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Abstract—The chemical reactivity between superconducting ceramic materials (YBa,Cu;0;_,,
Bi,Sr,CaCu,0q,, and Bi,Sr,CuOy,,) and the cathode material of solid oxide fuel cells (La,¢sSt,;MnO;) was
investigated by long-term annealing experiments of pressed powder mixtures lasting two weeks at 850°C.
The chemical properties at the operating temperature of a solid oxide fuel cell revealed that all three supercon-
ducting materials reacted with La, 65Sr, ;MnO; and underwent changes in volume and density after annealing.
The chemical compatibility between the superconductors and interconnect material, a ferritic steel (X 10 CrAl
18), was investigated using screen-printed thick layers of Bi,Sr,CuOg,, on steel substrates. The formation of
undesirable products, especially SrCrO,, due to diffusion processes across the interface was confirmed by
investigations of metallographic cross-sections. Efforts to stop the interfacial reaction by introducing a thin
CuO barrier layer between the superconductor and steel did not solve the problem. © 2001 Acta Materialia
Inc. Published by Elsevier Science Ltd. All rights reserved.
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I. INTRODUCTION

The development of solid oxide fuel cell (SOFC)
technology for electricity production from carbon-
aceous fuels with reduced pollution has been one of
the central topics of research in recent years [1-9]. In
the view of the inherent problems of the high-tem-
perature operation conditions of SOFCs at around
1000°C, currently, several groups are concentrating
on the development and demonstration of SOFC sys-
tems operating in the intermediate temperature range,
650-800°C (IT-SOFC) [1, 3, 6, 10-14] with alterna-
tive functional materials and components. Significant
results have been reported for IT-SOFC units by vari-
ous groups [11, 14-21]. The aim of operating an IT-
SOFC not only requires more efficient electrocata-
lysts and better ionic conductive ceramic membranes
but also different materials for sealings and electrical
contacts between the cells and the interconnecting
metallic plates. Therefore materials which soften in
the IT-SOFC operation temperature regime, e.g. low-
melting ceramics, were considered as a class of
materials for such applications. High-temperature
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superconductors (HTSC) have melting points close to
the SOFCs’ operation temperature and were investi-
gated in more detail with respect to sintering
behavior, electrical conductivity and thermal expan-
sion as possible contact layer materials [22]. As a
continuation of this work, the experimental results
obtained with respect to the chemical compatibility
of the superconductor materials Bi,Sr,CaCu,Og,,
(BSCC-2212), Bi,Sr,CuOq4,, (BSCC-2201) and
YBa,Cu;0,_, (YBCO) with the adjacent SOFC
components, the cathode of the composition
Lag 65519:MnO; (LSM) and the interconnecting met-
allic plates made of ferritic steel (X 10 CrAl 18) are
presented in this paper.

II. EXPERIMENTAL

BSCC-2212 and BSCC-2201 were synthesized by
the solid state reaction as well as the citrate com-
plexation reaction as described in detail in Refs. [22,
23]. The powders obtained were subjected to calci-
nation at 800°C for 24 h in air and were ground well
prior to further measurements. The LSM powder was
synthesized by the spray pyrolysis technique [24],
calcined at 900°C and milled in ethanol using a plan-
etary ball mill. For the investigations with
YBa,Cu;0,_,, commercial powder was supplied by
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Solvay Barium Strontium GmbH, Germany. The fer-
ritic steel was provided by KTN, Germany.

For the investigations of the chemical reactivity of
the HTSC powders with LSM, the respective HTSC
powder and LSM powder were mixed in a 1:1 weight
ratio and ball milled to achieve homogenization. Cir-
cular pellets (8 mm in diameter and 4-5 mm in
height) were uniaxially pressed at 300 MPa from the
above powder mixtures and exposed in air at 800°C
for two weeks. The annealed pellets were crushed into
powder and subjected to X-ray diffraction (XRD)
measurements using a Siemens D 5000 diffractomet-
er.

For the compatibility experiments with the inter-
connect steel, screen-printing pastes were prepared
from the superconductor powders using ethyl cellu-
lose as binder and terpineol as solvent after thorough
homogenization on a three-roll mill. The pastes were
printed in stripes with a thickness of about 150—
250 um on freshly polished surfaces of ferritic steel
plates using a screen printer (model 2400, Mitani).
These samples were heat treated at 850°C for 2 h to
simulate the assembling process of an SOFC stack.
The thickness of the screen-printed layers was meas-
ured in using a Dektac II (Sloan Technology Corp.)
before and after annealing. Surfaces and polished
cross-sections of the annealed samples were investi-
gated by a scanning electron microscope (SEM; LEO
440) equipped with a detector for energy-dispersive
X-ray analysis (EDX).

III. RESULTS AND DISCUSSION
A. Reactivity with LSM

The changes measured in the volume as well as
density of the LSM/HTSC pellets after continuous
annealing at 800°C for two weeks are presented in
Table 1. All three samples underwent significant but
varying degrees of dimensional changes, which could
be ascribed to the distinct but severe thermo-chemical
reactivity with LSM because sintering effects could
be neglected [22].

The phases obtained in the pellets during annealing
by powder XRD are presented in Fig. 1. A new crys-
talline phase containing lanthanum, namely
Bi,Sr, ;La, ;CuOq »s (JCPDS code 45-0313) [25], was
formed during annealing with the bismuth cuprates.
The BSCC-2201 was almost completely converted
into the new phase whereas a small amount of the
original BSCC-2212 phase remained after exposure.
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Fig. 1. XRD patterns of the LSM/HTSC powder mixtures after

two weeks exposure at 800°C. Besides the superconducting

phases BSCC-2212 ((J) and YBCO (<) and the LSM cathode

with perovskite structure (O), new phases appear correspond-

ing to the chemical formulae Bi,Sr;;La,;CuOq, (M),
La,CuO, (A) and CuCOs; (e) [25].

Intensity / arb. units

The LSM/YBCO mixture led to the formation of
small quantities of a K,NiF,-type compound and also
of CuCO;. Although the chemical reactivity between
LSM and YBa,Cu;0,_, was rather slow at 800°C, an
additional experiment with a pellet heat treated at
900°C for 2h gave significant amounts of the
K,NiF,-type compound, presumably composed of
“(Y,La),_,(Ba,Sr),Cu0,”.

The data on volume expansion indicated that
BSCC-2212 expanded more (8.86%) than BSCC-
2201 (4.23%). Similarly, the changes observed in the
density values also indicated that BSCC-2212 and
BSCC-2201 reacted strongly with LSM. The meas-
ured values, however, are not a direct measure of the
chemical reactivity with LSM because the new phase
formed has a very similar chemical composition such
as BSCC-2201 and smaller effects on volume and
density can be expected. In any case, the reaction with
LSM is a drawback of these materials for their event-
ual application as contact layers in SOFC.

B. Reactivity with ferritic steel

The compositions of the screen-printing pastes are
listed in Table 2. The adhesion between the ferritic
steel and the HTSC screen-printed layers was very
good.

The formation of a yellowish-green reaction pro-
duct was noticed between steel and BSCC-2201 layer
after 2 h at 850°C in air. From a metallographic cross-
section the thickness of the reaction zone was determ-

Table 1. Dimensional changes observed on LSM/HTSC pellets (50:50 wt.%) after continuous annealing at 800°C for two weeks in air

Composition Volume (cm?)

Density (g cm™?)

Before annealing  After annealing

Change (%)

Before annealing  After annealing Change (%)

LSM+BSCC-2212  0.2392 0.2604 +8.86
LSM+BSCC-2201  0.2466 0.2575 +4.23
LSM+YBCO 0.2779 0.2743 —1.29

4.019 3.492 —13.11
3.988 3.789 —4.98
3.656 3.545 —3.03
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Table 2. Compositions of screen-printing pastes used for the compati-
bility studies with ferritic steel

Material Amount of Amount of Total amount
powder (wt.%) binder of solvent
solution* (Wt.%)
(Wt.%)
BSCC-2201 78.5 0.7 20.7
YBCO 73.9 0.7 25.4
CuO 61.4 0.5 38.1

@ Solution of solvent with 10 wt.% binder dissolved.

ined (about 60 wm, Fig. 2) containing at least three
layers with different compositions as indicated by
EDX point analysis and element mapping (Fig. 3).
The crack between the steel substrate and the oxide
scale was induced during metallographic sample
preparation.

The reaction zone was found to contain mainly Fe,
Cr, and Sr. The top layer of the reaction zone (upper
black region in Fig. 2) contained only Sr and Cr and
was later identified in an XRD measurement on the
sample shown in Fig. 4 as SrCrO,. From the element
mapping a pronounced diffusion profile was detected
for Cr (Fig. 3), whereas the iron remained in the steel.
Therefore the reaction zone can be regarded as a pre-
vious part of the steel. Due to the instable interface
and continuous release of Cr into the superconductor
layer, the cuprate decomposes and the Sr reacts with
the Cr to form SrCrO,. Furthermore, the decreased Cr
content in the steel surface destabilizes the oxidation
resistance of the steel and therefore a thick layer of
about 50 um of (Fe,Cr)O, was formed below the Sr-
rich oxide layers.

After 24 h annealing at 850°C, the BSCC coating
had a yellow color and was detached from the sub-
strate (Fig. 4). The interactions with the steel change
completely when the exposure temperature is lowered

1989

BSCC-2201
layer

reaction
zone

crack

steel substrate

Fig. 2. Optical microscopy image of the reaction zone between
BSCC-2201 and ferritic steel after 2 h at 850°C.

by 50°C. Figure 5 is an optical microscopy image and
shows the results of the exposure of Bi,Sr,CuOg,, on
the steel substrate after 144 h at 800°C. In the surface
of the steel substrate deep holes were corroded per-
mitting the growth of large columns of up to 2 mm
in length composed of Fe and Cr oxides. Also, the
BSCC coating was completely decomposed and sep-
arated from the steel interface. Large cavities were
formed between the grown columns (Fig. 5).

In order to prevent the reaction between BSCC and
the Cr released from the steel, about 5 um thick CuO
layers were printed onto the steel substrates before
the cuprate was deposited. Annealing at 850°C for 2 h
resulted in good adhesion between the layers and the
steel. However, the CuO layers did not sufficiently
protect the ceramic from decomposition and very
similar interactions as shown in Figs 2 and 3 were
observed. These results indicated that Cr diffuses very
rapidly across the CuO barrier forming preferentially
alkaline earth chromates.

The reaction between YBCO with steel is slower,

Fig. 3. SEM back-scattering image and element maps of the reaction zone between BSCC-2201 and ferritic
steel after 2 h at 850°C (cf. Fig. 2).
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Fig. 4. BSCC layers on ferritic steel substrates before (bottom)
and after (top) exposure at 850°C for 24 h.

Fig. 5. Polished cross-section of a Bi,Sr,CuOg,,—steel sample

heat treated at 800°C for 144 h. From the steel substrate (white,

bottom), large 1.5 mm high columns grew, elevated and

decomposed the ceramic coating (top) and created large cavi-
ties.

no significant reaction zone was observed after
annealing at 850°C for 2 h. However, after 200 h
annealing at 800°C this material combination also
exhibited fatal corrosion with several layers between
the steel and the ceramic (Fig. 6). In this case also
the chromium from the steel is the most diffusive
species and could be detected deep within the super-
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Table 3. Analytical EDX results of the regions shown in Fig. 7

Point Analytical result

1 Fe 17.7Cr 1.3Si 0.5A1*

2 Fe 14.7Cr 0.98Si*

3 Fey.43Cro.20Cug,15S10,10Al,030,”

4 Feg.71Cro.01Cllg26Ba 0130,

5 Feg1Bag 34Al0.0s0,"=Ba; o(Fe; 53Al0,15)04
6 Bay.44Cr.40Cl0.160."

Fig. 6. Polished cross-section of a YBa,Cu;0,_ —steel sample
heat treated at 800°C for 200 h. White, steel substrate; light
gray, reaction zone; gray, YBa,Cu;0,_,.

* Values of alloyed elements in wt.%.
® Normalized to 1 mol of cations per formula unit.

conductor material. A similar detrimental metal—
HTSC interaction was observed after firing, when Ni—
Cr (Nichrome), Cr-Al-Co (Kanthal) or Ni-Mo-Fe—
Mn (Hastelloy) was used as a core metal for fibre
fabrication [26]. Several point analyses by EDX were
carried out along the reaction zone (see Fig. 7) to get
an impression of the composition of the formed layers
and to understand the corrosion process in more
detail.

The analysis of point 1 gave the initial composition
of the steel. Near the surface where no Fe-rich oxide
scales are formed the Cr content of the alloy is greatly
reduced. This Cr is diffused into the ceramic and is
detected at the densified region above (point 6). The
thick oxide scales next to point 2 contain mainly Fe
oxide, but also significant amounts of Cr, Cu and Si.
However, the content of Cr is much lower than at
point 6. The outer corrosion scale (point 5) is only
composed of Fe, Ba and small amounts of Al.

The degradation of the superconductor material
starts with the fast diffusion of chromium species into
the ceramics. Even near the outer surface of the
YBa,Cu;0,_, coating, i.e. about 200 um from the
steel-HTSC interface (Fig. 6), significant concen-
trations of Cr were detected. When the impurity level
exceeds a critical value, not only do the physical
properties deteriorate, as is known from several stud-
ies [27, 28], but additional phases such as Y,BaCuOs,
BaCuO, and K,NiF,-analogue compounds containing
the transition metals of the steel are also formed [28].

steel
substrate

Fig. 7. SEM picture in back-scattering mode of the cross-sec-

tion of the reaction zone between the ferritic steel and

YBa,Cu;0,_, after 200 h at 800°C (detail of Fig. 6). The

circles indicate regions in which EDX analyses were recorded
(see Table 3).



ARUL RAJ et al.: HIGH-TEMPERATURE SUPERCONDUCTOR MATERIALS

The initial stages of the chemical reactions certainly
include disruptions of Cu—O bonds and oxygen with-
drawal from the cuprates as has been found for the
interaction of metallic Fe with La, 4sSr,,5CuO, [29,
30]. The decomposition products of YBa,Cu;0,_,
mostly contain less Ba and, generally speaking, the
HTSCs can be regarded as a source of alkaline-earth
elements reacting with the metal or oxide scales of
the steel, either forming a layer of SrCrO, in the case
of the bismuth-containing superconductors (Fig. 2) or
ternary Ba—transition metal oxides as shown in Fig.
7 and Table 3 (points 5 and 6) in the case of
YBa,Cu;0,_,.

With respect to SOFC applications, the HTSC
materials have to be evaluated on the basis of their
sinterability during the assembling procedure as well
as their chemical and electrical properties during
operation. The shrinkage of Bi,Sr,CaCu,Og,, and
Bi,Sr,CuOg,, is not beneficial compared to currently
used materials. The two materials also do not become
soft close to their melting points [22, 31], so that
slight pressure could be applied to reduce the gap
between the interconnect plates instead of a sinter
shrinkage. On the contrary, the results on the screen-
printed YBa,Cu;0,_, appeared promising and shrink-
age up to 20% was obtained [32] together with well-
connected HTSC particles. Furthermore, this more
compact microstructure is the reason why
YBa,Cu;0,_, had more than two and five times
higher electrical conductivity than Bi,Sr,CaCu,Og,,
and Bi,Sr,CuOQq,,, respectively, as reported in the first
part of this series of publication [22].

Finally, chemical interaction with ferritic steel is
detrimental to all compounds investigated. Although
corrosion with YBa,Cu;0,_, is less severe than with
the Bi cuprates, there are very strong and damaging
interactions with the metal which would lead to fail-
ure of an SOFC system within several hundreds of
hours. In order to use the beneficial sintering behavior
of YBa,Cu;0,_,, an additional corrosion-protection
layer is needed to separate the steel-HTSC interface
and to reduce the Cr emission from the steel.

IV. CONCLUSIONS

The chemical interaction with the interconnect
material is severe and detrimental. After exposure at
800°C, a thick insulating layer of SrCrO, was formed
at the metal-ceramic interface in the case of
Bi,Sr,CuQg,,. A coating of YBa,Cu;0,_, contained
large amounts of chromium thus decreasing the elec-
trical conductivity and decomposing the HTSC at the
interface. The application of HTSC materials is there-
fore only possible if protective coatings are deposited
on the steel to prevent Cr release from the intercon-
nect.
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