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Abstract

Because of the different densification characteristics of a La0.8Ca0.2Cr0.9Co0.1O3-δ (LCCC) interconnector and a NiO added yttrium-stabilized
zirconia (YSZ) anode, complete adhesion between the two layers is hardly obtainable. In this study, we have investigated the sintering behavior
of LCCC with the addition of YSZ. As the amount of YSZ increases, densification of the LCCC is inhibited and the initial temperature of the
densification increases. However, when the LCCC–YSZ composite layer is screen printed on the NiO–YSZ substrates, the density of the
composite layer increases and the layer is firmly attached to the substrates. It is proposed that tensile stress is decreased on the composite layer
due to the relatively delayed densification of the LCCC–YSZ composite, compared to the densification of the NiO–YSZ substrate.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The basic elements of a solid oxide fuel cell (SOFC) are
electrolytes, anodes, cathodes, and interconnectors. Each
element serves its purpose and shall meet certain requirements.
In particular, an interconnector must possess its own stability
in the oxidizing and reducing media, chemical compatibility
with other elements, and electrical conductivity. La0.8Ca0.2
Cr0.9Co0.1O3−δ (LCCC), which is used as an interconnector
material for solid oxide fuel cells, should be gastight to prevent
cross leakage of fuel and gases enriched in oxygen [1,2].
Therefore, it is required to have not only phase stability but
also a dense microstructure, in an oxidation–reduction atmo-
sphere. In order to increase the sintering density of LCCC,
nano powders of LCCC with high driving force of sintering
have been manufactured via the Pechini process [3], aqueous
combustion process [4] and hydrothermal process [5]. There
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has also been a study on increasing the density by changing the
raw materials of calcium sources [6].
The interconnector layer is usually formed by screen printing

and co-firing the LCCC on a pre-sintered NiO–YSZ (yttrium-
stabilized zirconia) substrate. If there is a big difference in the
shrinkage rate between the substrate and the LCCC layer, stress
occurs at the interface during co-firing. Generally, because the
thin interconnector layer is printed on a thick substrate with
solidity, adjustment of the densification behavior of the inter-
connector material is believed to provide an easy way to improve
adhesion between them. When the shrinkage rate of the LCCC
layer is relatively larger than that of the substrate, the LCCC layer
has tensile stress during co-firing. Therefore, there is a greater
possibility of having low densification, cracks and delamination
on the LCCC layer. In this case, as a problem solver, materials'
properties could be engineered by employing the concept of
composite as reported in previous studies [7,8].
In this study, different amounts of YSZ were added to the

LCCC in order to adjust the densification behavior during sintering,
and the microstructures of the LCCC–YSZ composites were
examined. At the same time, the electrical conductivity of the
ghts reserved.
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sintered composites was also examined, in relation to changes in
the microstructures. The LCCC–YSZ composite pastes were screen
printed on the NiO–YSZ substrates and co-fired. The adhesion
characteristics of the LCCC–YSZ layer on the NiO–YSZ substrates
were analyzed. The results were explained on the basis of the
decreased stress (stress adjustment) between the two layers during
co-firing.

2. Experimental procedure

The raw materials of LCCC (La0.8Ca0.2Cr0.9Co0.1O3-δ,
average particle size≈0.28μm, Kceracell, Korea) and 8 mol%
yttrium-stabilized zirconia (8YSZ, 99.85%, average particle
Fig. 1. X-ray diffraction patterns of the LCCC–YSZ composite samples
sintered at 1400 1C for 2 h as a function of the YSZ content.

Fig. 2. The microstructures of the LCCC–YSZ composite pellets
size ≈1.45μm, Unitec Ceramics, UK) were used for the
interconnectors. The LCCC–8YSZ composites containing 0,
30, 40 and 50 wt% of 8YSZ were prepared by mild ball
milling, using zirconia balls for 24 h in ethanol, and then the
mixtures were dried at 80 1C. After drying, the composite
powders were formed into 15 mm diameter pellets by a sequential
process of uniaxial pressing, followed by cold isostatic pressing
(CIP). Subsequent CIP of the green compact was conducted at
100 MPa for 5 min. The composite pellets were sintered at
1400 1C for 2 h in air.
Powder X-ray diffraction with nickel-filtered Cu-Kα radiation

(Panalytical, X'pert pro, Netherlands) was used for phase identi-
fication. For the lattice parameter measurement, a silicon standard
powder (SRM 640B, NIST, USA) was added to the samples.
The densification behavior of the composite pellets was analyzed
with a TMA (TD5000SA, Bruker, Germany). The density of the
sintered composites was determined by the Archimedes method,
and the microstructure was observed by FE-SEM (JSM-6701F,
JEOL, Japan). The 4-probe DC electrical characteristics of the
composites were measured using a Galvanodynamic measure-
ment system (VersaSTAT3, Princeton Applied Research, USA).
The sample dimension for the electrical characterization was
13 mm (length) and 4.2 mm (diameter).
The NiO–YSZ substrate was prepared using raw materials

of NiO (99.9%, Sumitomo, Japan) and 8YSZ (8 mol% Y2O3

doped ZrO2, 99.9%, Tosho, Japan) powders. The homoge-
neously mixed powder with a weight ratio of NiO:YSZ=56:44
was calcined at 1100 1C, then extruded. The porosity of the
substrate was estimated to be about 23.7%.
For the preparation of the composite pastes, the LCCC

powder, ethyl cellulose and α-terpineol were mixed in ethanol
with a weight ratio of 60:5:35. Then the pastes were printed on
sintered at 1400 1C for 2 h as a function of the YSZ content.
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NiO–YSZ substrates using a 150 mesh screen. After drying,
the bi-layer specimens were co-fired at 1400 1C for 4 h in air
with a constant ramp up rate of 5 1C min−1.

3. Results and discussion

Fig. 1 shows a series of X-ray diffraction patterns of the
LCCC–YSZ composite samples sintered at 1400 1C for 2 h as
a function of the YSZ content. The composite sample consists
of the two components of the LCCC and YSZ, and the
diffraction intensity originated from the YSZ increased as the
content of YSZ increased. Even after sintering at a relatively
high temperature of 1400 1C, no severe chemical reaction
between the two components was observed. Therefore, the
lattice constants were almost invariant.

Fig. 2 shows the microstructures of the LCCC–YSZ composite
pellets sintered at 1400 1C for 2 h, with different amounts of YSZ
contents. As the amount of YSZ was increased, the densification
of the LCCC–YSZ composite was inhibited.

Porosity measured by the point counting method increased
from 4.2% to 23.9%, as the amount of YSZ increased in the
LCCC. De Jonghe et al.[9] examined the densification
behavior of fine ZnO powder (particle size ≈0.4 μm) with
the addition of large SiC powder (particle size ≈14 μm), and
Fig. 3. The bulk density and the electrical conductivity of the YSZ–LCCC
composite pellets, sintered at 1400 1C for 2 h, as a function of the YSZ contents.

Fig. 4. (a) Shrinkage of the LCCC–YSZ composite pellets and the NiO–YSZ subs
substrate.
reported that the inclusions lead to a drastic reduction in the
densification of the composite relative to that of the pure ZnO
matrix. This was because a hard second phase can severely
limit the densification rates by generating a mean hydrostatic
stress, which opposes the compressive sintering stress of the
matrix, and the stress rapidly increases with the increased
volume fraction of the second phase. The results of this study
agree with the results of De Jonghe, in that the existence of the
inclusion inhibits densification.
Fig. 3 shows the bulk density and electrical conductivity of the

YSZ–LCCC composite pellets, sintered at 1400 1C for 2 h, as a
function of the YSZ contents. As the amount of the YSZ
increased, the bulk density decreased. This kind of density
behavior is due to the increase in YSZ(6.048 g/cm3) in LCCC
(6.234 g/cm3) and to the increase in porosity, shown in Fig. 2. In
addition, the conductivity of 0.2 S cm−1 for pure LCCC
decreased as the amount of YSZ increased. When 50 wt% of
YSZ was added, the conductivity of the LCCC decreased to
0.011 S cm−1. This phenomenon is due to a decrease in the
conduction paths between the LCCC (electrical conductor) grains,
as the YSZ volume fraction (insulator) increases. Concerning the
conductivity of the 50 wt% YSZ added sample at high tempera-
ture, it increased with temperature and reached about 16 S cm−1

at 800 1C in air. The conductivity of (La1−xCax)(Cr1−yCoy)O3 is
dependent on the cationic ratios of the components. However, the
conductivity values of LCCC for the use of SOFC is generally
known to be about 25–47 S cm−1 at 700–800 1C [6,10]. In spite
of the large amount of the inclusion (50 wt% of YSZ) addition,
the conductivity of 16 S cm−1 at 800 1C deserves positive
consideration for real application.
Fig. 4(a) shows a comparison of the densification behaviors of

the LCCC–YSZ composite pellets as well as the NiO–YSZ sub-
strate which was analyzed by TMA. In the case of the NiO–YSZ
substrate, densification begins at around 1200 1C, and about 16.5%
of shrinkage was observed when the temperature reached 1400 1C.
On the other hand, when pure LCCC is sintered, densification
begins at around 900 1C, and over 10% of the densification is
already in progress at around 1200 1C, where the NiO–YSZ
substrate begins to be densified. This result clearly shows that there
is a wide gap in the temperature where the densification of the pure
LCCC and the NiO–YSZ substrate begins.
trate, and (b) differences in shrinkage between the LCCCs and the NiO–YSZ
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Fig. 4(b) shows the shrinkage differences between the
LCCCs and the NiO–YSZ substrate, at each temperature.
The shrinkage difference was evaluated from the shrinkage
curves of the LCCCs and the substrate shown in Fig. 4(a),
i.e., the shrinkage value of the substrate minus that of the
LCCCs. Therefore, a negative value for the shrinkage differ-
ence means that the shrinkage of the LCCC is relatively larger
than that of the substrate. In this case, tensile stress occurs on
Fig. 5. The cross sectional SEM images of the bi-layers (left side) and those top
the LCCC layer, if the bi-layer of the LCCC and the substrate
is co-fired. In contrast, if the shrinkage difference has a
positive value, compressive stress occurs on it. In the case of
the pure LCCC, the shrinkage difference was negative for the
whole temperature range. A maximum shrinkage difference
of 12.5% was observed at around 1250 1C, making it quite
natural that good adhesion of the LCCC layer onto the
NiO–YSZ substrate never occurs.
surface images (right side). The bi-layers were co-fired at 1400 1C for 4 h.
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When YSZ is added to LCCC, the gradient of the shrinkage
curves decreased as more YSZ was added which had the effect
of retarding densification shown in Fig. 4(a). The initial
temperature of the densification increased as the amount of
the YSZ increased, and densification at 1400 1C also decreased.
Especially when the YSZ was added by 50 wt%, the initial
temperature of sintering was around 1120 1C, and the densifica-
tion was 8.4% at 1400 1C. This means the densification was
more suppressed than the substrate. In the case of the 40 and
50 wt% of the YSZ added LCCCs, there were turn-over points
from tensile to compressive stress as their shrinkage curves
traverse the substrate's curve (Fig. 4(a)) and the shrinkage
difference values changed from negative to positive (Fig. 4(b)).

Fig. 5 shows the adhesion characteristics of the LCCC–YSZ
composite layer on the substrate. The LCCC–YSZ composite
pastes were screen printed on the NiO–YSZ substrate and
co-fired at 1400 1C for 4 h. The cross sectional images of the
bi-layers are on the left side while the top surface image is
shown on the right side. (a) is the image of the pure LCCC
layer on the NiO–YSZ substrates and the occurrence of
delamination was observed on the interface between the LCCC
and NiO–YSZ substrate. (b) is the top surface image of the
pure LCCC screen printed on the NiO–YSZ. It was more
porous compared to Fig. 2(a), and cracks were also observed
on it. Jagota [11,12] reported that in-plane tensile stress can
cause crack-like defects and porous channels in the constrained
film or delamination from the substrate. This phenomenon
supports the fact that the stress between the LCCC layer and
the substrate actually affect the microstructure development,
which was mentioned in Fig. 4(b). The microstructure of the
LCCC–YSZ composite samples are shown in (c) and (d) with
the 30 wt% of YSZ, (e) and (f) with the 40 wt% of YSZ, and
(g) and (h) with the 50 wt% of YSZ. As the YSZ increased,
adhesion and densification of the LCCCs also increased.

The improved adhesion between the LCCC–YSZ composite
layers and the NiO–YSZ substrate can be explained by a
reduction in stress at the interface of the two layers. From the
perspective of pure LCCC, it is regarded that more compres-
sive stress is applied (tensile stress decreases) to the LCCC
layer along with an increase in the YSZ content which leads to
denser microstructures of the LCCC layers as well as improved
adhesion. On the other hand, because the LCCC–YSZ
composite and the NiO–YSZ substrate have the same compo-
nent of YSZ, the improved adhesion also might be considered
an effect of the increased content of YSZ in LCCCs.

4. Conclusions

Different amounts of YSZ were added to LCCC, and the
sintering behavior of the LCCC–YSZ composite was exam-
ined. As the amount of YSZ increased in the LCCC,
densification of the composite was retarded and the electric
conductivity decreased. However, when the LCCC–YSZ
composite is screen printed on the NiO–YSZ substrate and
co-fired, densification of the composite increased and adhesion
also improved as the amount of YSZ increased. The result of
the densification of the composite layer on the substrate is
opposite to the case of the composite sintered alone.
TMA monitoring predicted that there would be great tensile

stress on the LCCC interconnector side when the LCCC layer
on the NiO–YSZ substrate is co-fired. The tensile stress on the
LCCC layer, which negatively affects the densification, could
decrease and eventually switch to compressive stress from the
amount of the YSZ. The improved densification and adhesion
of the LCCC composite layer are explained by the stress
adjustment during sintering with the addition of YSZ.
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