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Perovskite-type LaggCag2CrOs complex oxides were synthesized by a com-
bustion method. Microstructural evolution, electrical properties, and thermal
expansion behavior of the ceramics were investigated in the sintering tem-
perature range of 1250°C to 1450°C. It was found that the electrical conduc-
tivity (o,) remarkably improved with increasing sintering temperature from
1250°C to 1400°C, ascribed to the development of microstructural densifica-
tion, whereas it declined slightly above 1400°C due to generation of excessive
liquid. The specimen sintered at 1400°C had a maximum conductivity of
31.6 Scm ™! at 800°C, and lowest activation energy of 0.148 eV. The
improvement of the thermal expansion coefficient (TEC) with increasing sin-
tering temperature was monotonic as a result of the microstructural densifi-
cation of the materials. The TEC of Lag 3CagoCrO3 sintered at 1400°C was
about 10.5 x 1076 K1, being consistent with other components as high-tem-
perature conductors. With respect to microstructure, electrical properties, and
thermal expansion, the preferable sintering temperature was ascertained to
be about 1400°C, which is much lower than for the traditional solid-state
reaction method.
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INTRODUCTION

Perovskite-type complex oxides of doped lantha-
num chromites are attracting increasing attention as
high-temperature conductors because of their supe-
rior electronic conductivity and excellent chemical
stability in both oxidizing and reducing atmospheres.
These preeminent characteristics make them prom-
ising candidate materials for many important appli-
cations, such as interconnectors for solid-oxide fuel
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cells (SOFC), heating elements for high-temperature
furnaces, and current-collecting electrodes in mag-
netohydrodynamics (MHD)."™ However, their
applications are limited by poor sinterability, due to
appreciable volatilization loss of chromium oxide at
high temperatures in oxidizing atmosphere.® There-
fore, a considerable amount of research effort has
been applied to improving the sinterability of doped
lanthanum chromites, and it was found that alkaline-
earth doping, especially Ca doping, provided rea-
sonably optimum properties.®™®

The combustion method, as a wet chemical meth-
od, is accompanied by the release of a relatively large

939



940

amount of heat and gases, which facilitates rapid
formation of unagglomerated, highly reactive pow-
ders and can enhance the sinterability of doped
lanthanum chromites.”'® In this work, we synthe-
sized LaggCapoCrO; powders by a combustion
method using metal nitrates as oxidizers and glycine
as fuel, and the resulting powders were pressed and
sintered to create dense ceramics. The effects of
sintering temperature on microstructure, electrical
properties, and thermal expansion of the ceramics
were investigated. The objective of this work is to
identify the optimum sintering temperature to
achieve a phase-pure fully densified ceramic.

EXPERIMENTAL PROCEDURES

Lag sCag oCrO3 powders were synthesized by a
combustion method. Reagent-grade La(NO3)3-6H50,
Ca(NOj3)94H50, Cr(NO3)39H50, and glycine were
used as starting materials. The nitrates were
weighed according to the nominal composition
Lag gCag oCrOs, then dissolved into deionized water
in a beaker. A designed amount of glycine was
added, with a molar ratio of glycine to total metal
cation of 2:1. The mixture was heated and concen-
trated up to combustion to form the primary pow-
ders. The primary powders were pulverized and
calcined at 600°C for 1 h. Good perovskite structure,
in association with a tiny amount of CaCrO4 as a
temporary phase enhancing sintering,''™'* was
identified for the calcined powder by x-ray diffrac-
tion (XRD, Rigaku D/MAX-RB x-ray diffractome-
ter). Scanning electron microscopy (SEM, Jeol JMS-
5610LV) analysis showed that the powders consisted
of homogeneous particles with a main size distribution
of ~100 nm. The fine powders were uniaxially pressed
into rectangular bars (30 mm x 4 mm x 4 mm) and
disks (®13 mm x 2 mm), followed by sintering at
1250°C to 1450°C for 4 h in air.

Relative densities of the sintered specimens were
determined from the apparent density values mea-
sured by the Archimedes method and the theoretical
density calculated from the lattice parameter of the
solid solution. After etching in diluted hybrid acids,
fractured cross-sections of sintered specimens were
investigated by SEM. The ceramic specimens were
polished to ensure surface flatness. The rectangular
specimens were painted with platinum paste for
measurement of electrical conductivity. The elec-
trical conductivity was then measured at 25°C to
800°C by a direct-current (dc) four-terminal method
in air. Thermal expansion measurements were
conducted using a dilatometer (NETZSCH DIL
402C) at a heating rate of 5°C min ' from room
temperature to 800°C in air.

RESULTS AND DISCUSSION

Figure 1 shows the linear shrinkage and relative
density of LaggCag2CrO; sintered at various tem-
peratures for 4 h in air. The disk specimens were

Guo, Wang, Li, Jiao, and Gao

made from powders synthesized by the combustion
method. The linear shrinkage of the specimens
increased gradually from 14.3% to 16.3% with the
sintering temperature in the range from 1250°C to
1400°C. When the sintering temperature was
increased further, the shrinkage exhibited almost
no change, implying that the Lag gCag 2CrO3 speci-
mens became sufficiently close-grained at 1400°C.

The relative density was tested to assess the
density achieved by sintering the disks. As observed
in Fig. 1, there was a considerable increase of rela-
tive density from 78.2% to 96.5% with elevation of
the sintering temperature from 1250°C to 1450°C. It
can be seen that this increase mostly happened in
the sintering temperature range from 1250°C to
1400°C. When sintered at temperature of 1400°C,
the relative density already reached 94.9%, an
adequate value. After 1400°C, the relative densities
of the specimens tended to plateau. This is consis-
tent with the linear shrinkage results.

Figure 2 shows SEM micrographs of fracture
surfaces of LaggCagoCrOs sintered at different
temperatures for 4 h in air. The specimens were
prepared by the combustion method. A porous
microstructure with small grain size was observed
in the specimen sintered at 1300°C. Increase of the
sintering temperature significantly promoted grain
growth and microstructural densification. Com-
pared with the microstructure at 1300°C and
1350°C, there was obvious grain growth and density
increase in the specimens sintered at 1400°C and
1450°C, respectively.

The increases of the relative density and linear
shrinkage reflect the microstructural evolution. The
above results indicate that an adequate sintering
temperature for LaggCagoCrOs ceramic was about
1400°C. It is well known that the chromium com-
ponent, in the form of chromium oxides, can vola-
tilize and deposit on the particle surface, without
particle contact and growth, when sintered at high
temperatures in air. This leads to a sintering
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Fig. 1. Relative density of Lay gCag 2CrO3 ceramics sintered at var-
ious temperatures.
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Fig. 3. Electrical conductivity (os) of LaggCagoCrOs ceramics
sintered at different temperatures as a function of measuring
temperature.
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Fig. 4. Plots of In(a,T) versus 1000/T for Lag gCap oCrO3 ceramics
sintered at different temperatures.

mechanism with neck growth but no densification
for lanthanum chromite.'®>"!® However, in the pres-
ent work, we believe that the highly reactive fine
powders promoted mass transport at a lower tem-
perature, avoiding chromium loss. Thus, highly
dense material could be achieved at sintering tem-
perature as low as 1400°C. Therefore, the combus-
tion method can effectively enhance the sinterability
of the material and decrease the sintering tempera-
ture required to obtain dense lanthanum chromite.

Figure 3 shows the electrical conductivity o, of
Lag sCap oCrO;3 ceramics as a function of measuring
temperature. The specimens were prepared by the
combustion method and sintered at different tem-
peratures for 4 h in air. With increase of the sin-
tering temperature from 1250°C to 1400°C, the
electrical conductivities of the different sintered
specimens improved remarkably. Further increase
of the sintering temperature above 1400°C
decreased the electrical conductivity slightly. The
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specimen sintered at 1400°C had maximum con-
ductivity of 31.6 S cm ' at 800°C, approximating
results (~30 S em ') in the literature.'® Together
with the microstructure, this can possibly be as-
cribed to two factors: the development of densifica-
tion, and the generation of liquid. Elevation of
the density promotes electronic conduction, but
excessive liquid with abnormally large grains
blocks transport of electronic carriers at too high a
temperature.

In addition, it is worth noting that the electrical
conductivities of the specimens sintered in the
range of 1250°C to 1350°C displayed an uneven
change with increasing measuring temperature,
with a sharp rise of electrical conductivity between
300°C and 400°C. This might be attributable to a
porous microstructure with small grain size, which
prevented carrier transfer below 300°C, while above
400°C a lower activation energy was gained in vir-
tue of lattice vibrations. Accordingly, the results are
also presented in Fig. 4 as plots of log ¢.T versus
1000/T for the specimens (where T is the absolute
temperature). The plots of the specimens sintered at
1250°C to 1350°C consist of two line segments,
whereas the plots above 1400°C are nearly single
lines.

Both the single line and the plots with two line
segments suggest that small polaron hopping is the
predominant mechanism for electronic conduction,
as expressed by the following equation:'%!718

6o = (C/T) exp(~Eq/kT),

where C is a material constant containing the car-
rier concentration term, E, is the activation energy
for small polaron hopping, and % is the Boltzmann
constant. According to Fig. 4, E, was calculated
from linear fits to the plots over the different tem-
perature ranges and is presented in Table I. It can
be seen that, in the sintering temperature range of
1250°C to 1450°C, the E, of Lay sCag oCrOg5 sintered
at 1400°C reached its lowest value of 0.148 eV.

Figure 5 shows the thermal expansion behavior of
Lag sCag 2CrO3 ceramics sintered at different tem-
peratures for 4 h in air. The specimens were pre-
pared by the combustion method. It was found that
the relative expansion (AL/L) of the diverse speci-
mens evidently improved with increasing sintering
temperature up to 1400°C, albeit with a slight
change after 1400°C. The variation of the thermal
expansion behavior with increasing sintering tem-
perature is consistent with the relative density
results due to the development of microstructure
and densification. Besides, a kink appears in the
relative expansion plots between 300°C and 450°C,
probably due to the orthorhombic-to-rhombohedral
phase transition.'®?

The thermal expansion coefficient (TEC) of Lag g
CagoCrO; was measured for different sintering
temperatures and is presented in Table II. As is
well known, high-temperature conductors, such as
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Table IE, of LaggCag-CrO; ceramics sintered at
different temperatures

Sintering

Temperature (°C) 1250 1300 1350 1400 1450

E, (eV) 0.171* 0.168* 0.169* 0.148 0.157

0.167° 0.155° 0.155°

*Low-temperature region (25°C to 300°C)’High-temperature
region (400°C to 800°C).
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Fig. 5. Thermal expansion behavior of LaggCag>CrOs; ceramics
sintered at different temperatures.

Table II. Thermal expansion coefficient of
LaygCagsCrO; ceramics sintered at different
temperatures

T (°C) 1300 1350 1400 1450
a (1078 K1 8.5% 8.62 8.82 8.9%
9.7° 10.2° 10.5° 10.7°

aLow-temperature region (25°C to 300°C)’High-temperature
region (450°C to 800°C).

interconnects and electrodes, operate at high tem-
peratures and should endure thermal cycling from
room temperature to the operating temperature.
Therefore, they have to be thermally compatible
with other components to minimize thermal stresses.
The TEC of Lao.gCaO 1201‘03 sintered at 1400°C was
about 10.5 x 107 K™ in the temperature range from
30°C to 800°C in air, being accordant with that of
other high-temperature components, such as yttria-
stabilized zirconia electrolyte (~10.5 x 107¢ K~1) for
use in SOFCs.

It is notable that the microstructural evolution
with sintering temperature corresponds well to the
variation of the electrical conductivity and TEC
of Lag gCagoCrOs ceramic. Based on the presented
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results, it was ascertained that the ceramic could be
densely sintered at 1400°C. In contrast, ceramic
samples made by the solid-state reaction method
require a much higher sintering temperature (above
1550°C) to obtain the same level of compaction.?’
Apparently, the combustion method could effec-
tively decrease the sintering temperature of Lagg
CaO'QCI'Og.

CONCLUSIONS

The combustion method was confirmed to be an
advantageous process for synthesis of perovskite-
type Lag gCag 2CrO3 complex oxides. With respect to
microstructure, electrical properties, and thermal
expansion, the preferable sintering temperature of
the ceramic specimens prepared by the combustion
method was ascertained to be about 1400°C, which
is much lower than for the traditional solid-state
reaction method. This makes the combustion
method attractive for industrial manufacturing of
ceramic components from lanthanum chromites.
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