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Abstract

The densi®cation, microstructure and phase evolution of near stoichiometric, Co-excess and Co-de®cient perovskite
La1ÿxMxCoO3ÿ� (M=Ca, Sr; x=0, 0.2) powders have been investigated by electron microscopy and powder X-ray di�raction.

Sub-micron powders were prepared from nitrate precursors using the glycin-nitrate and the EDTA methods. The sintering tem-
perature was observed to decrease with Ca or Sr substitution. Dense materials with grain size in the order of 3±5 mm have been
obtained at 1200�C for near stoichiometric powders. Considerable grain growth was observed at higher sintering temperatures. The
presence of other crystalline phases in addition to the perovskite due to Co-excess/-de®ciency considerably a�ects the micro-

structure and acts as grain growth inhibitors by grain boundary pinning. The volume fraction of secondary phases is particularly
large in the case of Co-de®cient LaCoO3 due to the formation of La4Co3O10. In non-stoichiometric La0.8Ca0.2CoO3, a liquid phase
consisting mainly of CaO and CoO was observed at 1400�C causing exaggerated grain growth. Considerable pore coarsening was

observed in Co-excess La0.8Ca0.2CoO3 at 1350�C. The present investigation demonstrates the importance of controlling the stoi-
chiometry of LaCoO3 based ceramics in order to obtain dense materials with well de®ned microstructure. # 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Mixed ionic and electronic conducting perovskites
La1-xMxCoO3-� (M=Ca, Sr) have potential application
as materials for oxygen permeable membranes, electro-
des, oxidation catalysts and oxygen sensors.1±6 In order
to achieve the functional properties required for an
oxygen permeable membrane, dense materials with well
de®ned microstructure is desired. In most cases the pre-
sence of secondary phases will decline the functional
properties of the membrane, and therefore single phase
materials are preferred. The mechanical properties
might also be critical if oxygen is produced by applying
a pressure gradient over the membrane or if thin mem-
branes are desired in order to achieve su�cient oxygen
¯ux. The purpose of this study was to investigate the
sintering behaviour of LaCoO3 based ceramics. The
e�ect of substitution and cation stoichiometry on the
sintering properties has been investigated in the tem-
perature interval 1050±1450�C.

Sintering of LaCoO3 based ceramics has not been
investigated thoroughly. Koc et al.7 investigated the
sintering behaviour of La1-xCaxCrl-yCoyO3, and they
obtained a maximum density of 95% of theoretical
density for both LaCoO3 and La0.7Ca0.3CoO3.
Decreased sintering temperature by substitution of Ca
was reported. Denos et al.8 investigated the relationship
between green and ®red densities for LaCoO3 and
La0.5Sr0.5CoO3. Higher densities were reported for
LaCoO3 than for the strontium substituted LaCoO3.
Phase equilibrium in the La±Co±O system in the

temperature interval 800±1200�C has been studied by
several authors.9±13 Stable ternary oxides observed in
the system are LaCoO3, La2CoO4 and La4Co3O10.
LaCoO3 decomposes to CoO and La4Co3O10 at low
oxygen partial pressures. There are con¯icting reports
on the solid solution of La2O3 or CoO in LaCoO3.
Morin et al.14 report the presence of secondary phases
at more than 0.3% deviation from the A/B ratio in the
ideal perovskite (ABO3). SeppaÈ nen et al.12 claim a sta-
bility range for LaCoO3-@ within �1%. Munakata et
al.15 have however reported preparation of single phase
La0.9CoO3. Since a small tolerance in A/B ratio is
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reported in most cases, secondary phases might be di�-
cult to avoid in the preparation of LaCoO3 based cera-
mics. In this paper the cation stoichiometry has been
varied between Co-excess and Co-de®ciency in order to
investigate the e�ect of secondary phases on the sintering
behaviour.

2. Experimental

Pure LaCoO3 and Sr or Ca substituted LaCoO3

powders, La1-xMxCoO3-@ (M=Ca, Sr; x=0, 0.2), were
prepared by the glycine nitrate method (G/N) described
by Chick et al.16 and the EDTA-method described here.
Samples prepared from the two methods are termed G/
N-samples and EDTA-samples, respectively. In addition
to the near stoichiometric powders, 5 mol% Co-excess
and 10 mol% Co-de®cient powders were prepared. For
convenience, in the following the compositions
La0.8Ca0.2CoO3 and La0.8Sr0.2CoO3 are termed 20%Ca
and 20%Sr, respectively.
Approximately 1 M solutions of the nitrate salts were

used and the concentration of the solutions was measured
by an Atom Scan 16 1CP-AES Spectrometer (ICP)
(Thermo Jarrell Ash Corp.). In case of the G/N-method
approximately 25 ml of the glycine-nitrate solution was
transferred to a quartz container and then heated on a
hot plate until ignition. The EDTA-powders were pre-
pared by mixing either 1 M nitrate solutions or weighted
amounts of nitrate salts, EDTA and water to a total
volume of about 400 ml. The stoichiometry of the
nitrate salts was determined by thermogravimetrical
analysis. pH was adjusted to 9±10 with NH4OH solu-
tion to prevent precipitation. The solution was trans-
ferred to a beaker on a hot plate, and heated at 80�C
until gel formation. The gel was dried in air at 200±
240�C for 24 h, and organic residue was burnt o� at
600�C for 24 h.
The powders were ball milled (Si3N4-balls) for 4 h in

100% ethanol. The milled powders were further cal-
cined at 900±1000�C for 8±72 h in ¯owing synthetic air
and further ball milled for 24 h. Powder pellets (0.7 g)
were uniaxially pressed (double action) at 230 MPa for
GLN-powders and 70±100 MPa for EDTA-powders.
The relative green density obtained was 50±55% of
theoretical density.
The chemical composition of the powders was mea-

sured by ICP and is given in Table 1. X-ray powder
di�raction (XRD) of powders and crushed sintered
samples was performed on a Siemens D5005 dif-
fractometer (CuKa radiation and a secondary mono-
chromator) in the 2� range 20±65� with step 0.040� and
step time 9.0 s. Cell parameters and crystallographic
densities were calculated using the programs Pro®le,
WinIndex andMetric. Si (20 wt%) was added the powders
as an internal standard.

The surface area of the powders was measured by the
BET method (ASAP 2000, Micromeritics). The surface
area of the G/N-powders was in the range 1.6±2.2 m2/g,
and the corresponding calculated particle size is 0.4±0.5
mm assuming spherical particles. SEM analysis shows a
particle size below 2 mm, where 20%Ca has slighty larger
particles than the two other compositions. The particle
size for the EDTA-powders was below 1 mm determined
by SEM. Surface areas were 2.9±5.0 m2/g, and the esti-
mated particle size assuming spherical particles was 0.2±
0.3 mm.
The uniaxially pressed pellets were sintered in air at

1050±1450�C for 2±96 h. The samples were heated at
300 K/h up to the maximum temperature and cooled
down to 400�C at 1000 K/h.
Dilatometry (Netch Dilatometer 42OE) was per-

formed on uniaxially pressed pellets (115 MPa). The
green dimensions of the pellets were 1.0 cm diameter
and height 0.7 cm. The dilatometry was performed in
ambient air at a heating rate of 120 K/h.
Fractured, polished and etched cross-sections of sin-

tered pellets were investigated by SEM (Zeiss DSM 940)
and Energy Dispersive Spectroscopy (EDS) (Noran
Instruments, Tracor Series 11). The polished surfaces
were prepared by grinding with SiC-papers followed by
polishing with diamond particles down to 1 mm. In
order to visualize the grain boundaries, the polished
samples were either etched in 6 M HCl for 1±4 min or
thermally etched at 1050�C for 10 min. An estimate for
the grain size was obtained by measuring the maximum
2-dimensional diameter of 20±50 grains on SEM ima-
ges, and the mean values were reported as average
grain size.

Table 1

Cation stoichiometry (�2%) relative to Co of the di�erent powders

Sample composition La Sr Ca Co

EDTA-samples

Stoichiometric

LaCoO3 1.02 1.00

20%Sr 0.80 0.204 1.00

20%Ca 0.80 0.213 1.00

Co-de®cient

LaCoO3 1.12 1.00

20%Sr 0.88 0.223 1.00

20%Ca 0.87 0.205 1.00

Co-excess

LaCoO3 0.95 1.00

G/N-samples

Stoichiometric

LaCoO3 1.01 1.00

20%Sr 0.79 0.198 1.00

20%Ca 0.80 0.207 1.00
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The density of G/N-samples was calculated from the
weight and geometric volume of the sintered pellets
while the density of EDTA-samples was measured by
the ``Archimedes'' method in iso-propanol.

3. Results and discussion

3.1. Phase composition

Phases observed in addition to the perovskite phase in
calcined powders and sintered ceramics are given in
Table 2.

3.1.1. LaCoO3

The phase compositions of near stoichiometric and
non-stoichiometric LaCoO3 powders were in accord
with the equilibrium phase diagram of the La±Co±O
system.12 Co3O4 and La(OH)3 were observed in,
respectively, Co-excess and Co-de®cient powders. Due
to the high reactivity with moisture La(OH)3 was prob-
ably formed from La2O3 during cooling or at ambient
temperature. La2O3 in Co-de®cient LaCoO3 sintered at
1350�C is also clearly evident as lighter grains in Fig. 1a.
At Co-de®ciency the phase composition during sinter-

ing was observed to change due to the redox-reaction:

1=2 La2O3 s� � � 3 LaCoO3 s� �

� La4Co3O10 s� � � 1=4 O2 g� � �1�

At 1450�C close to one third of the Co-de®cient sample
consists of rod-shaped grains of La4Co3O10 as shown in
Fig. 1b. However, equilibrium has not been reached and
minor amounts of La2O3 are still present even after 2 h at
1450�C. 10 mol% Co-de®ciency corresponds to 34 vol%
La4Co3O10 which is in good agreement with the obser-
vation. The coexistence of La4Co3O10 and LaCoO3 in
air at 1450�C is in agreement with an extrapolation of
the phase diagram reported by Petrov et al.13 and Sep-
paÈ nen et al.12

In Co-excess LaCoO3, Co3O4 was observed to
decompose to CoO during sintering above 900�C in
accordance with the Co±O phase diagram.17 CoO was
observed to oxidize in the powders during cooling to
room temperature, but oxidation during cooling did not
take place in dense LaCoO3 ceramics.

3.1.2. 20%Sr

The phase composition of the calcined near stoichio-
metric and Co-de®cient 20%Sr powders are also included
in Table 2. The near stoichiometric powders contained
only the perovskite phase according to the XRD analysis.
At Co-de®ciency minor amounts of (La,Sr)2CoO4 was
observed in addition to the perovskite. The chemical
composition of the K2NiF4 type phase was (La0.6Sr0.4)2
CoO4 according to the EDS analysis of sintered bodies.
Hence, the Sr content in the LaCoO3 phase is probably
lower than 20 mol%. Pure La2CoO4 is not stable in
air,12 but the substitution of La by Sr probably results in
replacement of Co(II) by Co(III), and the K2NiF4-type
phase is therefore stabilized in air. The phase composition

Table 2

Phases observed in addition to the main perovskite phase in the calcined powders and sintered samples

Sample composition Phases observeda,b

Calcined powder

900±1000�C
1200�C 1350�C 1400�C 1450�C

EDTA-samples

Stoichiometric

LaCoO3 (none) (La2O3, La±Si±O) (La2O3, La±Si±O) ± ±

20%Sr (none) (Sr±s) (Sr±S) ± ±

20%Ca (none) (CoO) (CoO) ± ±

Co-de®cient

LaCoO3 La(OH)3 La2O3 La2O3 ± La4Co3O10, La2O3

20%Sr (La,Sr)2CoO4 (La,Sr)2CoO4 (La,Sr)2CoO4 ± (La,Sr)2CoO4

20%Ca (Ca3Co2O6) CaO (La,Ca)2CoO4 (La,Ca)2CoO4, `liq. Ca±Co±O' ±

Co-excess

LaCoO3 Co3O4 CoO, La±Si±O CoO, La±Si±O ± ±

G/N-samples

Stoichiometric

LaCoO3 (none) (CoO, La±Si±O) (CoO, La±Si±O) ± ±

20%Sr (none) (CoO) (CoO) ± ±

20%Ca (Co3O4) (CoO) (CoO, `liq. Ca±Co±O') ± ±

a Minor secondary phases are given in brackets.
b Phases written in italics are identi®ed by EDS, and others are identi®ed by XRD.
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of Co-de®cient 20%Sr (Table 2) is not signi®cantly
altered during sintering of the calcined powders. CoO
was observed in sintered 20%Sr G/N-samples indicating
that this material is Co-excess relative to the perovskite
stoichiometry.

3.1.3. 20%Ca

The Co-de®cient 20%Ca powder contained the phase
Ca3Co2O6 in addition to the perovskite after calcination
(Table 2). The Ca-content in the perovskite phase is
lower than 20 mol% according to the chemical analysis
and the presence of Ca3Co2O6. The phase composition
of Co-de®cient 20%Ca was observed to change with
increasing sintering temperature. After sintering at

1200�C, CaO with some solid solution of CoO was
observed in addition to the major perovskite phase. This
is probably due to the phase equilibrium:

yCa3Co2O6 s� � � LaCoO3 s� � � yCaO s� �

� LaCa2yCo1�2yO3�5y s� �
�2�

Only Co(III) is assumed in perovskite, and the initial
content of Ca in LaCoO3 and solid solution of CoO in
CaO18 are neglected here. The driving force of reaction
(Eq. 2) is probably the decomposition of Ca3Co2O6,
reported at 1026�C in air.18 A new phase with composi-
tion (La0.6Ca0.4)2CoO4 (Table 2) with unknown structure

Fig. 1. SEM images of polished surfaces or fracture surface of Co-de®cient samples sintered for 2 h. (a) LaCoO3 at 1350
�C, (b) LaCoO3 at 1450

�C,
(c) 20%Ca at 1350�C and (d) 20%Ca at 1400�C.
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was observed after sintering at 1350�C, shown in Fig.
1(c). The observed XRD pattern cannot be interpreted
to any known phase. However, the chemical composi-
tion found by EDS indicates that the phase is of K2NiF4

type. The chemical reaction taking place during heating
to 1350�C is proposed to be

CaO s� � � LaCoO3 s� � � LaCaCoO4 s� � �3�

Here, the solid solution of CoO in CaO and the Ca-
content in LaCoO3 are neglected. The change in the
phase composition is probably due to a reduction of the
mean valance state of Co with increasing temperature,
which is neglected in reaction (Eq. 3).
A liquid phase has probably been formed in Co-de®-

cient 20%Ca during sintering at 1400�C as shown in
Fig. 1(d). The only relevant stable liquid reported in the
literature is the eutectic at 1350�C and 65 mol% CoO in
the pseudo binary phase diagram CaO-CoO.18 A melt
with approximate composition Co0.65Ca0.35O is there-
fore proposed formed by a reaction between the per-
ovskite and the K2NiF4-type phase. This is a reasonable
explanation of the observed liquid phase in the sintered
Co-de®cient 20%Ca sample at 1400�C [see Fig. 1(d)].
In the Co-excess 20%Ca G/N-sample CoO was

observed at 1200�C (see Table 2) and a liquid phase was
observed after sintering at 1350�C. The precursor for
the liquid phase is probably CoO(ss), which melts
incongruently at a temperature near 1350�C depending
on the Ca content.18 The formation of a melt with
approximate composition Co0.65Ca0.35O

18 would result
in evolution of oxygen gas due to the reduction of the
valance state of cobalt. This may explain the formation
of the large pores observed after sintering at 1350�C.

Impurities of sulfur and silicon were observed in some
of the sintered samples (Table 2). Sulfur originates from
the EDTA used in the preparation of the powders. Sili-
con was mostly observed in pure LaCoO3 and in larger
amounts in the Co-excess composition.
The composition of the silicon containing phase mea-

sured by EDS was La3.7Si2.4Co1.0Ox, but the observed
XRD pattern could not be interpreted to any known
phase. The silicon is most probably pollution from the
mullite-tube in the furnace used during calcination of
the powders. A reducing atmosphere may occur during
calcination due to residual carbon from the synthesis,
and this will result in formation of SiO(g) which may
react with the perovskite powders.

3.2. Densi®cation behaviour

Linear shrinkage and di�erential linear shrinkage
during sintering at a constant heating rate of the three
near stoichiometric G/N-samples are shown in Fig. 2.
The densities after sintering were 79.4, 99.7 and 89.5%
for LaCoO3, 20%Sr and 20%Ca, respectively. LaCoO3

sinters in a broader temperature interval than the Ca/Sr-
substituted LaCoO3. LaCoO3 has only a single broad
shrinkage event, while two sintering mechanisms are
evident for the two other compositions (Fig. 2). The
event observed at about 900�C for 20%Sr might be due
to a solid state phase transition, while the second event
observed at 1300±1350�C for 20%Ca is probably due to
formation of the liquid CoO±CaO phase leading to
liquid phase sintering.
The densi®cation of LaCoO3 based ceramics is shifted

to lower temperatures when LaCoO3 is substituted by
Sr or Ca. It is unlikely that di�usion of oxygen is rate

Fig. 2. (a) Linear shrinkage and (b) di�erential linear shrinkage during sintering of near stoichiometric G/N-powders; LaCoO3, 20%Ca and 20%Sr.

The heating rate is 120 K/h.
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limiting during sintering since the materials are oxygen
conductors even though the oxygen vacancy concentra-
tion increases with Ca/Sr-substitution. It is more prob-
able that di�usion of the large A-cations are rate
determining. By substitution of Sr and Ca the symmetry
changes from hexagonal towards a more cubic structure

shown by the decreasing rhombohedral angle (Rhom-
bohedral angles obtained from the X-ray di�raction
patterns are 60.79�, 60.55� and 60.68� for LaCoO3,
20%Sr and 20%Ca, respectively). One could speculate
that di�usion of cations increases with increasing sym-
metry since the average coordination number of the
A-cations is highest in the cubic perovskite structure.
The densi®cation of the G/N-powders was further

investigated at isothermal conditions at 1050, 1200 and
1350�C based on the results in Fig. 2. Densi®cation of
EDTA-powders was investigated in the temperature
interval 1200±1450�C. The density as a function of
temperature for near stoichiometric, Co-excess and Co-
de®cient EDTA-samples is given in Fig. 3. The corre-
sponding density of G/N-samples is given in Fig. 4. The
crystallographic densities for stoichiometric samples,
indicated by broken lines, were calculated from lattice
parameters re®ned from XRD patterns of stoichio-
metric samples sintered at 1200�C.
Near 100% of theoretical density was obtained for near

stoichiometric LaCoO3 after sintering at 1350�C (Fig. 3),
while lower densities are obtained for the non-stoichio-
metric samples. The theoretical density of the Co-de®cient
material is lower due to the lower low crystallographic
density of the secondary phases La2O3 and La4Co3O10.
The evolution of O2(g) in Eq. (1) does not lead to
increased porosity, probably due to slow reaction or
due to enhanced grain boundary di�usion of oxygen. At
Co-excess a higher porosity is observed. The presence of
CoO inhibits sintering of the material. The melting point
for CoO is considerably higher than for LaCoO3, and the
sintering temperature will be higher for the two-phase mix-
ture than for single phase LaCoO3. The corresponding
explanation holds for Co-de®cient LaCoO3 at 1200�C
where La2O3 is present. The LaCoO3 G/N sample also

Fig. 3. Density after 2 h sintering at di�erent temperatures for near

stoichiometric (®lled symbols), Co-de®cient (open symbols) and Co-

excess (crossed symbols) LaCoO3, 20%Ca and 20%Sr. The powders

were prepared by the EDTA-method. Crystallographic density is

indicated by broken lines (LaCoO3>20%Sr>20%Ca). Crystal-

lographic density was calculated from the hexagonal unit cell para-

meters a and c (AÊ ) (LaCoO3: 5.444 and 13.097, 20%Sr: 5.448 and

13.179 and 20%Ca: 5.432 and 13.101).

Fig. 4. Density after 2 h sintering at di�erent temperatures for

LaCoO3, 20%Ca and 20%Sr. The powders were prepared by the G/

N-method. Crystallographic densities are indicated by broken lines

(LaCoO3)>20%Sr>20%Ca).

190 K. Kleveland et al. / Journal of the European Ceramic Society 20 (2000) 185±193



obtains a lower density than the near stoichiometric
EDTA-sample. This is either due to a small Co-excess
or larger initial particle size in the G/N-powder.
Both near stoichiometric and Co-de®cient 20%Sr

obtain high density in the whole temperature interval
1200±1450�C as can be seen from Figs. 3 and 4. The G/
N-sample has slightly lower density, which is due to the
small Co-excess or larger initial particle size.
Near stoichiometric and Co-de®cient 20%Ca samples

are nearly 100% dense after sintering at 1200�C, but the
density slightly decreases with increasing sintering tem-
perature (Fig. 3). The G/N-sample shows a more dis-
tinct trend (Fig. 4), and obtains a high porosity after

sintering at 1350�C as shown in Fig. 5. The di�erence in
porosity might be due to Co-excess indicated by the pre-
sence of Co3O4 in the calcined G/N powder. A reduction
of cobalt takes place during the formation of the CaO±
CoO eutectic melt and O2(g) is formed. The evolution of
the gas after pore closure might explain the high porosity
observed at 1350�C. Evolution of gas due to volatile con-
taminates cannot be excluded as an alternative explana-
tion of the high porosity.

Fig. 5. Fracture surface of 20%Ca ceramic sintered at 1350�C for 2 h.

The powder used was prepared by the G/N-method.

Fig. 6. Density after isothermal sintering for 2±96 h at 1200�C for

near stoichiometric LaCoO3, 20%Ca and 20%Sr. Powders were pre-

pared by the EDTA-method. Crystallographic densities are indicated

by broken lines (LaCoO3>20%Sr>20%Ca).

Fig. 7. Average grain size after sintering for 2 h at 1200±1450�C for

near stoichiometric (®lled symbols), Co-de®cient (open symbols) and

Co-excess (crossed symbols) LaCoO3, 20%Ca and 20%Sr. Powders

were prepared by the EDTA-method.
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Prolonged isothermal sintering at 1200�C for near
stoichiometric materials increase the density for
LaCoO3 as shown in Fig. 6. 20%Sr and 20%Ca are
already dense after 2 h.

3.3. Microstructure

The average grain size for EDTA-samples after sin-
tering for 2 h in the temperature range 1200±1450�C is
presented in Fig. 7. A larger extent of grain growth
above 1200�C is observed in the substituted materials
compared to LaCoO3.
Smaller average grain size is observed in Co-excess

and Co-de®cient LaCoO3 compared to near stoichio-
metric samples. The smaller grain size at non-stoichio-
metry is due to the presence of La2O3 or CoO acting as
grain growth inhibitors by pinning the grain boundaries.
At Co-excess micro cracking is observed, probably due
to di�erences in thermal expansion of the two phases
during cooling.
In 20%Sr samples the phase (La,Sr)2CoO4 is pinning

the grain boundaries at Co de®ciency, and therefore
smaller grains are observed at Co-de®ciency compared
to the near stoichiometric samples (Fig. 7).
20%Ca shows the opposite behavior, and larger

extent of grain growth has occurred at Co-de®ciency
compared to at near stoichiometry (Fig. 7). A change in
sintering temperature and stoichiometry also has a
stronger e�ect on the microstructure for 20%Ca than
for the other compositions. This di�erence can be
explained by the changes in phase composition during
heating. The abrupt increase in grain size between 1350
and 1400�C at Co-de®ciency is due to the presence of
the liquid Cal-xCoxO phase described earlier. The liquid
phase located at the grain boundaries can be seen in
Fig. 1(d). Presence of a liquid phase enhances the mass

transport leading to exaggerated grain growth in this
case. The larger grains in the Co-de®cient sample com-
pared to the near stoichiometric sample sintered at
1350�C might be due to the reaction taking place
between 1200 and 1350�C at Co-de®ciency [Eq. (3)]
leading to formation of relatively large amounts of
(La,Ca)2CoO4 (Fig. 1c). This chemical reaction during
sintering explains the opposite trends observed between
Co-de®ciency and near stoichiometry at 1350�C in Sr
and Ca substituted compositions.
The microstructure of near stoichiometric LaCoO3

and 20%Sr is qualitatively equal for the G/N-samples
and EDTA-samples, however for 20%Ca at 1350�C the
G/N-sample has twice as large grains (20 mm) compared
to the near stoichiometric EDTA-sample. Additionally
large pores are formed as was shown in Fig. 5. As dis-
cussed earlier this might be due to evolution of gas
during the formation of a molten phase.
Fig. 8 shows how the grain size develops with time at

1200�C for near stoichiometric EDTA-samples. After
approximately 24 h the grain growth has ceased, and the
resulting grain size after 96 h is in the range 3±5 mm.
Pores are mainly located at the grain boundaries, (Fig.
9). A qualitatively similar microstructure was observed
for the three G/N samples sintered at 1200�C.

4. Conclusions

Substitution of La with Sr or Ca in LaCoO3 decreases
the sintering temperature. Near 100% dense materials
are obtained for all compositions apart from the Co-
excess LaCoO3, though at di�erent temperatures. The
phase relations in the La±Co±O and Ca-Co-O systems

Fig. 9. SEM image of a thermally etched polished section of near

stoichiometric LaCoO3 sintered at 1200�C for 96 h. The powder was

prepared by the EDTA-method.

Fig. 8. Average grain size after isothermal sintering for 2±96 h at

1200�C for near stoichiometric LaCoO3, 20%Sr and 20%Ca. The

powders were prepared by the EDTA-method.
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make it important to control the cation stoichiometry in
order to avoid formation of secondary phases. In Ca
substituted samples a small deviation from stoichiometry
leads to formation of a liquid phase and exaggerated
grain growth at high temperature. Presence of secondary
phases may lead to cracking of the material and decline
the functional properties. Preparation of dense and
phase pure LaCoO3 based ceramics is a demanding task,
and dense single phased materials with small grains are
obtained in a narrow temperature interval and a highly
controlled cation stoichiometry is required.
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