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Brazing of metallic conductors onto ceramic

plates in solid oxide fuel cells

Part I Attaching a current collector
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Furnace brazing to attach metallic plates to LaCrO3 end plates in solid oxide fuel cell (SOFC)
was investigated. The metallic plates act as a current collector to which a few conducting
wires made of conventional heat-resisting alloys can be attached. The alloy CrFe5Y2O31
was found to be a suitable material for the current collector because its thermal expansion
coefficient matches that of LaCrO3 better than heat-resisting nickel- or iron-based alloys.
Among various filler alloys tested, SCP6 (Cu with 18 wt% Pd) enables the best wetting of
LaCrO3 and CrFe5Y2O31 plates, leading to good adhesion between them. Several
approaches were successfully pursued to reduce the bending of brazed
LaCrO3/SCP6/CrFe5Y2O31 joints. The area specific resistance of some
LaCrO3/SCP6/CrFe5Y2O31 joints increased slightly during annealing (1000◦C in air for
2400 h) due to oxidation in the filler alloy. Nevertheless, it remained below the target limit
of 0.2 Ä · cm2. C© 2001 Kluwer Academic Publishers

1. Introduction
With high efficiency and low emissions, the solid oxide
fuel cell (SOFC) is well suited for stationary cogenera-
tion and primary power for a wide range of applications.
The successful commercialization of this technology
depends not only on its performance and stability but
also on the costs for materials, manufacturing, and as-
sembly of the SOFC unit. Conventional, commercially
available materials should be used whenever possible,
and manufacturing and assembling should be based on
well-established processes.

We developed a two-step process to connect metal-
lic conductors made of conventional heat-resisting al-
loys to ceramic end plates of SOFC stacks by the well-
known process of furnace brazing. This process was
developed for a planar SOFC system that is operated
at high temperatures, 1000◦C and above [1]. Results of
our development are presented in this paper. The prin-
cipal component of an SOFC is an assembly of two
electrode layers (anode and cathode) with a gas-tight
ceramic electrolyte in between. In planar SOFC de-
signs, several cells are connected in series to form a
stack delivering acceptable power output. Conductors
connected to the end plates of the stacks enable a low-
resistance connection between individual stacks in each
SOFC unit, and sufficient power to be drawn from the
entire SOFC unit. Usually, both end plates consist of
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the same material. In this case, they have to meet the
following requirements: (i) corrosion resistance at the
SOFC working temperature in the oxidizing cathode
atmosphere (e.g., air or oxygen) and the highly reduc-
ing anode atmosphere (O2 partial pressure of 10−18 bar
or less) and (ii) high electrical conductivity. The same
is valid for the conductors, but they will only be ex-
posed to an air environment. Ceramic or metallic mate-
rial can be used for the end plates, depending on the cell
concept and the operating temperature. The perovskite
lanthanum chromite (LaCrO3, abbreviation LC) is the
state-of-the-art ceramic material for these plates. It is
often doped (e.g., with MgO, SrO, CaO, or Al2O3) to
match the SOFC requirements better. In addition to the
above-mentioned properties, this material offers com-
patibility and a good match of thermal expansion with
other SOFC components. Compared to LaCrO3, met-
als have some disadvantages, such as higher thermal
expansion and higher oxidation rates in air. Both dis-
advantages become more critical with increasing tem-
perature. Consequently, LaCrO3 is considered to be the
most suitable end plate material for SOFC units oper-
ating at temperatures of 1000◦C or more [2].

Heat-resisting nickel alloys (e.g., Inconel 617) and
ferritic stainless steels (e.g., iron alloyed with 22 wt%
chromium and 5.5 wt% aluminum) are promising ma-
terials for the conductors because they are resistant to
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oxidation in air at the required temperatures [4]. How-
ever, the joining of these alloys to ceramic LaCrO3
plates is problematic due to the large mismatch in ther-
mal expansion. Between 20◦C and 1000◦C, the thermal
expansion coefficient (α) amounts to 10.4× 10−6/◦C
for LaCrO3, but to more than 14× 10−6/◦C for con-
ventional heat-resisting steels or nickel alloys [4]. Ad-
ditionally, the joint has to fulfill the following require-
ments: (i) stability and oxidation resistance in air at
temperatures of 1000◦C or more and (ii) low electrical
resistance at these conditions.

A two-step process was developed to connect such
conductors to ceramic end plates by vacuum furnace
brazing. In the first step, a metallic plate is brazed onto
the ceramic plate. The metallic plate, having approxi-
mately the size of the end plate, acts as current collector
and thereby compensates for the lower electrical con-
ductivity of the LaCrO3 plate (see [2, 3]). In the next
step, one or a few metallic wires or strips are brazed
onto the current collector. This joint area is signifi-
cantly smaller than the first one, so that conventional
heat-resisting nickel alloys and ferritic steels with their
higher thermal expansion, compared to LaCrO3, can be
used. In a seperate paper in this journal, we report on
such brazing of metallic wires or strips onto metallic
plates used as SOFC current collectors [4].

In this paper, we present results concerning the first
joining step. The goal was to determine suitable ma-
terials as current collector as well as filler alloys. Two
different oxide dispersion strengthened (ODS) alloys
were tried as current collector. Although their oxida-
tion resistance is inferior to that of LaCrO3, they can
be used as current collector plates at 1000◦C or above,
as long as the resistance of the brazed assembly does
not exceed a critical value. The target value for the de-
velopment was an area specific resistance for the joint
of less than 0.2Ä · cm2 at 1000◦C in air, and this value
should be maintained for at least 1000 h.

Three processes were tested to join plates made of
various alloys to the LaCrO3 plate.

(1) In diffusion welding, the surfaces of two work-
pieces that fit together exactly are heated under an
applied force to a temperature that enables diffusion
across the work-pieces and through the interface be-
tween them. This produces a welded metallurgical bond
without using a filler material [5].

(2) Furnace brazinginvolves the joining of an as-
sembly by a metallurgical bond with a furnace be-
ing used to melt the filler alloy. Before brazing, the
work-pieces must be assembled and secured, and the
filler alloy has to be placed onto the assembly. The
use of fluxes can often be avoided when either suit-
able protective gas atmospheres or a vacuum is ap-
plied. In cases involving no wetting of the surfaces
with or without flux, the non-wetted surface has to be
coated (e.g., with nickel) to obtain adequate wetting
action [6, 7].

(3) Active Brazingcan be used to join unmetallized
ceramics. This procedure employs special filler mate-
rials, called active brazing alloys, which contain ele-
ments with a high affinity to oxygen, such as titanium,

hafnium, and zirconium. These elements diffuse to the
ceramic surface during brazing and form mixed phases
with elements of the ceramic, thus promoting wetting
of the ceramic [7–9].

The long-term behavior of the most promising joint
was studied at 1000◦C in air. This joint showed a slight
bending after the brazing process, which can affect its
function in the SOFC unit. We found that this bending
could be decreased or avoided by changing the brazing
conditions and the design of the assembly.

2. Experimental procedure
2.1. Furnace brazing parameters
For all experiments, metallic and ceramic plates of
equal size were brazed together. The size of the plates
was varied: 35× 35 mm, 70× 15 mm, and 80× 80 mm.
The surfaces of the metallic plates were cleaned and
roughened prior to the brazing by grinding with con-
ventional grinding paper and etching in HNO3 solution.
The LaCrO3 plates were carefully cleaned with acetone.
All joining processes were performed in a vacuum fur-
nace, applying a vacuum of 10−5 mbar. The typical
heating rate was 5◦C/min, while the cooling rate was
between 1.5 and 5◦C/min. The plates were placed on
top of each other. If needed, filler material in the form
of a powder or foil, respectively, was placed between
the plates, and steel bolts with a height of the required
filler layer thickness were placed as spacers between
the plates. These bolts did not melt during brazing, so
that the plates were retained in the required distance. An
area load was applied for all joining experiments, unless
mentioned otherwise. The resulting pressure amounted
to 2.5 MPa for diffusion welding and 1000 and 1600 Pa
for furnace brazing and active brazing.

2.2. Materials
The filler materials used in this study are described
in Table I. The titanium-containing active brazing al-
loys CB 2, CH 3, FeTi60, and FeTi70 can be used for
brazing of ceramics. Both NiCrBSi and L-Ni 5 are
high-temperature nickel-based brazing alloys, which
are used for example in turbine construction. The
palladium-containing alloys SCP2 and SCP6 are also
classified as high-temperature brazing alloy because
of their high working temperature. They are used for

TABLE I Filler alloys used for this study [9], [10]

Name Composition, wt% Melting range,◦C

CH 3 Ag 91, Cu 6, Ti 3 <1000
Degussa CB 2 Ag, activated with 3-4% Ti Ag, 960-970

activated with 10% Ti 1020-1270
Degussa L-Ni 5 Ni 71, Cr 19, Si 10, C max. 0.1 1080-1135
Degussa SCP2 Ag 58.5, Cu 31.5, Pd 10 824-852
Degussa SCP6 Cu 82, Pd 18 1080-1090
FeTi60 Ti 60, Fe 40 1085-1200
FeTi70 Ti 70, Fe 30 1085-1130
NiCrBSi Ni 73.4, Cr 14, Si 4.6, 950-1050

B 3.5, Fe 4, C 0.5
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TABLE I I Characteristics of the metallic and ceramic plates

Composition,1 α, 10−6/◦C Melting
Name Manufacturer wt% (25-1000◦C) range,◦C

Lanthanum Dornier GmbH, LaCrO3, doped with 10.3-10.52 >2400 [2]
chromite Friedrichshafen, GER MgO and Al2O3

MA 956 Inco Alloys, Huntington, Fe bal, Cr 20, Al 4.5, 14.91 14821

WV, USA Ti 0.5, Y2O3 0.5
CrFe5Y2O31 Plansee, Reutte, Austria Cr bal, Fe 5, Y2O3 1 11.31,2 1840-60 [10]

1Specified by manufacturer.
2 Measured.

brazing of metallic substrates to metals or metallized
ceramics in power-electronic components such as radio
and electron tubes [7, 9].

Characteristics for the employed metallic and ce-
ramic plate materials are given in Table II. The
chromium alloy CrFe5Y2O31 and the iron alloy
MA 956 are both oxide dispersion strengthened al-
loys, which are heat-resistant in air at temperatures of
1050◦C, as required. Besides their chemical compo-
sition, the main difference between them is the much
lower thermal expansion coefficient of CrFe5Y2O31.
This alloy was developed by Plansee (Reutte, Austria)
for SOFC parts such as metallic interconnects [3].

2.3. Characterization methods
The area specific resistance (ASR, units ofÄ · cm2)
of some brazed joints was determined by means of a
four-point dc technique with platinum electrodes at-
tached to the joint with platinum paste. A schematic
for this technique is given in Fig. 1. Two identical
joints of 35× 35 mm were connected by sintering with
a LaCrO3-based paste. Accordingly, an average value
for two joints was obtained in one experimental run.
The measurements were carried out in air at tempera-
tures ranging from 1000◦C to 1040◦C. Direct current of
0.25 A/cm2 was applied. The total measured resistance
was averaged in order to obtain a value characteristic
for one metal/ceramic joint, and the ASR value was
derived from this value.

The microstructure of some joints was studied by
means of scanning electron microscopy (SEM) to eval-
uate the degree of wetting, and the phase composition
was evaluated by energy dispersive X-ray spectroscopy
(EDS). The bending of the joints was measured by
means of a coordinate measuring apparatus (UPMC
850 CA from Zeiss, Germany). The given values de-
scribe the height difference between the lowest point

Figure 1 Schematic of the four-point dc technique for resistance mea-
surements.

on the joint surface, which is usually near the center,
and the highest point, which is close to an edge of the
joint.

3. Results and discussion
3.1. Brazing of a metallic plate

to the end plate
Table III summarizes the experiments performed to
braze metallic plates to LaCrO3 plates. Initial experi-
ments to join LaCrO3 plates to MA 956 or CrFe5Y2O31
plates, respectively, by diffusion welding were not suc-
cessful. No adhesion was obtained, even when the ce-
ramic surface was metallized prior to the brazing with
gold using physical vapor deposition (PVD). Coating
the CrFe5Y2O31 plate with a filler of CrFe5Y2O31
powder led to a remarkable progress, since it increased
the sintering activity of the metal surface. Further
changes included increasing the brazing temperature
to 1300◦C and extending the brazing time to 12 h. Due
to these changes, a diffusion bond between LaCrO3 and
CrFe5Y2O31 was achieved, but the bond was not ideal.
A further disadvantage was the long time required for
the high-temperature treatment in vacuum.

A NiCrBSi filler alloy was used for furnace brazing of
MA 956 to LaCrO3. This filler alloy wetted the MA 956
surface well, but the LaCrO3 surface only partially. Ad-
ditionally, the high mismatch between the thermal ex-
pansion coefficients of MA 956 and doped LaCrO3 (see
Table II) caused spalling and breaking of the ceramic
plate during cooling after brazing. The same was ob-
served in a few experiments to join LaCrO3 to plates
consisting of Inconel 617, which is a nickel-based al-
loy with an even higher thermal expansion coefficient
(α= 16.6× 10−6/◦C between 20◦C and 1000◦C). For
these reasons, no further experiments with nickel- or
iron-based alloys having similar thermal expansion co-
efficients were carried out. All subsequent experiments
used CrFe5Y2O31 as material for the metallic plate.

Furnace brazing experiments with nickel-based filler
alloys (NiCrBSi, and L-Ni 5) revealed a good wetting
of the CrFe5Y2O31 surface, but only poor wetting of
the LaCrO3 surface. Consequently, poor adhesion was
observed: the plates could easily be separated. A pre-
vious metallization of the ceramic surface by coating it
with nickel or a chromium/nickel alloy did not improve
the adhesion. The same was observed when the ceramic
surface was coated with titanium by PVD to promote
the wetting mechanisms of active brazing.

Various titanium-containing iron or silver alloys, de-
signed for active brazing, were tested for brazing the
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TABLE I I I Experiments to join the LaCrO3 plate to a metallic sheet (vac.= vacuum, PVD= physical vapor deposition)

Process Metal Plate Treatment Filler Joining Conditions Result

Diffusion welding MA 956 1000◦C, vac., 10 h No adhesion
Diffusion welding MA 956 Ceramic Au-coated (PVD) 1000◦C, vac., 10 h No adhesion
Diffusion welding CrFe5Y2O31 1000◦C, vac., 10 h No adhesion
Diffusion welding CrFe5Y2O31 CrFe5Y2O31 1300◦C, vac., 12 h Poor adhesion
Furnace brazing MA 956 NiCrBSi 1050◦C, vac., 10 h Adhesion, but spallation
Furnace brazing MA 956 Load-free brazing NiCrBSi 1050◦C, vac., 16 h Adhes., ceramic broken
Furnace brazing CrFe5Y2O31 Load-free brazing NiCrBSi 1050◦C, vac., 0.5 h Poor adhesion
Furnace brazing CrFe5Y2O31 NiCrBSi 1050◦C, vac., 0.5 h Poor adhesion
Furnace brazing CrFe5Y2O31 Ceramic CrNi-coated (PVD) NiCrBSi 1200◦C, vac., 1 h Poor adhesion
Active brazing CrFe5Y2O31 Ceramic Ti-coated (PVD) NiCrBSi 1200◦C, vac., 1 h Poor adhesion
Furnace brazing CrFe5Y2O31 L-Ni 5 1190◦C, vac., 2 h Poor adhesion
Furnace brazing CrFe5Y2O31 Ceramic Ni-coated (PVD) L-Ni 5 1190◦C, vac., 2 h Poor adhesion
Active brazing CrFe5Y2O31 Ceramic Ti-coated (powder) L-Ni 5 1300◦C, Ar, 0.5 h Poor adhesion
Active brazing CrFe5Y2O31 Ceramic Ti-coated (PVD) L-Ni 5 1200◦C, vac., 1 h Poor adhesion
Active brazing CrFe5Y2O31 CH 3 1000◦C, vac., 0.5 h Adhesion
Active brazing CrFe5Y2O31 CB 2+ 3-4% Ti 1000◦C, vac., 0.5 h Adhesion, but cracks
Active brazing CrFe5Y2O31 CB 2+ 10% Ti 1200◦C, vac., 1 h Adhesion, but spallation
Active brazing CrFe5Y2O31 Load-free brazing FeTi60 1250◦C, vac., 2 h Poor adhesion
Active brazing CrFe5Y2O31 FeTi70 1300◦C, vac. 1 h Poor adhesion
Furnace brazing CrFe5Y2O31 SCP2 900◦C, vac., 3 h Adhesion
Furnace brazing CrFe5Y2O31 SCP6 1140◦C, vac., 10 min Good adhesion

LaCrO3/CrFe5Y2O31 assembly. The Ag-based alloys
CB 2 and CH 3 wetted the ceramic surface. However,
their melting point is too low to enable a long-term use
of the brazed joints at 1000◦C. An SEM observation
of the joint brazed with CB 2 revealed a titanium-rich
reaction layer (3µm thickness) on the ceramic surface,
and a similar but thinner reaction layer on the metallic
surface. Accordingly, the wetting mechanism typical
for active brazing occurred. Long cracks parallel to the
ceramic surface were found in the thicker reaction layer.
That may result from the high brittleness of this Ti-rich
layer, which causes crack initiation and propagation
during cooling after brazing.

In another experiment, the filler CB 2 was alloyed
with 10 wt% titanium. Thereby, the melting point of the
alloy was increased in such a manner that the brazed
joints offer a long-term stability at 1000◦C. We chose
a low brazing temperature of 1200◦C for this filler in
order to avoid an excessive loss of silver by evaporation
during brazing, which can occur due to the high vapor
pressure of silver [9]. The brazing temperature is lower
than the liquidus temperature of the filler [10]. How-
ever, titanium will migrate to the surfaces to be joined,
as shown before. The titanium amount present in the
filler will continuously decrease, and thereby lower the
liquidus temperature. Accordingly, the entire filler layer
will eventually be molten. The brazing experiments
showed that this alloy does wet the ceramic surface
to a certain extent. However, the bond was so brittle
that spallation occurred during the preparation of the
joint for metallographic examination. It was concluded
that the AgTi active brazing alloys are not suitable for
the present joining problem, since (i) AgTi alloys with
a titanium amount between 3 and 4 wt% wet the ce-
ramic surface, but their melting temperature is lower
than the required operating temperature for the joint,
and (ii) AgTi alloys with a higher titanium amount of
10 wt%, offering a sufficient high melting point, lead
to the formation of a brittle bond. The iron-containing

filler alloys FeTi60 and FeTi70, which are designed for
active brazing, were also not suitable since they do not
wet the LaCrO3 surface well.

The palladium-containing alloys SCP2 and SCP6 en-
able wetting of the surfaces to be joined. However, the
joint brazed with SCP2 showed only a partial wetting
of the LaCrO3 and cracks in the filler alloy close to
the ceramic surface. Furthermore, its melting point is
too low to enable the long-term use of brazed joints at
1000◦C.

In contrast, the filler alloy SCP6 showed good wet-
ting of the materials to be joined. As can be seen
in Fig. 2, complete wetting action took place on the
LaCrO3 surface, while the CrFe5Y2O31 surface de-
teriorated during the brazing process. The filler alloy
seems to have dissolved the metallic material along
grain boundaries, leading to the complete pull-out of
some CrFe5Y2O31 grains. The spherical shape of these
grains (found close to the CrFe5Y2O31 surface) indi-
cates that their dissolution had already begun. The light-
gray spots present in the filler alloy contain approxi-
mately 94.2 wt% Cr and 5 wt% Fe, but only 0.5 wt%
Cu and 0.3 wt% Pd, as we observed by means of EDS.
The filler layer itself contains less than 1.5 wt% each
of Cr and Fe. Accordingly, the dissolved material was
almost completely re-precipitated. We assume that this
happened during cooling after brazing as a result of a
decreasing solubility for Cr and Fe in the liquid and
solid filler alloy. This decreased solubility was inferred
from binary phase diagrams [10].

Of all filler materials tested, SCP6 was the most
suitable for our joining task. Accordingly, further
experiments focused on the characterization of the
LaCrO3/CrFe5Y2O31 joints brazed with SCP6.

3.2. Long-term behavior of the joint
The area specific resistance of several LaCrO3/
CrFe5Y2O31 joints was determined at temperatures
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Figure 2 Cross section (light-optical micrograph) of LaCrO3/CrFe5Y2O31 joint after brazing in vacuum at 1140◦C for 10 min, using SCP6 as filler
alloy.

Figure 3 Area specific resistance (ASR) for LaCrO3/CrFe5Y2O31
joints (35× 35 mm) brazed with SCP6. Measured in air at 0.25 A/cm2.

ranging from 1000 to 1040◦C in air for>2400 h (Fig. 3).
The joints were brazed at 1140◦C in vacuum, and SCP6
foil of 50 µm thickness was used as filler. We charac-
terized six brazed joints, which had been connected by
sintered LaCrO3-based paste to three samples. Accord-
ingly, each curve given in Fig. 3 represents the average
value of two joints. Initially, all joints show a similar
resistance of 0.025 to 0.03Ä · cm2 at 1040◦C, while
this resistance is slightly increasing with time. After
280 h, the joints were cooled down to room tempera-
ture and then heated up to 1000◦C in order to study the
influence of a thermal cycle. Two joints (no 5, and 6)
show an increased ASR value in the range of 0.06 to
0.11Ä · cm2 after this thermal cycle. Partial damage
of the LaCrO3 connection layer between the two joints
caused the increase. No damage in the SCP6 filler layers
of these joints, however, was visually observed. Even
after 2400 h at such high temperatures, the ASR values

of all joints are still lower by a factor of two than the
specified target value of 0.2Ä · cm2.

The oxidation behavior of the filler alloy was studied
on a LaCrO3/CrFe5Y2O31 joint having a 200µm thick
SCP6 filler layer, which was annealed at 1000◦C in air
for 1000 h. The filler alloy was partially oxidized after
annealing. This oxidation was especially observed at
the outer surfaces on the sides of the joint. Three dif-
ferent oxide phases are shown in Fig. 4. Their compo-
sition was determined by EDS. A (palladium/copper)
oxide was formed that contains roughly 46 at.% Pd,
32 at.% O, 19 at.% Cu, 1.5 at.% Fe, and 1.5 at.% Cr.
Furthermore, Cu2O and CuCrO2 were formed. The for-
mer contained 0.9 at.% Fe, the latter 1.6 at.% Fe. In
the Cr2O3-Cu2O-CuO system according to Jacobet al.
[11], these phases coexist for a CuOx amount higher
than approximately 67 mol%, but only at temperatures
between approximately 1025 and 1125◦C. The trans-
formation to CuO and CuCr2O4 due to the oxidation of
Cu+ to Cu2+ did not occur in the present system. This
may be a consequence of the fast cooling after the an-
nealing. The Cu2O was mainly found in the center of the
filler layer, while layers of CuCrO2 were formed at the
interfaces to CrFe5Y2O31 and LaCrO3. The CuCrO2
layer at the metal interface is much thicker than that at
the ceramic interface, and it contains a higher amount
of fine pores. Based on these observations, we assume
that chromium diffusion from the plates into the filler
layer transforms the Cu2O to CuCrO2. Accordingly, the
chromium content dropped by approximately 2 at.% in
the LaCrO3 surface. It did not drop at the CrFe5Y2O31
surface but increased to roughly 97 to 98 wt%. That
can be explained by a higher diffusion of Fe into the
filler layer, leading to an enrichment of chromium at
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Figure 4 Cross-section (light-optical micrograph) of LaCrO3/SCP6/CrFe5Y2O31 joint near the surface. Sample was brazed as before (see Fig. 2)
and annealed (1000◦C in air for 1000 h): 1= (palladium/copper) oxide, 2= Cu2O, and 3= CuCrO2.

the CrFe5Y2O31 surface. Owing to a preparation ef-
fect, the CrFe5Y2O31 surface in Fig. 4 seems to consist
of two phases. A single-phase composition, however,
was observed by EDS.

Although oxidation of the filler alloy occurs, it seems
to be a very slow process. Hence, the resistance of the
joints increased only slightly with annealing time. Fur-
ther investigations are required to prove this hypothesis.
We assume that oxygen diffusion is the rate-limiting
step. The oxygen has to diffuse from the outer surface
at the sides of the joints through the already formed
oxides to the metallic filler material.

3.3. Bending of the joint
The LaCrO3/SCP6/CrFe5Y2O31 joint was slightly bent
after furnace brazing. It showed a concave curvature
(Fig. 5), assuming that the LaCrO3 plate is located on
top of the CrFe5Y2O31 plate. The bending can lead
to structural damage of the end plate or a deteriorat-
ing electrical contact to the SOFC stack during SOFC
operation. The bending is caused by two mechanisms.

First, the materials to be joined exhibit a slight mis-
match in their thermal expansion, shown in Fig. 6. The

Figure 5 Schematic illustrating bending of the ceramic/metal joint.

Figure 6 Relative linear expansion between 25◦C and 1000◦C for
LaCrO3 and CrFe5Y2O31.

mismatch amounts to 0.09% in the range of 25◦C to
1000◦C. A crystallographic transformation from or-
thorhombic to rhombohedral at 75◦C adds to the mis-
match. Accordingly, the metallic plate contracts more
during cooling after brazing than the ceramic plate.
Bending of the joint results, since both plates are
strongly connected.

Second, the bending is enlarged due to expansion
of lanthanum chromite under a reductive atmosphere,
which is related to loss of some oxygen and the simul-
taneous reduction from Cr4+ to Cr3+ to maintain elec-
troneutrality [12, 13]. We observed that the lanthanum
chromite plates employed for our study plate expanded
by 0.2% during a complete brazing step under vacuum
(heating, brazing at 1140◦C for 10 min, cooling) that
lasted 15.25 h.

Several means to decrease the joint bending for the
given materials were tested. The results are given in
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TABLE IV Bending of initial materials and joints 70× 15 mm in size

Thickness Thickness Thickness
CrFe5Y2O31 SCP6 LaCrO3 Bending,

Joint No plate, mm filler,µm plate, mm µm

1 3.5 3-7
2 0.4 42-45
3 0.42 ≈60
4 3.5 50 20-1001

5 0.4 50 560-6801

6 50 0.42 ≈17901

7 3.5 50 0.42 64
8 0.4 50 0.42 918
9 3.5 100 0.42 98

1Plate not homogeneously coated with the filler alloy.

Tables IV and V. The joints were brazed at 1140◦C
for 10 min in vacuum (10−5 mbar) unless indicated
otherwise. The effect of various factors on joint bending
are discussed below.

3.3.1. Ratio of the plate thickness
The ratio of the thickness of the ceramic and metal-
lic plates affects the bending of the joint. The plate
thickness influences the stiffness of the plates, and the
stiffness of the plates influences the bending. Bending
is maximized for both plates having the same thickness,
and it decreases when one plate, preferably the stiffer
one, is much thicker than the other one. As a conse-
quence, the bending of joint no 7 in Table IV, having
a CrFe5Y2O31 plate which is much thicker than the
ceramic plate, is significantly lower than that of joint
no 8, having ceramic and metallic plates of the same
thickness. According to this observation and the need
for a low electrical resistance, the joint should be man-
ufactured with a thin LaCrO3 plate and a very thick
CrFe5Y2O31 plate. On the other hand, a LaCrO3 plate
having a thickness of less than approximately 0.4 mm
may not withstand stresses that occur during SOFC
manufacturing or operation.

3.3.2. Braze thickness
The SCP6 braze has a significantly higher thermal ex-
pansion coefficient (18.9× 10−6/◦C, [14]) than the
plate materials. Bending occurred in the metallic and
ceramic strips that had been coated with SCP6 to study
the wetting behavior (joints 4–6 in Table IV). Fur-
thermore, the LaCrO3/CrFe5Y2O31 joint brazed with
100µm SCP6 is significantly more bent than the one

TABLE V Bending of initial materials and joints 80× 80 mm in size

Joint Time under Bending after Bending after
No Materials vacuum, h Brazing,µm Annealing,µm

10 CrFe5Y2O31 ≈100 (for the
initial material)

11 CrFe5Y2O31/SCP6/LC 7.6 304 254
12 CrFe5Y2O31/SCP6/LC 15.25 360 268
13 LC/SCP6/CrFe5Y2O31/SCP6/LC 7.6 103 97
14 CrFe5Y2O31/SCP6/LC, 15.25 177

CrFe5Y2O31-plate segmented

thickness: CrFe5Y2O31, 3.5 mm; LaCrO3, 0.4 mm; and SCP6, 50µm.

brazed with only 50µm SCP6 (compare joints 7 and 9
in Table IV). The thickness of the braze layer should,
therefore, be kept low but should not fall below approx-
imately 50µm in order to enable a complete wetting of
the surfaces to be joined.

3.3.3. Brazing time
The time under vacuum, which includes the brazing
time as well as the heating and cooling periods, deter-
mines the amount of expansion for LaCrO3 as a conse-
quence of its dimensional changes in this environment.
That is in agreement with the results for joints 11 and
12, given in Table V. Decrease of the time under vac-
uum by a factor of two for joint 11 caused the bending to
decrease from 360 to 304µm. The brazing time was re-
duced by increasing the cooling rate from 1.7◦C/min to
5◦C/min, while the heating rate amounted to 5◦C/min.
However, both joints show almost the same amount of
bending, approximately 260µm, after annealing in air
at 1000◦C for 48 h (Table V). The annealing revoked
the LaCrO3 expansion, and the remaining bending is
only caused by the mismatch in thermal expansion.

3.3.4. Symmetric joint design
An attempt was made to avoid bending of the ce-
ramic/metal joint by designing a symmetric joint. Two
LaCrO3 plates having the same size were brazed onto
both sides of the CrFe5Y2O31 plate. Such a joint, no 13
in Table V, bent by approximately 100µm after braz-
ing. This comparatively low value is more likely caused
by the inhomogeneous thickness of the joint, especially
the CrFe5Y2O31 plate, which had a deviation in thick-
ness of about 100µm. Consequently, annealing in air
does not lower this bending value (Table V). The sym-
metric design effectively suppresses bending due to the
LaCrO3 expansion as well as the mismatch in thermal
expansion. However, it is an expensive solution since
twice as much interconnect and filler material is needed.

3.3.5. Segmentation of the metallic plate
Both mechanisms causing the bending of the joint
(mismatch of thermal expansion between materials
and volumetric expansion of the LaCrO3) determine
the bend radius. The amount of bending is also de-
termined by the area and maximum diameter of the
brazed LaCrO3/CrFe5Y2O31 interface. The smaller
these values are, the less the joint will be bent. On the
other hand, the LaCrO3 plate should be almost com-
pletely connected with CrFe5Y2O31 current collector
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plate(s) to ensure a low-resistance current transport
through the joint. In order to overcome this contra-
diction, it is beneficial to realize a given size for
the LaCrO3/CrFe5Y2O31 interface by brazing several
small CrFe5Y2O31 segments onto the LaCrO3 plate
as opposed to only one CrFe5Y2O31 plate, assuming
that the segments are homogeneously distributed on
the LaCrO3 surface. Nine CrFe5Y2O31 segments with
a size of 25× 25 mm were brazed onto a LaCrO3 plate
having a size of 80× 80 mm in order to produce such a
segmented joint. The area of the LaCrO3/CrFe5Y2O31
interface was thereby reduced from 6400 mm2 to
5625 mm2. That decreased the bending after brazing
from 360µm to 177µm (compare joints 12 and 14 in
Table V). Disadvantages of this solution are: (i) a seg-
mented joint is more complicated to produce, and (ii)
conducting wires have to be attached to all segments in
order to draw power from them under SOFC operating
conditions.

4. Conclusions
The following conclusions were reached from this
work:

1. The feasibility of joining metallic plates to
LaCrO3 end plates by vacuum furnace brazing was
successfully demonstrated. The metallic plate acts as
a current collector to which conducting wires made
of conventional heat-resisting alloys can easily be at-
tached [4]. Therefore, current collectors made from
these conventional alloys will allow low-resistance con-
nections required between individual SOFC stacks and
sufficient power to be drawn from the SOFC.

2. The alloy CrFe5Y2O31 is a suitable material
for the current collector plate. Its thermal expansion
matches that of LaCrO3 better than nickel- or iron-
based heat-resisting alloys, such as MA 956. Hence,
brazed LaCrO3/CrFe5Y2O31 joints showed good ad-
hesion and were free of cracks or spallation.

3. Such LaCrO3/CrFe5Y2O31 joints can be brazed
with filler of the palladium-containing copper alloy
SCP6. This filler showed a much better wetting of the
metallic and the ceramic surface than all other tested al-
loys, including high-temperature nickel-based brazing
alloys, titanium-containing active brazing alloys on a
nickel base or with a high iron content, and a palladium-
containing silver alloy. Furnace brazing with SCP6
filler led to a much better adhesion between LaCrO3
and CrFe5Y2O31 than diffusion welding without filler
alloy.

4. After long-term annealing in air at 1000◦C, the
SCP6 filler of LaCrO3/SCP6/CrFe5Y2O31 joints was
partially oxidized. However, oxidation seems to oc-
cur slowly. Accordingly, the area specific resistance of
most of the tested LaCrO3/SCP6/CrFe5Y2O31 joints
increased only slightly during long-term annealing.
Even after 2400 h at 1000◦C, the ASR values of all
tested joints were two times lower than the defined tar-
get value of 0.2Ä · cm2.

5. The LaCrO3/SCP6/CrFe5Y2O31 joint was ini-
tially slightly bent after furnace brazing. This bending
results from a slight mismatch in the thermal expansion
between LaCrO3 and CrFe5Y2O31, and from expan-

sion of LaCrO3 in reducing environments (due to the
loss of oxygen and the simultaneous reduction from
Cr4+to Cr3+). Successful approaches to decrease the
bending include reducing the braze thickness, shorten-
ing the brazing time under high vacuum, designing a
symmetric LaCrO3/CrFe5Y2O31/LaCrO3 joint, braz-
ing segments of CrFe5Y2O31 onto the LaCrO3 plate,
and using a LaCrO3 plate that is significantly thinner
than the CrFe5Y2O31 plate. The amount of permissi-
ble joint bending determines which of these approaches
would be applied for a specific SOFC design.
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