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Abstract

In this study fabrication mechanism of a dense Sr and Ca doped lanthanum chromite interconnect on Ni-YSZ anode of a solid oxide

fuel cell after co-sintering is investigated. Based on the understanding of sintering mechanism, a dense La1�x�ySrxCayCrO3�d

interconnect membrane was successfully prepared on the anode support of NiO-YSZ by a novel method. In this method a base layer of

La0.8Sr0.2CrO3�d was screen printed on NiO-YSZ substrate and a top layer of CaCrO4 was then coated and co-sintered at 1400 1C.

CaCrO4 not only melts and fills the open pores in the base layer, but it also dissolves in it forming La1�x�y SrxCayCrO3�d as a single

layer. The mechanism of CaCrO4 dissolution in the base layer, densification characteristics and microstructure of interconnect are

discussed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The interconnector of solid oxide fuel cells (SOFC) not
only provides the conductive path for electrical current to pass
from the anode of one cell to the cathode of the next one, but
it is also required to separate the fuel gas from the oxidant.
So, it should be dense, sufficiently conductive, and stable in
both oxidizing and reducing atmospheres [1]. Because of these
tough requirements, only few materials can be used for SOFC
interconnector. Lanthanum chromite (LaCrO3) materials
satisfy many of the requirements [2]; thus, they have been
extensively investigated [3–5]. This part of SOFC still remains
to be a main challenge holding back single fuel cells from
being compiled into stacks [1,2]. Considering that lanthanum
chromite interconnector is hard to be co-sintered with green
anode, resulting in a high cost for manufacturing, some
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investigators fabricated interconnector rather than LaCrO3

[6]. To the best of our knowledge, there are few reports on
dense doped lanthanum chromite ceramic interconnect mem-
brane on porous anode support by the potentially cost-
effective co-firing process. Wang et al. fabricated a dense
La0.7Ca0.3CrO3 interconnect thin membrane on NiO/
Sm0.2Ce0.8O2�d/La0.7Ca0.3Cr0.97O3�d anode substrates by
co-firing [7]. In a previous study [8], we prepared a dense
single layer of La1�x�ySrxCayCrO3�d by a novel bilayer
CaCrO4/La0.8Sr0.2CrO3�d interconnector via co-sintering
with green NiO-YSZ anode. In this method a base layer of
La0.8Sr0.2CrO3�d was screen printed on NiO-YSZ substrate
and a top layer of CaCrO4 was then coated and co-sintered at
1400 1C. It was found that during sintering, not only CaCrO4

melts and fills the open pores in the base layer, but it also
dissolves in that forming La1�x�ySrxCayCrO3�d as a single
layer. The La1�x�ySrxCayCrO3�d composition has been
studied by some investigators for SOFC interconnect material
due to its good electrical conductivity and stability during
cooling and heating cycles [9]. In Ca-doped lanthanum
ll rights reserved.
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chromite (LCC) some CaCrO4 existed as second phase which
exsoluted from perovskite due to poor alkaline earth solubility
below 1200 1C and during sintering the CaCrO4 was melted
and enhanced densification [10–12]. In this work, the mechan-
ism of CaCrO4 dissolution in La0.8Sr0.2CrO3 layer, based on
the mechanism of sintering of lanthanum chromite doped
with Ca or Sr is investigated.
2. Experimental procedure

La0.8Sr0.2CrO3 (LSC20) and CaCrO4 (CC) specimens
were prepared by the glycine nitrate process (GNP) [13]
which has been explained elsewhere [8]. For homogeniza-
tion, the synthesized powder was milled with zirconia balls
(10 and 5 mm diameter) at 100 rpm in ethyl alcohol for 6 h.
To remove any organic residuals, the powders were then
calcined at 500 1C for 30 min. NiO powder (99.97%,
Kojundo Chemical, Japan) and YSZ powder (TZ-8YS,
99.9%, Tosoh, Japan) were used as the starting materials
to synthesize NiO-YSZ composite as anode. Ten weight
percent of corn starch was added as a pore former for the
anode substrates. NiO and YSZ with the weight ratio of
6:4 were milled for 18 h in ethanol and dried subsequently.
The composite powders were then die-pressed (25 mm
diameter) and pre-sintered at 950 1C for 1 h. The screen
printing paste was made by mixing the powder with alpha-
terpineol, ethyl cellulose and ethylene glycol. All pastes
were 3-roll milled (EXAKT 50, Exakt, Germany) for
uniform powder distribution. In order to fabricate an
interconnect thin membrane, a base layer of
La0.8Sr0.2CrO3�d was screen printed on NiO-YSZ sub-
strate and a top layer of CaCrO4 was then coated and
co-sintered at 1400 1C for 10 h to form La1�x�y

SrxCayCrO3�d as a single layer. The screen-printing
process with mesh size screen thickness was used to change
the thickness of the laminate prior to sintering. The
thickness of base layer (LSC20) was kept constant at
30 mm while two thicknesses of 30 and 50 mm were used
Fig. 1. (a) Schematic representation of bilayer interconnect and anode bef

LSC20/CC30 and LSC20/CC50 samples, respectively.
for the top layer of CaCrO4. These two samples were
named as LSC20/CC30 and LSC20/CC50, respectively.
Phase determination in the samples was carried out by a
XRD-Rigaku diffractometer using Cu Ka radiation
(l¼1.5406 Å). Microstructures of the sintered bodies and
interconnect membranes were observed using a field emis-
sion scanning electron microscope JEOL-JSM-6330F
equipped with EDS microanalyzer. DTA analysis of the
samples were carried out at a heating rate of 10 1C/min in
a temperature range between 700 and 1200 1C using SQT-
Q600.The ohmic resistance and area specific resistance
(ASR) were measured at 800 1C in dual atmosphere [8].
The electrical measurement was performed after reduction
of NiO in anode for 5 h in 97% H2þ3% H2O gas at
800 1C. Area specific resistance (ASR) was measured by
impedance spectra. The obtained resistance was intercon-
nector resistance because anode contains Ni in its compo-
sition and its resistance is negligible.
3. Results and discussion

3.1. Doped lanthanum chromite membrane preparation

Fig. 1 shows the SEM micrographs of co-sintered
interconnector and anode for two composite layers as
LSC20/CC30 and LSC20/CC50 after sintering at 1400 1C
for 10 h. In addition the two-layer system is shown in
Fig. 1a. Both composite layers were dense and as seen the
interconnector layer with initial 30 mm CC top layer
(LSC20/CC30) is about 10 mm and quite dense despite
the presence of a few closed pores. In the case of 50 mm CC
top layer (LSC20/CC50), some liquid sank down to the
bottom and mixed with substrate which was undesirable.
Fig. 2 shows the XRD patterns of final membrane

surface of the two LSC20/CC30 and LSC20/CC50 com-
posite layers. The interconnect made of LSC20/CC30
composite layers showed pure rhombohedral perovskite
structure, indicating no other phase whilst the interconnect
ore and after sintering, (b) and (c) cross-section SEM micrographs of



Fig. 2. XRD pattern of (a) LSC20/CC30 and (b) LSC20/CC50 interconnects after sintering at 1400 1C for 10 h.
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made of LSC20/CC50 composite layers showed orthor-
hombic perovskite structure as well as some CaCrO4 as a
second phase. Actually in LSC20/CC50 composite layer
the amount of CaCrO4 was high and undesirable. So, no
further investigation was carried out on this sample. As a
sintering mechanism for doped lanthanum chromite, it can
be suggested that liquid phase forming species like CaCrO4

help sintering and densification. This species melt and
dissolve in lanthanum chromite during sintering. If the
amount is low, it disappears and no second phase can be
detected [14]. The area specific resistance (ASR) between
anode and interconnector at 800 1C was measured in dual
atmosphere [8] and LSC20/CC30 and for LSC20/CC50
samples were 0.0089 and 10 O cm2, respectively.

Ruka and Kuo [15] fabricated a dense doped lanthanum
chromite interconnect thin membrane on an electrode by
two step co-sintering. They used a two layer technique
which consisted of using doped lanthanum chromite as
base layer and a top layer such as CaOþAl2O3 or
SrOþAl2O3 and co-sintering at 1550 1C. Although they
made a dense layer of doped lanthanum chromite but the
sintering temperature was too high to be suitable for co-
sintering of different parts of solid oxide fuel cells. In
addition, they did not report the resistance between
interconnect and electrode.

3.2. Densification mechanism

As mentioned above, during heating to sintering tem-
perature, CaCrO4 melts at 1100 1C and gradually fills the
open pores in the base layer of LSC20 (La0.8Sr0.2CrO3).
The liquid phase formation was confirmed by the DTA test
(Fig. 3). As shown, the onset of melting takes place at
nearly 1100 1C and the curve displays a single step melting
process. The liquid phase surrounding the LSC20 particles
is shown schematically in Fig. 4. It has been reported [10]
that the liquid phase shows good wetting and spreading
characteristics which is desirable for optimum liquid phase
sintering.
It is known that CaCrO4 loses oxygen (Fig. 3) and forms

a solid solution with LaCrO3 [10]. The dissolution reaction
can be written as:

xCaCrO4þð1�xÞ LaCrO3-La1�xCaxCrO3þx=2O2 ð1Þ

This reaction will proceed with the diffusion of calcium
and chromium ions from liquid phase into the perovskite
phase of LSC20 during subsequent heating at high tem-
peratures. The dissolution reaction of CaCrO4 into LSC20
(La0.8Sr0.2CrO3) can be written similar to Eq. (1) as below:

xCaCrO4ðlÞþð1�xÞ La0:8Sr0:2CrO3ðsÞ

-La0:8�0:8xSr0:2�0:2xCaxCrO3ðsÞþx=2O2ðgÞ ð2Þ

This process of dissolution consequently induces a
change in the composition of the liquid phase. As a result,
the Ca/Cr ratio increases in liquid phase and a more Ca
rich liquid will form. The divergent behavior of the
CaCrO4 composition and densification may be understood
by referring to the CaO–Cr2O3 phase diagram after the
work of Kaiser et al. [16]. The change in composition of
CaCrO4, while heating depends on the kinetics of dissolu-
tion of CaCrO4 into lanthanum chromite. As heating
continues, the liquid composition changes toward CaO
and solid b-CaCr2O4 disappears leading to the formation
of a complete liquid phase.
Differential thermal analysis also indicated a deviating

behavior. Referring to Fig. 3, CaCrO4 should produce a
DTA curve with two melting peaks, one near 1022 1C, the
eutectic temperature, and the other at a higher temperature
upon complete melting of the liquid. Conversely, the DTA
curve, contains only one broad peak, beginning at 1078 1C.
Actually the reaction occurs at the interface between

LSC20 grains and liquid phase, increasing the calcium
content in LSC20 in the vicinity of interface. As the



Fig. 3. TG-DTA curve for the melting of CaCrO4.

Fig. 4. A schematic representation of CaCrO4 liquid surrounding the

LSC20 particle.
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temperature is increased, the Ca solubility also increases
and Ca, Cr and O dissolve in the perovskite matrix.

By the reaction between LSC20 grains and liquid phase,
Ca and Cr ions and liberated oxygen can move easily
through the liquid phase at grain boundaries and the rapid
grain growth and pore elemination may occur, which are
characteristics of a liquid phase assisted sintering mechan-
ism. The diffusion coefficients of different species are high
enough either in grain boundray or bulk [17] to ensure
homogenization after 10 h sintering at 1400 1C. It is confirmed
by Fig. 2, where XRD pattern of LSC20/CC30 interconnect
after sintering at 1400 1C for 10 h shows pure rhombohedral
perovskite structure, indicating no other phase.

Fig. 5 shows the XRD pattern for reaction products at
the surface of anode after removing interconnect layer for
the LSC20/CC30 bilayer sample. No diffraction peaks of
secondary phases were detected for LSC20/CC30 sample
and only peaks of NiO and YSZ were identified. So for the
interconnect made of LSC20/CC30 bilayer sample, the
amount of liquid phase has been enough leading to no
second phase formation. In addition, LSC20 powder was
prepared by glycine nitrate process (GNP) and had a high
specific surface (22 m2 g�1). This high surface area of the
base layer causes high surface contact between liquid phase
and LSC20 grains and the kinetics of dissolution is
enhanced. In contrast, XRD pattern of the interconnect
layer made of LSC20/CC50 bilayer sample shows CaCrO4

other than perovskite structure in the diffraction pattern
(Fig. 2b) because of high thickness of CaCrO4 top layer.
Fig. 6 shows the XRD pattern for reaction products at the
surface of anode after removing interconnect layer for the
LSC20/CC50 bilayer sample. As seen, some CaZrO3 and
CaCr2O4 as secondary phases are observed at the surface
of anode in contact with interconnect layer. In fact, in
LSC20/CC50 bilayer sample some CaCrO4 melt reached
the anode surface and reacted with YSZ as reported by
Carter et.al. [18].
4. Conclusions

The main results obtained from this research work can
be concluded as follows:
1.
 Densification mechanism for co-sintering of doped
lanthanum chromite interconnects on Ni-YSZ anode
substrate for SOFC application was investigated.
Two layers of La1�xSrxCrO3�d and CaCrO4 (as top
layer) were applied on NiO-YSZ substrate and then
co-sintered. So, a dense La1�xSrxCayCrO3 layer was
fabricated.



Fig. 5. XRD pattern of the anode surface after removing interconnect layer for LSC20/CC30 sample.

Fig. 6. XRD pattern of the anode surface after removing interconnect layer for LSC20/CC50 sample.
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2.
 LSC20/CC30 bilayer combined well together where the
same thickness was used and sintered at 1400 1C for
10 h.
3.
 CaCrO4 not only melts during sintering and fills the
open pores in the base layer, but it also dissolves in the
base layer. The liquid phase surrounds the base layer
grains and the dissolution reaction between LSC20
grains and liquid phase occurs. Ca and Cr ions and
liberated oxygen can move easily through the liquid
phase at grain boundaries and the rapid grain growth
and pore elimination occur, which are characteristics of
a liquid phase assisted sintering mechanism.
4.
 Interconnect made of LSC20/CC30 bilayer sample, after
sintering at 1400 1C for 10 h had pure rhombohedral
perovskite structure. In this case, almost all CaCrO4
phase dissolved in LSC20 base layer and no second
phase was detected at anode surface, indicating that the
amount of liquid phase was enough.
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