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This paper compares the important mechanical properties and the electrical conductivities from room
temperature to 800 ◦C of four LaCoO3 based cobaltite compositions with 0, 20, 40 and 55% Ca2+ ions
substituted on the A site of the perovskite structure respectively. Ca2+ doped lanthanum cobaltite mate-
rials are strong candidates for use as cathodes in lower temperature solid oxide fuel cells operating at or
below 800 ◦C. Among these four cobaltite compositions, two (LaCoO3 and La0.8Ca0.2CoO3) were found to
be phase pure materials, whereas the remaining two compositions (La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3)
contained precipitation of secondary phases such as CaO and Co3O4. The mechanical properties of the
erovskite
odulus

ending strength
racture toughness
erroelasticity
onductivity

four compositions, in terms of Young’s modulus, four-point bending strength and fracture toughness
measurements, were measured at both room temperature and 800 ◦C. At room temperature, doping with
Ca2+ was found to substantially increase the mechanical properties of the cobaltites, whereas at 800 ◦C the
pure LaCoO3 composition exhibited higher modulus and strength values than La0.8Ca0.2CoO3. All of the
four compositions exhibited ferroelastic behavior, as shown by the hysteresis loops generated during uni-
axial load–unload compression tests. Electrical conductivity measurements showed the La0.8Ca0.2CoO3

highe
composition to have the

. Introduction

As mixed ionic-electronic conductors (MIEC), lanthanum
obaltite (LaCoO3) based perovskite ceramics are attractive can-
idates for cathodes in intermediate temperature (600–800 ◦C)
olid oxide fuel cells (IT-SOFCs) [1] and for high temperature oxy-
en separation membranes [2], due to their high electronic and
onic conductivity, as well as their good catalytic activity [3]. How-
ver, the relatively poor mechanical properties of the cobaltites
ave resulted in their limited use in these applications. For exam-

le, the coefficient of thermal expansion for cobaltites (about
5 × 10−6 K−1) [4] is much higher than that of Yttria Stabilized
irconia (YSZ, 10.5 × 10−6 K−1), which results in high thermally
nduced mechanical stresses when used in SOFCs [5]. During fab-
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st conductivity among the four compositions.
© 2009 Elsevier B.V. All rights reserved.

rication and operation, these large thermal stresses can cause
cracking and failure of the SOFC’s components [6]. LaCoO3 based
oxygen separation membranes also experience severe mechani-
cal stresses arising due to differential thermal expansion which
can cause the membranes to fracture [2]. Thus, for such high tem-
perature applications, a better understanding of the mechanical
properties and reliability of the LaCoO3 based perovskites is very
important.

Pure LaCoO3 is reported to have a R3̄c rhombohedral struc-
ture, as determined by X-ray diffraction (XRD), which remains
rhombohedral up to temperatures well above 1000 ◦C [7,8]. The
rhombohedral distortion of LaCoO3 based perovskites decreases
with increasing temperature and increasing divalent cation substi-
tution on the A site [9,10]. At 50 mol% substitution lanthanum with
strontium, the crystal structure becomes cubic [9,11]. At moder-
ate substitution levels with calcium or strontium (x = 0.2), however,
the rhombohedral distortion remains significant at room temper-

ature. The rhombohedral to cubic phase transition is observed
at ∼900 ◦C for the 20 mol% Ca substituted materials [12]. Ca is
reported to have a limited solid solubility in the perovskite struc-
ture. Thus, while the formation of single perovskite phase has
been reported for the compositions with up to 28 mol% Ca dop-
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mailto:sp324@drexel.edu
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ng on the A site, the formation of secondary phases such as CaO,
oO and Co3O4, has been observed for 30 and higher mol% of
a substitution [13]. A local I2/a monoclinic distortion in LaCoO3,
hat cannot be detected by XRD, has been reported in [14–17].
pin state transitions are another characteristic feature of the
obaltites [18]. LaCoO3 also shows a semiconductor to metal transi-
ion with increasing temperature [19,20]. At ambient temperature
ure LaCoO3 is a semiconductor, but becomes a metallic oxide with

ncreasing temperature or when lanthanum is substituted by alkali
arth cations [10,21].

Despite the fact that high temperature application of these
aterials demands a certain level of mechanical properties,

here are only a few reports in the literature on this subject
6,8,22,23]. The mechanical properties of LaCoO3, La0.8Sr0.2CoO3
nd La0.8Ca0.2CoO3 perovskites have been studied in [23] where
he four-point bending strength was found to be 53 MPa for
3% dense LaCoO3, 76 MPa for 90% dense La0.8Sr0.2CoO3, and
51 MPa for fully dense (>99%) La0.8Ca0.2CoO3 ceramic at room
emperature. The strengths of LaCoO3 and La0.8Sr0.2CoO3 were rel-
tively independent of temperature up to 850 ◦C while that of
a0.8Ca0.2CoO3 was found to decrease with increasing temperatures
∼100 MPa at 600 ◦C and ∼70 MPa at 850 ◦C). The fracture tough-
ess, measured by indentation, was found to be 0.73 MPa m1/2

or 90% dense La0.8Sr0.2CoO3 and 0.98 MPa m1/2 for fully dense
a0.8Ca0.2CoO3 ceramics. In another work [6], fracture toughness
t room temperature, using the single edge V notch beam (SEVNB)
ethod, of La0.8Ca0.2CoO3 ceramics was reported to be about

wice as high as the fracture toughness of pure LaCoO3 (2.25
nd 1.32 MPa m1/2, respectively). A nonlinear deformation was
bserved during the flexure strength measurements on all three
aCoO3 based perovskites [23]. Cobaltites are known to exhibit
ferroelastic hysteretic behavior and this phenomenon has been
emonstrated in various experiments, such as four-point bending,
ompression and indentation tests [6,8,22].

The aim of the present study was therefore to conduct a fur-
her investigation into the mechanical properties of LaCoO3 based
erovskites. Four different compositions, LaCoO3, La0.8Ca0.2CoO3,
a0.6Ca0.4CoO3 and La0.45Ca0.55CoO3, were studied in this work
ith respect to their phase composition, elastic modulus, bend-

ng strengths, fracture toughness and stress–strain behavior under
ompression – both at room and high temperatures. The electrical
onductivities of the four compositions as a function of temperature
re also reported.

. Experimental procedure

Sintered bars of LaCoO3, La0.8Ca0.2CoO3, La0.6Ca0.4CoO3 and
a0.45Ca0.55CoO3 were produced by Praxair Surface Technologies,
pecialty Ceramics, USA. After sintering, the bars were machined to
.5 mm × 4 mm × 50 mm size. The bulk density of all the machined
pecimens was measured by Archimedes method [24]. The density
f the machined specimens was also measured using the Helium
ycnometer, AccuPyc 1330 (Micromerities Instrument Corpora-
ion, GA, USA). The theoretical density was calculated using the
echnique described in [25]. The porosity in the samples was then
stimated from the difference between the values of theoretical
nd bulk density.

X-ray powder diffraction (XRD) of the crushed bar samples was
arried out on a Scintag PADV diffractometer (Cu K� radiation) in
0–55◦ 2� range with 0.02◦ angular step and collection time of 8 s

er step. JADE software [Materials Data Inc., Livermore, CA, USA]
as used to identify the XRD peaks in the material.

The Young’s modulus (E) was measured using three different
ethods, namely impulse excitation (natural frequency), 4-point

ending and compression loading. In the impulse excitation
urces 195 (2010) 3612–3620 3613

method [26] the Young’s modulus was measured both at room and
high temperatures using a Grindo–Sonic MK 5 (Lemmens, Belgium)
in accordance with the ASTM EN 843-2 standard. The sample with a
known density was placed over the microphone lining up with the
supporting cylinders. The sample was then struck with a small ham-
mer and the resulting frequency was recorded by the MK5 machine.
The test setup and procedure were modified for measuring the
Young’s modulus by impulse excitation method at elevated tem-
peratures. For high temperature experiments, the specimens were
hung and fixed with very fine platinum wires in a small oven. Then a
thin ceramic pipe was lined up with the sample and connected out-
side the oven to the microphone. A second ceramic pipe was placed
above the sample with one end outside the oven. The samples were
heated up with a rate of 15 ◦C min−1 in air and after reaching a spe-
cific temperature the samples were equilibrated for about 10 min.
Finally, the natural frequency of the sample was activated by hitting
it with a small ceramic ball using the 2nd pipe as a drop guide.

The Young’s modulus at room temperature was also calculated
as the secant modulus up to a stress of 9 MPa from stress–strain
curves that were obtained in 4-point bending tests using a
40/20 mm load geometry at a cross-head displacement speed of
0.4 mm min−1 (Universal Testing Machine UPM-Zwick 1478, Ger-
many). Deflection of the specimen during loading and unloading
was measured with the help of three pushrods. The two outer
pushrods were spaced at a distance of 20 mm to correspond with
the location of the upper (=inner) two rollers of the bend fixture.
The middle rod was placed midway between the two outer rods.
The deflection of the specimen was measured as the relative deflec-
tion of the centre pushrod with respect to the outer rods. As a third
comparison, the secant modulus in the range of 0–9 MPa was calcu-
lated from stress–strain curve that were determined from uniaxial
compression tests at room temperature. The uniaxial compression
tests were performed on cylindrical samples (6 mm in diameter
and 12 mm height) in a servohydraulic test machine (Instron 8511)
with a 20 kN load cell under load control with a loading rate of
3 MPa s−1. The compression load was applied along the height of
the cylinders. The axial strain was measured using three strain
gauges mounted on the surface of each sample. The total strain
was determined by averaging the signals from the three strain
gauges.

Four-point bending strength was also measured using a
40/20 mm load geometry. The tests were carried out at room tem-
perature with a cross-head displacement speed of 1 mm min−1

(UTM, Zwick Z005, Germany) and at 800 ◦C with a cross-head
displacement speed of 0.1 mm min−1 (Universal Testing Machine
UPM-Zwick 1478, Germany) in accordance to ASTM EN 843-1 [27].
At each temperature, 5 samples were tested to failure.

Fracture toughness (KIc) was measured using the single edge V
notch beam (SEVNB) method [27]. The notches were inserted using
a specifically constructed notching machine and the final notch-
ing was performed using 1 �m diamond paste and a steel razor
blade. The KIc values were measured at room temperature, 700 and
800 ◦C in air. The cross-head displacement speed was 0.3 mm min−1

for room temperature experiments (UTM, Zwick Z005, Germany)
and 0.1 mm min−1 for high temperature measurements (Universal
Testing Machine UPM-Zwick 1478, Germany). Three specimens of
each composition were tested at each temperature. Fractographic
analysis was carried out on selected specimens using both optical
microscopy and scanning electron microscopy (Tescan Vega Plus
5136 MM).

The conductivity of the samples was measured with a Resis-
tomat 2318 (Burster, Switzerland) up to temperatures of 900 ◦C
according to the procedure outlined in ASTM F 43-93 (4 probe

method) [28]. One specimen of each composition was chosen for
conductivity measurements with a heating rate of 150 ◦C h−1 and a
hold time of 30 min at each measured temperature.
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ig. 1. XRD of undoped LaCoO3, La0.8Ca0.2CoO3, La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3.

. Results and discussion

.1. Phase composition and porosity

XRD analysis (see Fig. 1) of LaCoO3, La0.8Ca0.2CoO3,
a0.6Ca0.4CoO3 and La0.45Ca0.55CoO3 shows that LaCoO3 and
a0.8Ca0.2CoO3 have single phase rhombohedral (R3̄c) structure.
he two other compositions, La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3,
how presence of secondary phases – CaO and Co3O4. While
ignificant amounts of these secondary phases were detected in
a0.45Ca0.55CoO3, only trace amounts were found in La0.6Ca0.4CoO3.
he presence of the secondary phases is further corroborated by
he backscattered electron microscopy (BSE) at room temperature.
s can be seen from Fig. 2, there is no contrast difference in the case
f LaCoO3 and La0.8Ca0.2CoO3 other than the porosity, while for
he La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3 the presence of the three
ifferent phases along with the porosity could be detected. Because
f the existence of the secondary phases, the stoichiometry of
hese two latter compositions is obviously altered. However, for
implicity, we refer to these compositions as La0.6Ca0.4CoO3 and
a0.45Ca0.55CoO3 in this paper in spite of the known secondary
hases and non-stoichiometry.

Table 1 shows a comparison of the density/porosity between
he four cobaltite compositions. Three different estimates of the
ensity are shown. Note that the theoretical density values for

he La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3 compositions are not
trictly valid because of their known non-stoichiometry. Using this
pproach, all of the compositions except LaCoO3 were found to have
ow porosity values (3–5%). The LaCoO3 samples showed a higher

able 1
ensity as measured by water displacement technique (Archimedes method), by the Heli
aCoO3 samples exhibit a significantly higher porosity than others. The Archimedes and H

Density – Archimedes (g cm−3) Density – He P

LaCoO3 6.55 7.09
La0.8Ca0.2CoO3 6.36 6.39
La0.6Ca0.4CoO3 5.95 5.98
La0.45Ca0.55CoO3 5.64 5.69

a Note that both La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3 have secondary phases and are no
rom the theoretical densities of the pure compounds without secondary phases.
urces 195 (2010) 3612–3620

porosity of ∼10%. This higher porosity of the LaCoO3 sample can
also be seen from the BSE images (Fig. 2a).

3.2. Young’s modulus

The results of the measured Young’s (E) modulus values for the
four compositions are shown in Fig. 3. In this figure, the room
temperature values for E in uniaxial compression, determined as
the secant moduli from 0 to 9 MPa [8], are compared to the val-
ues obtained from 4-point bending and the natural frequency
method. At room temperature, E determined by the natural fre-
quency technique shows the highest average values of 76, 141,
141 and 150 GPa for the four cobaltite compositions, LaCoO3,
La0.8Ca0.2CoO3, La0.6Ca0.4CoO3, and La0.45Ca0.55CoO3 respectively,
which is expected to be the most accurate modulus value among
the three techniques used in this paper [29]. The E values cal-
culated from the bending and uniaxial compression data are
generally lower, which reflect the softening of the materials due
to domain wall movement during loading [8]. However, the dif-
ferences between the Young’s moduli measured by three different
techniques are not very high.

The E modulus values for undoped LaCoO3 at room temperature
are much lower than the E modulus values for the other three com-
positions (Fig. 3). The undoped LaCoO3 composition has about 10%
porosity which could certainly contribute to a decrease in modu-
lus [30–32]; however it is also expected that the Ca2+ doping will
stiffen the ceramics, leading to a higher modulus value for the Ca
doped compositions.

At high temperature (800 ◦C), remarkably different modulus
behavior was noted for the undoped and Ca doped cobaltites
(LaCoO3 and La0.8Ca0.2CoO3). While undoped LaCoO3 exhibits sig-
nificant stiffening upon heating – from 76 GPa at room temperature
to 101 GPa at 800 ◦C – the opposite effect is observed for the
La0.8Ca0.2CoO3 composition, where the E modulus decreases to
∼68 GPa upon heating to 800 ◦C. One possible reason for such
behavior could be an unreported phase transition in LaCoO3 in
800–1000 ◦C temperature range; however more thorough research
needs to be conducted to determine the structure of LaCoO3 in this
temperature range in order to verify this hypothesis. Although no
detectable structural changes were observed during XRD [8], these
results are not conclusive, since for LaCoO3 structure, the diffrac-
tion pattern is predominantly determined by the cation sublattice
(where the electron density is much greater). Small changes in the
oxygen positions or vacancies in the anion sublattice can go unde-
tected by XRD, for which case neutron diffraction measurements
may be required to resolve such changes.

3.3. Strength

The four-point bending strength data for all four cobaltite com-
and 800 ◦C) is shown in Fig. 4. At room temperature, Ca dop-
ing appears to significantly increase the strength values of the
cobaltites (from 72 ± 10 MPa for LaCoO3 to ∼180 MPa for the Ca
doped cobaltites). Note that the higher porosity (∼10%) of the

um Pycnometer and the theoretical density of the four cobaltite compositions. The
e Pycnometer values are averages of measurements on 20 samples.

ycnometer (g cm−3) Theoretical density (g cm−3) Porosity

7.29 10.2%
6.73 5.4%
6.15 3.3a%
5.71 1.2a%

n-stoichiometric. The theoretical densities for these compositions were calculated
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Fracture surfaces of the four compositions are shown in Fig. 5.

Fracture origins in most of the samples are large pores or voids of
∼50–100 �m size.
ig. 2. BSE images of fracture surfaces produced at room temperature of (a) undope
f secondary phases in (c) and (d). Note the higher pore density in (a).

ndoped LaCoO3 samples could be a possible cause for the lower
trengths measured in these samples. Overall, the room tem-
erature bending strength values of the cobaltites are seen to
ollow a similar trend as their modulus values (see Fig. 3). Liter-
ture values of room temperature four-point bending for LaCoO3
ave been reported to be ∼53 ± 5 MPa for samples with 16% poros-

ty [23], and ∼65 MPa for 7% porosity [22], while that of dense
a0.8Ca0.2CoO3 were around 150 ± 20 MPa [23], all of which are
omparable to our results. However, Kleveland et al. [22] have also
eported the strength value of dense (2% porosity) La0.8Ca0.2CoO3 as
111 ± 18 MPa which is significantly less than the values obtained

n this work. Increase in temperature to 800 ◦C causes an increase in
he bending strength values of undoped LaCoO3 (from 72 ± 10 MPa
t room temperature to 109 ± 19 MPa at 800 ◦C), and this high
emperature value remains more or less constant with increase
n Ca doping up to 40% Ca (91 ± 6 MPa for La0.8Ca0.2CoO3 and
27 ± 13 MPa for La0.6Ca0.4CoO3). A similar trend of increasing
trength values with higher temperatures has been noted before
n the literature [23], although the absolute strength values in that
ase (∼50 MPa for LaCoO3 and ∼60 MPa for La0.8Ca0.2CoO3 at 800 ◦C
23]) were much lower than the values presented in this work.

A significant increase in bending strength values for the 55% Ca
oped cobaltite (La0.45Ca0.55CoO3) at 800 ◦C (257 ± 33 MPa) is also
oted in Fig. 4. Indeed, at this higher temperature these samples
ere found to behave in a highly malleable fashion (Fig. 4 inset (a))
hich leads to their higher strength values. Note that this amount of

lastic deformation and creep at high temperatures renders the 4-
oint bending strength results in this material questionable. There

s a possibility that the changes in phase composition that occur in
he La0.45Ca0.55CoO3 samples during heating to 800 ◦C and dwelling
t that temperature are responsible for this behavior. This is evi-
O3, (b) La0.8Ca0.2CoO3, (c) La0.6Ca0.4CoO3 and (d) La0.45Ca0.55CoO3 showing presence

denced by the appearance of the Co3O4 spinel after heating and
dwelling at 800 ◦C and subsequent cooling, whereas before heating
only CoO was detected as the cobalt containing secondary phase in
La0.45Ca0.55CoO3 by XRD. This implies that some of the Co2+ ions
were oxidized to Co3+ ions of the complex Co3O4 spinel oxide due
to heating resulting in extensive plastic deformation of the samples
Fig. 3. Elastic modulus of the four cobaltite compositions as determined by differ-
ent methods: natural frequencies, four-point bending, and uniaxial compression.
The measurements at 800 ◦C were conducted for the LaCoO3 and La0.8Ca0.2CoO3

compositions using the natural frequency method.
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ig. 4. The 4-point bending strength data for the cobaltites at room temperature
nd 800 ◦C as a function of Ca doping. Inset (a) ductile behavior of La0.45Ca0.55CoO3

t 800 ◦C loaded in 4-point bending.

.4. Fracture toughness

Fracture toughness values of the lanthanum cobaltites mea-
ured using the SEVNB method at room temperature and 800 ◦C
re shown in Fig. 6. At room temperature, doping of the cobaltite
ith Ca raises its fracture toughness – from 1.2 ± .06 MPa m1/2 for

aCoO to 1.9 ± .02 MPa m1/2 for La Ca CoO – which remains
3 0.8 0.2 3
elatively constant with increasing Ca doping (with a slight
ecrease for La0.45Ca0.55CoO3 to 1.5 ± .19 MPa m1/2). These val-
es are comparable to the ones reported in the literature at
oom temperature for LaCoO3 (1.32 MPa m1/2 [6] and 1.3 MPa m1/2

ig. 5. Examples of typical fracture origins in 4-point bending at room temperature for (
ote the lower magnification in (a).
Fig. 6. Comparison of fracture toughness values for the cobaltites at room temper-
ature and 800 ◦C as a function of Ca doping.

[22]) and for La0.8Ca0.2CoO3 (2.25 MPa m1/2 [6] and 2.2 MPa m1/2

[22]). The higher KIc values of the Ca doped cobaltites at room
temperature is probably related to their higher Young’s mod-
ulus (Fig. 3) as well as to the larger hysteresis loop area
observed in these perovskites, where much larger energy absorp-
tion occurs during deformation leading to the increase in the
fracture toughness in Ca doped cobaltites [8] than those measured
3
ness values for LaCoO3 at 800 ◦C (1.05 ± .16 MPa m1/2) are mostly
unchanged with a slight decrease from their room temperature
measurements, while that of La0.8Ca0.2CoO3 (1.14 ± .06 MPa m1/2)
and La0.6Ca0.4CoO3 (1.54 ± .09 MPa m1/2) are lower than their room

a) undoped LaCoO3, (b) La0.8Ca0.2CoO3, (c) La0.6Ca0.4CoO3 and (d) La0.45Ca0.55CoO3.
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Fig. 7. Fracture surfaces during KIc testing at 800 ◦C for (a) undope

emperature values. Again the trend at higher temperature is seen
o reflect the Young’s modulus values at 800 ◦C (Fig. 3), particularly
or the LaCoO3 and La0.8Ca0.2CoO3 compositions.

The notable exception, like in Fig. 4, is in the case of
a0.45Ca0.55CoO3 where significantly higher (2.2 ± .11 MPa m1/2)
racture toughness was observed. This composition is known to be
on-stoichiometric with significant amounts of secondary phases
CaO and CoO), and thus at high temperatures oxidation of CoO to
o3O4 and the resulting plastic deformation could influence the

racture toughness values [33]. Fig. 7 also indicates a predomi-
antly intergranular crack propagation for all 4 compositions at
00 ◦C, which is a characteristic feature of high temperature crack
ropagation [33].

.5. Compression behavior

Ferroelastic hysteresis loops obtained during uniaxial compres-
ion of the four perovskites are shown in Fig. 8. For the same
aximum stress and loading rate, each of the four cobaltite com-

ositions exhibited different ferroelastic behavior, such as different
nflection points, hysteresis areas and maximum strain. For the
ndoped LaCoO3 (Fig. 8a), a significant softening of the stress–strain
eformation started at 25–30 MPa and the inflection point was
eached at 66 MPa. A hardening in the stress–strain response was
bserved when the stress value increased beyond the inflection
oint. For La0.8Ca0.2CoO3 (Fig. 8b) the coercive stress was found
o be at a much higher stress of 130 MPa with a larger hysteresis

oop area as compared to LaCoO3. For the two non-stoichiometric
ompositions, La0.6Ca0.4CoO3 and La0.45Ca0.55CoO3 (Fig. 8c and d),
he inflection point was found to be around ∼270 MPa. Note that
hese two compositions show a similar shape and area of their hys-
eresis curves. This can be attributed to the precipitation of the
O3, (b) La0.8Ca0.2CoO3, (c) La0.6Ca0.4CoO3 and (d) La0.45Ca0.55CoO3.

secondary phases such as CaO and CoO in these compounds, which
has a significant influence on their behavior during compression. A
further detailed study is currently underway in order to determine
the effects of repeated loading on the hysteresis behavior of the
cobaltites.

3.6. Conductivity

The electronic conduction in pure LaCoO3 occurs by trans-
fer of charge carriers via Co–O–Co bonds. As already reported in
[21,34,35], LaCoO3 exhibits an unusual thermally activated con-
ductivity characterized as a small polaron hopping conductivity
at room temperature [35,36], but showing a dramatic increase in
electrical conductivity in the temperature range 300–500 ◦C. At
temperatures above 320–350 ◦C a metallic phase containing high-
spin Co3+ and intermediate spin Co (1 1 1) ions is stabilized and the
partially filled � ∗̨ band is responsible for the p-type conductivity
[37].

The electrical conductivities of the four cobaltite compositions
are presented in Fig. 9. At 750 and 900 ◦C, the conductivity of
LaCoO3 is measured to be 920 and 898 S cm−1 respectively (Fig. 9),
which corresponds well to the reported values of ∼1000 S cm−1

above 725 ◦C [21]. Based on the reported increase in conductiv-
ity, the semiconductor-to-metal transition has been proposed to
occur in LaCoO3 in this temperature range, due to a gradual tran-
sition involving the thermal promotion of electrons from a �*
band associated with the localized t2g orbitals to a delocalized �*

band associated with the eg orbitals [38]. The reported activation
energy of the semiconductor-to-metallic transition is about 0.11 eV
[39]. The semiconductor-to-metallic transition in LaCoO3 can also
be detected by Raman spectroscopy, where two bands present in
the semiconducting state disappear upon heating above 230 ◦C,
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ccompanied by a significant drop in resistivity [14,40]. Neutron-
cattering measurements show that the semiconductor-to-metal
rossover behavior has no magnetic origin [41]. The high tem-
erature metallic state in LaCoO3 has been reported to have an
lectronic structure very similar to that of a doping induced metallic
tate in Lax(Sr or Ca)1−xCoO3 [10,20].

The electrical resistivities of 20 mol% Ca substituted LaCoO3,
long with results on 10, 12 and 15 mol% Ca substitution, mea-
ured at room temperature and below have been reported in [42].
oping of pure LaCoO3 with Ca2+ ions on the A site generates
charge disproportionation of Co3+ to Co4+ with a simultane-

us deviation from the oxygen stoichiometry, and an extensive
ormation of oxygen vacancies are expected. It has been pointed
ut [43] that partial substitution of La3+ by divalent alkaline-
arth metals will bring forth the formation of more low spin
o4+ (t5

2g l0g ) ions and stabilize the neighboring Co3+ ions in inter-

ediate spin state (t5
2g l1g ). Such doping results in the significant

ecrease in the activation energy (εp) for p-type conductivity from
p = 0.132 eV for LaCoO3 to εp = 0.044 eV for La0.8Ca0.2CoO3. Conse-
uently, a significant increase both in room and high temperature
onductivity of La0.8Ca0.2CoO3 is observed (Fig. 9). The maximum
onductivity of ∼1770 S cm−1 for La0.8Ca0.2CoO3 was measured in
00–300 ◦C temperature range with slight decrease in conductiv-

ty to ∼1400 S cm−1 at 800–900 ◦C, which is in good agreement

ith reported data. Since the limit of the solid solubility of Ca2+

ies in the region of 0.28 at% [13], the compositions with 40 and
5% Ca doping exhibit the formation (precipitation) of the sec-
ndary phases, such as CaO and Co3O4. The resulting La0.6Ca0.4CoO3
nd La0.45Ca0.55CoO3 compositions are not phase pure and, while

Fig. 8. Stress–strain behavior for the four cobaltite comp
Fig. 9. Comparison of the conductivities of the cobaltites from room temperature
to 900 ◦C.

they still exhibit fairly good electrical conductivity at 300–500 ◦C
(Fig. 9), their room temperature conductivity (∼375 S cm−1 for
La0.6Ca0.4CoO3 and ∼300 S cm−1 for La0.45Ca0.55CoO3 at 27 ◦C) is

not as high as those of phase pure La0.8Ca0.2CoO3 (Fig. 9). Note that
although La0.8Ca0.2CoO3 demonstrates the best electronic conduc-
tivity amongst the compositions tested in this work, all of the four
compositions possess adequate conductivity (>170 S cm−1 [44]) for
potential use in IT-SOFCs. Further studies in this respect should

ositions during compression at room temperature.
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oncentrate on other factors – such as the cathodic interfacial
olarization resistance of the cobaltites at IT-SOFC operating tem-
eratures, as well as their chemical stability and thermal expansion
oefficient mismatch with the electrolyte – which are also likely to
nfluence their selection for applications in IT-SOFCs.

. Conclusions

In this work we have summarized the mechanical behavior and
lectrical conductivities of four LaCoO3 based cobaltite composi-
ions; two-phase pure materials (LaCoO3 and La0.8Ca0.2CoO3), and
wo compositions with secondary phases present (La0.6Ca0.4CoO3
nd La0.45Ca0.55CoO3). At room temperature, the undoped LaCoO3
omposition demonstrates a lower Young’s modulus value
∼60–70 GPa), with significant stiffening observed for the Ca doped
ompositions (modulus 130–140 GPa). The opposite tendency was
oted for the samples tested at 800 ◦C, where the pure LaCoO3
ecame more stiff (modulus 101 GPa), but the La0.8Ca0.2CoO3 per-
vskite exhibited a significant softening (modulus 65 GPa).

For the phase pure compositions, the trends in the modulus val-
es were reflected in the four-point bending and fracture toughness
est results. At room temperature, the undoped LaCoO3 exhibited
he lowest strength of 72 ± 10 MPa, with the three Ca2+ doped com-
ositions exhibiting higher strengths of ∼180 MPa. The strength
alues for LaCoO3 were found to increase (to 109 ± 19 MPa) at
00 ◦C, and this high temperature value remained more or less con-
tant with increase in Ca2+ doping of up to 40% Ca. Similarly the Ca2+

oped compositions were found to have a higher KIc value than the
ndoped LaCoO3 at room temperature, followed by a decrease in
racture toughness for the La0.8Ca0.2CoO3 and La0.6Ca0.4CoO3 com-
ositions at 800 ◦C. The very high strength and fracture toughness
alues for the La0.45Ca0.55CoO3 composition at 800 ◦C was probably
aused by the secondary phases present in this composition at this
levated temperature.

All of the four compositions exhibited ferroelastic behavior,
s confirmed by the hysteresis loops generated during uniaxial
oad–unload compression tests. The coercive stress values calcu-
ated from these tests were found to increase with increase in
a2+ doping (�c = 66 MPa for pure LaCoO3, 130 MPa for 20% Ca2+

oped, and ∼270 MPa for both 40 and 55 mol% Ca2+ doped). The
tress–strain behavior for the 40 and 55 mol% Ca2+ doped com-
ositions were also found to be remarkably similar. Electrical
onductivity results showed the 20 mol% Ca2+ doped composition
o have the maximum value, where a significant amount of mobile
efects are generated due to substitution of La3+ ions for the diva-

ent Ca2+ ions. The pure LaCoO3 composition was also seen to
xhibit the well known semiconductor-to-metal transition behav-
or upon heating.

In summary this work found the 20 mol% Ca2+ doped cobaltite
omposition to be the most promising for both mechanical and
lectrical performance across the range of temperatures for IT-SOFC
pplications tested in this work.
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