
of Ggg to G, a value greater than 9 N/m can be expected
for G, csz-

Considering the microstructure of the glass sealant at the
interfaces to the CSZ- and TZP- ceramics, a similar picture
emerges (see Figures 3F and 8). So the microstructure ap-
pears almost identical. Assuming that the energy release rate
Ggg is proportional to the amount of enstatite crystals at the
substrate interface, it is possible to go further and set the Ggg,

25
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FIGURE 5 Energy release rates (normalized to a joining
width of 7 mm) plotted against temperature (860°C to 930°C) for a
glassceramic/metal interface for 2-h hold time (black squares), zero
hours (white filled Squares) and for glass ceramic/TZP interface at
900°C and 2-h hold time (grey circle)

csz to be similar to Ggg 17p. SO Ggg, sz can be assumed with
a value close to 15 N/m for 900°C sintering temperature and
2-hour hold time.

4 | CONCLUSION

For the used glass sealant, an alumina-borosilicate glass, an
optimum adhesion on steel at 900°C to 930°C and 2 hours
hold time was achieved. According to our working hypoth-
esis, the increase in adhesion can be directly correlated with
the formation of enstatite crystals at the interface, which in-
hibits crack propagation along the interface. This result is
based on a test according to Charalambides that provides
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FIGURE 6 Stitched SEM image
after mechanical testing showing a broken
ceramic substrate (8Y CSZ)

300

rritic Steel
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Young‘s Modoulus E (GPa)

Rl . e
CES$ EduPack 2018,Granta Design

100000

10 100 1000 10000
energy relase rate G, (N/m)

FIGURE 7 Ashby diagram for glass, glass ceramics, zirconia and
ferritic steel based on data from CES EduPack, Granta Design

valuable insights into the adhesion behavior, whereby the
process conditions of soldering can be evaluated. Hence a
process window can be quantitatively determined.

In addition, the glass sealant was used to join in con-
junction with zirconia (3Y-TZP and 8Y-CSZ). The opti-
mum sintering parameters of the ferritic steel (900°C and

FIGURE 8 SEM images from
cross-sections of the sealed glass ceramic
compound with 8Y-CSZ-ceramic sintered
with a load of 120 kPa and sintering
temperature from 900°C and 2-h hold time
with enstatite phases (highlighted grey

SCIENCE

iffener

» glass sealant
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2 hours) were transferred to these material joints. Comparing
Figures 3F and 8 (ceramics) with Figure 3C

) (ferritic steel) shows, despite different joining partners,
similar microstructures form. It turns out that higher energy
release rates are accompanied by a higher enstatite content,
as shown in the corresponding SEM images. This tendency
holds for all microstructures of the glass ceramic joints. Also
the mechanical Charalambides test shows similar results for
3Y-TZP. There, the Ggq is slightly below the energy release
rate of steel, which correlate with the slightly lower enstatite
content at the ceramic interface.

The cubic stabilized zirconia normally used as electrolyte
could not be mechanically tested, because of its brittle behav-
ior. Nevertheless, a similar energy release rate can be assumed
because of the identical microstructure of both ceramic seals.
The results of He and Hutchinson'® provided a theoretical ap-
proximation of the Ggg at which the cubic stabilized Zirconia
components can be mechanically tested. This is one-half to one-
third of the theoretical value of the strain energy release rate of
zirconia, which is why the CSZ ceramic substrate breaks in-
stead of the sealing. As a consequence of these results, it can be
assumed that the sealed glass-ceramic sealant is mechanically
much more stable than the electrolyte. This, as well as the lower
costs of raw materials and processing makes the used alumin-
aborosilicate glass sealant a true, cost effective, and excellent
alternative to silver solder joining.

areas)
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