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bstract

he sintering behaviour of different materials within the system La1−xSrxCo0.2Fe0.8O3−δ(0.3 ≤ x ≤ 0.8) was investigated. Shrinkage curves were
easured up to 1350 ◦C using a vertical high-resolution dilatometer. The measurements showed that the influence of the heating rate on the shrinkage

urves is negligible. Furthermore, the relative shrinkage increases with decreasing lanthanum content in the perovskite lattice at a constant sintering
emperature. Sintering experiments showed that the influence of the sintering temperature on the microstructure and densification is more significant

han the influence of the dwell time. Increasing the sintering temperature led to a higher densification even at low sintering dwell times. There
eems to be no influence of the lanthanum content on the final sintering temperature and dwell time. Nevertheless, sintering at the highest sintering
emperature led to the formation of cobalt oxide in case of La0.6Sr0.4Co0.2Fe0.8O3−δ and La0.7Sr0.3Co0.2Fe0.8O3−δ.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

In the oxyfuel combustion process the fossil fuel is combusted
ith pure oxygen. Due to the combustion of the fossil fuel with
ure oxygen the exhaust gas is highly concentrated in CO2 which
ould be separated and then stored. In recent years gas separa-
ion membranes are considered to be an efficient technology
or the future generation of zero CO2-emission power plants.
as separation membranes seem to be a less energy consump-

ive approach in comparison to cryogenic air decomposition to
roduce pure oxygen.

Perovskite-type, mixed ionic and electronic conducting
MIEC) materials within the system La1−xSrxCo1−yFeyO3−δ

LSCF) have received great interest concerning their ability to
eparate oxygen from air. Furthermore, those materials could be
sed for partial oxidation of methane and as well as electrodes

n solid oxide fuel cells (SOFC).1–3

Perovskite-type materials within the system
a1−xSrxCo1−yFeyO3−δcould be used as gas separation

∗ Correspondingauthor. Tel.: +49 2461615870; fax: +49 2461613699.
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embranes. Therefore, it is necessary to produce dense
embranes (> 90% of the theoretical density).4 It is known

rom research studies on MIEC membrane materials that
hose LSCF materials swell if the sintering temperature is too
igh.5,6 Hence, preferably optimal sintering conditions for
hose perovskite-type materials are essential. The sintering
ehaviour of LSCF materials has to our knowledge not been
tudied systematically. In this study the sintering behaviour
f La1−xSrxCo0.2Fe0.8O3−δ(0.3 ≤ x ≤ 0.8) is investigated.
ence, shrinkage curves have been measured and sintering

xperiments under different conditions have been conducted.
he microstructure of the sintered samples was investigated
y scanning electron microscopy (SEM). The density of the
intered samples was measured using the Archimedes method.

. Experimental

La1−xSrxCo0.2Fe0.8O3−δ(0.3 ≤ x ≤ 0.8) compositions are

esignated by the abbreviation LSCF. Numerals following the
bbreviation refer to the relative molar proportions of each
ation. For example, La0.3Sr0.7Co0.2Fe0.8O3−δ is designated as
SCF3728.

mailto:a.moebius@fz-juelich.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.003
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Fig. 1. XRD pattern of the as-calcined powders.

.1. Sample preparation

Perovskite-type powders were prepared by solid state reac-
ion. Thereto, La2O3, SrCO3, CoCO3 and Fe2O3 were mixed in
ppropriate proportions and calcined in air at 1150 ◦C for 6–24 h.
he calcination temperature was determined by differential ther-
al analysis (DTA) of the stoichiometrically mixed powders up

o 1200 ◦C using a STA 449C Jupiter (Netzsch, Germany).
The calcined powders were first ground in a mortar and then

all milled for 24 h in ethanol. The final powders were uniaxially
ressed into pills (8 mm in diameter, 4–5 mm in height, 125 MPa
ressure).

.2. Characterisation of as-calcined powders

All materials were single-phase according to XRD (X-ray
iffraction) measurements using a D8 Advance Series 2 (Bruker
XS, Germany). The XRD patterns are shown in Fig. 1.
The perovskite phase was identified using appropriate powder
iffraction files (JCPDS-database). The calcined powders had
n average particle size d50 of approximately 0.5 �m. The par-
icle size distribution was measured by laser diffraction (Laser
article Sizer ANALYSETTE 22, Fritsch, Germany). The chem-

s
e
s

able 1
hemical and physical properties of the as-calcined powders.

Chemical composition d50 (�m) Seco

SCF2828 La0.2Sr0.8Co0.2Fe0.8O3−δ 0.44 None
SCF3728 La0.3Sr0.7Co0.2Fe0.8O3−δ 0.62 None
SCF5528 La0.5Sr0.5Co0.2Fe0.8O3−δ 0.45 None
SCF6428 La0.6Sr0.4Co0.2Fe0.8O3−δ 0.57 None
SCF7328 La0.7Sr0.3Co0.2Fe0.8O3−δ 0.56 None
eramic Society 29 (2009) 2831–2839

cal composition of the as-prepared materials was checked using
nductively coupled plasma optical emission spectrometry (ICP-
ES, IRIS Intrepid, TJA, USA). The chemical and physical
roperties are summarised in Table 1.

.3. Dilatometry

Shrinkage curves of the pressed pills were measured using
vertical high-resolution dilatometer (TMA Setsys Evolution,
etaram, France). Using this dilatometer dimension changes as
mall as 0.01 �m are detectable with a resolution of 0.2 nm. The
amples were heated up to the final temperature, which was in
he range of 1050–1350 ◦C. All measurements were conducted
n air using a load of 5 g.

The relative shrinkage ε was calculated on the basis of the
nstantaneous elongation �L and the length of the green body

0:

= �L

L0
× 100% (1)

n addition the shrinkage rate was calculated:

�ε

�t
(2)

.4. Archimedes method

The density of the sintered samples was measured by the
rchimedes method in water. The theoretical density ρtheo was

alculated from the lattice parameters:

theo = Mperovskite · Z

NA · VUC
(3)

here Mperovskite, Z, NA and VUC are the molar mass of the
erovskite, the number of units, the Avogadro constant and the
olume of the unit cell, respectively. The volume of the unit cell
s calculated from the lattice parameters. For the calculation of
he molar mass of the perovskite, the oxygen stoichiometry was
ssumed to be 3.0.

The relative density is the ratio of the sample density to the
heoretical density.

.5. Scanning electron microscopy
The microstructure of the samples was investigated using
canning electron microscopy (SEM). Thereto, the samples were
mbedded in epoxy resin, ground and polished to create cross-
ections. SEM investigations were conducted using a LEO440

ndary phases VUC (cm3) Z ρtheo (kg/m3)

5.7030 × 10−23 1 5.89
3.4913 × 10−22 6 5.92
3.4805 × 10−22 6 6.23
3.4920 × 10−22 6 6.36
3.5193 × 10−22 6 6.45
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tereoscan (Carl Zeiss NTS GmbH, Germany) and an accelera-
ion voltage of 20 kV.

For phase investigations an energy dispersive X-ray (EDX)
etector was used (Si(Li)-detector, Oxford Instruments, UK).

. Results and discussion

.1. Effect of heating rate on shrinkage curves
The influence of the heating rate on the shrinkage curves was
nvestigated by measuring shrinkage curves using heating rates
f 2 ◦C/min, 6 ◦C/min and 10 ◦C/min at temperatures between

(
t
a
L

Fig. 2. Relative shrinkage vs. temperature and time and shrinkage rate vs.
eramic Society 29 (2009) 2831–2839 2833

00 ◦C and 1200 ◦C, 1300 ◦C and 1350 ◦C, respectively. The
amples were dwelled at the final temperature for 30 min. To
ssure solid state sintering DTA measurements up to 1550 ◦C
ere conducted to determine the solidus temperature of the
erovskites.

The shrinkage curves depending on the heating rate are shown
n Fig. 2. There seemed to be an influence of the heating rate on
he shrinkage curve in case of LSCF2828 (Fig. 2a), LSCF3728

Fig. 2b) and LSCF6428 (Fig. 2d). In case of LSCF5528 (Fig. 2c)
he heating rate influenced the shrinkage curves at temper-
tures higher than 1200 ◦C. The sintering experiments using
SCF7328 (Fig. 2e) showed that the heating rate had almost

temperature of different LSCF samples depending on heating rate.
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Table 2
Selected sintering temperatures.

T1 (◦C) T2 (◦C) T3 (◦C)

LSCF2828 950 1050 1150
LSCF3728 950 1050 1250
LSCF5528 950 1050 1150
L
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SCF6428 1050 1150 1250
SCF7328 1050 1150 1250

o influence on the shrinkage curves in the range of those inves-
igations. Here, deviations were within the uncertainty of the

easurement. The total shrinkage was in all cases less than 25%.

.2. Determination of sintering temperature

Suitable sintering temperatures can be derived from shrink-
ge rate curves. Minima in shrinkage rate curves indicate a
hange in transport mechanism. Therefore, it is important to
nvestigate the sintering behaviour below a minimum and at a

inimum of the shrinkage rate curve.
The shrinkage rate curves depending on the heating rate are

hown in Fig. 2(embedded graphs). According to the shrinkage
ate curves, a temperature below the first (T1), in the range of
he first (T2) and in the range of the second minimum of the
hrinkage rate curve (T3) were chosen as sintering temperatures
or futher investigations (Table 2).

.3. Effect of sintering temperature on shrinkage curves
nd sample density

Samples were heated up to 800 ◦C using a heating rate of
0 ◦C/min; between 800 ◦C and 1000 ◦C with a heating rate of
◦C/min, and between 1000 ◦C and the final sintering tempera-

ure 2 ◦C/min. All samples were dwelled at the final temperature
or 6 h.

In Fig. 3 the measured shrinkage curves depending on the
intering temperature are shown. The measured relative sample
ensities are summarised in Table 3.

Preliminary sintering experiments for LSCF2828, LSCF3728
nd LSCF5528 showed that sintering at T1 = 950 ◦C (temper-
ture below the first minimum of shrinkage rate curve) led to
comparatively low densification. Thus, no shrinkage curves
ere measured at this temperature.

In case of LSCF6428 and LSCF7328 sintering experiments

t a temperature below the first minimum of the shrinkage
ate curve (T1) showed that the densification is not completed
Fig. 3a). This can be seen in the isothermal phase of the shrink-

able 3
easured relative sample densities depending on sintering temperature.

1050 ◦C 1150 ◦C 1250 ◦C

SCF2828 ≈ 94% > 95% –
SCF3728 ≈ 92% – > 95%
SCF5528 ≈ 89% > 95% –
SCF6428 ≈ 81% ≈ 94% > 95%
SCF7328 ≈ 86% ≈ 93% > 95%

F
d

a
l
f
d
≈

o

ig. 3. Relative shrinkage vs. temperature and time of different LSCF samples
epending on sintering temperature.

ge curves. In this phase the shrinkage did not reach a constant
evel after 6 h dwelling. Here, the total shrinkage was ≈ 5%
or LSCF6428 and ≈ 9% for LSCF7328. The measured relative

ensities using Archimedes method were between ≈ 81% and

86% of the theoretical density.
By sintering at a temperature in the range of the first minimum

f the shrinkage rate curve (T2) the densification is also not
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Table 4
Measured relative sample densities depending on sintering temperature and dwell time (* cracks in sample).

1050 ◦C 1150 ◦C 1250 ◦C

0.5 h 3 h 6 h 0.5 h 3 h 6 h 0.5 h 3 h 6 h

LSCF2828 ≈ 88% ≈ 92% ≈ 94% ≈ 93% ≈ 93% ≈ 93% – – –
LSCF3728 ≈ 84% ≈ 92% ≈ 93% – – – > 95% > 95% > 95%
L
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SCF5528 ≈ 86% ≈ 83% ≈ 91% ≈ 94%
SCF6428 ≈ 61% ≈ 81% ≈ 66%* ≈ 80%
SCF7328 ≈ 80% ≈ 83% ≈ 85% ≈ 94%

ompleted after dwelling for 6 h, but higher than in case of a
ower sintering temperature. The shrinkage curves are shown in
ig. 3a for LSCF2828, LSCF3728 and LSCF5528 and in Fig. 3b
or LSCF6428 and LSCF7328. The total shrinkage was in the
ange of ≈ 11– 16%. The measured relative densities were in
he range of ≈ 89– 94% of the theoretical density.

Sintering experiments at a temperature in the range of the
econd minimum of the shrinkage rate curves (T3) showed that
he densification is nearly completed. The shrinkage curves are
hown in Fig. 3b for LSCF2828 and LSCF5528 and in Fig. 3c
or LSCF3728, LSCF6428 and LSCF7328. As can be seen in
he isothermal phase the shrinkage reached an almost constant
evel after dwelling for 6 h. Here, the total shrinkage was in the
ange of ≈ 16– 18%. The measured relative sample densities
ere for all materials higher than 95% of the theoretical value.
Considering a constant sintering temperature it could be

tated that the relative shrinkage increases with decreasing lan-
hanum content in the perovskite lattice. Nevertheless, in case of

sintering temperature of 1050 ◦C there seems to be an anomaly.
ere, the relative shrinkage of LSCF7328 is larger than the

elative shrinkage of LSCF6428.
s
I

Fig. 4. SEM images of LSCF2828 sample
≈ 94% ≈ 95% – – –
≈ 88% ≈ 80%* ≈ 87% ≈ 89% ≈ 95%
> 95% > 95% > 95% > 95% > 95%

.4. Effect of sintering temperature and sintering dwell
ime on microstructure and sample density

The samples were sintered for 0.5–6 h at the above men-
ioned temperatures. The measured relative sample densities are
ummarised in Table 4.

In Fig. 4 SEM images of cross-sections of LSCF2828 samples
intered at 1050 ◦C and 1150 ◦C for 0.5 h, 3 h and 6 h are shown.
s can be seen in the SEM images there were regions which
ere denser than other regions in case of sintering at 1050 ◦C

or half an hour (Fig. 4a). By increasing the sintering dwell
ime the relative sample density increased. After 6 h dwelling
relative sample density of about 94% of the theoretical value
as achieved (Fig. 4c). Nevertheless, by increasing the sintering

emperature to 1150 ◦C a relative sample density of about 93% of
he theoretical density was achieved after 0.5 h sintering. Under
his conditions an increase in sintering dwell time seemed to
ave no effect on the densification of the sample (Fig. 4d–f).
In Fig. 5 SEM images of cross-sections of LSCF3728 samples
intered at 1050 ◦C and 1250 ◦C for 0.5 h, 3 h and 6 h are shown.
n case of sintering at 1050 ◦C for 0.5 h there were also regions

s sintered at 1050 ◦C and 1150 ◦C.
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Fig. 5. SEM images of LSCF3728 s

hich were more porous than other regions (Fig. 5a). This was
eflected in the measured relative sample density which was
bout 84% of the theoretical value. The sample became denser
y increasing the sintering dwell time. An increase of about 9%

ccured by increasing the dwell time from 0.5 h to 6 h (Fig. 5a
nd c). However, by increasing the sintering temperature up to
250 ◦ C already after half an hour sintering a relative sample
ensity of more than 95% was achieved (Fig. 5d). Increasing

H
f
a
s

Fig. 6. SEM images of LSCF5528 sampl
es sintered at 1050 ◦C and 1250 ◦C.

he sintering dwell time at this temperature did not enhance the
elative sample density (Fig. 5e–f).

In Fig. 6 SEM images of cross-sections of LSCF5528 samples
intered at 1050 ◦ C and 1150 ◦ C for 0.5 h, 3 h and 6 h are shown.

ere, also regions which were denser than other regions occured

or the sintering experiments at 1050 ◦ C for 0.5 h and 3 h (Fig. 6a
nd b). In principle the densification increased with increasing
intering dwell time. Nevertheless, in case of sintering at 1050 ◦

es sintered at 1050 ◦C and 1150 ◦C.
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for 3 h there was a decrease in relative sample density. Unfor-
unately, it was not possible to acertain this decrease of relative
ample density. However, increasing the sintering temperature to
150 ◦ C a relative sample density of almost 94% of the theoreti-
al density could be achieved after 0.5 h dwelling (Fig. 6d). Here,
n increase in sintering dwell time seems to have no significant
ffect on the densification of the sample (Fig. 6d–f).

In Fig. 7 SEM images of cross-sections of LSCF6428 sam-
les sintered at 1050 ◦C, 1150 ◦ C and 1250 ◦ C for 0.5 h, 3 h and
h are shown. In case of sintering at the lowest sintering tem-
erature there were for all dwell times regions which were more
orous than other regions (Fig. 7a–c). The measured relative
ample density was for a dwell time of half an hour compara-
ively low (61%). Increasing the dwell time should lead to an
ncrease in sample density. However, in case of 6 h dwelling
he measured relative sample density decreased strongly. This

ight be due to cracks in the sample, which occured during
reen body preparation or the sintering step itself. Increasing

he sintering temperature to 1150 ◦ C the relative sample den-
ity increased. Here, no regions occured which are more porous
han others (Fig. 7d–f). But, in case of 6 h dwelling again the

o
b
u

Fig. 7. SEM images of LSCF6428 samples sin
eramic Society 29 (2009) 2831–2839 2837

elative sample density decreased. This also might be due to
racks in the sample. A further increase in sintering tempera-
ure (1250 ◦C) led to a higher densification (87–95%). Here, the
ncrease in dwell time from 3 h to 6 h led to an increase in rela-
ive sample density of about 6% (Fig. 7g–i). Unfortunately, there
re a few secondary phases (cobalt oxide) formed (e.g. Fig. 7i,
arked by a circle). Secondary phases were identified using
DX.

In Fig. 8 SEM images of cross-sections of LSCF7328 samples
intered at 1050 ◦C, 1150 ◦ C and 1250 ◦ C for 0.5 h, 3 h and 6 h
re shown. In case of sintering at 1050 ◦ C the sample was porous
ven after 6 h dwelling (Fig. 8a–c). The relative sample density
ncreased from 80% to 85% by increasing the dwell time from
.5 h to 6 h. However, increasing the sintering temperature to
150 ◦ C a relative sample density of greater than 94% of the
heoretical density was achieved. A further increase in sintering
emperature did not lead to a higher densification (Fig. 8g–i).
n contrast, by increasing the sintering temperature small spots

f secondary phases (cobalt oxide) are formed (Fig. 8h, marked
y a circle). Those secondary phases which were also identified
sing EDX might influence the material properties.

tered at 1050 ◦C, 1150 ◦C and 1250 ◦C.
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Fig. 8. SEM images of LSCF7328 samp

In principle it could be stated that the effect of the sintering
emperature is more significant than the effect of the sintering
well time. Increasing the sintering temperature led to a higher
ensification even at low sintering dwell times for all materi-
ls. Considering the lanthanum content of the perovskites, there
eems to be no influence of the lanthanum content on the final
intering temperature and dwell time. Nevertheless, only in case
f LSCF6428 and LSCF7328 sintering at the temperature in the
ange of the second minimum of the shrinkage rate curve led to
he formation of secondary phases.

. Conclusion

In this study the sintering behaviour of perovskite-type
embrane materials within the system La1−xSrxCo0.2Fe0.8O3−δ

0.3 ≤ x ≤ 0.8) was investigated. The perovskite-type materi-
ls were prepared by solid state reaction at 1150 ◦ C for 6–24 h;
hen ball milled and finally uniaxially pressed into pills.
Shrinkage curves of the samples have been measured using
high-resolution dilatometer. Three different heating rates and

hree sintering temperatures have been selected to investigate
he influence of these parameters on the shrinkage curves and

d
t
0
a

tered at 1050 ◦C, 1150 ◦C and 1250 ◦C.

he sample density. The results showed that the influence of the
eating rate on the shrinkage curves is negligible in the range of
hose investigations. Deviations were mostly within the uncer-
ainty of measurement. The total shrinkage of the samples was
n all cases less than 25%.

The influence of the sintering temperature was more signif-
cant than the influence of the sintering dwell time according
o our studies. In case of LSCF6428 and LSCF7328 sinter-
ng experiments at the highest temperature which was selected
ccording to shrinkage rate curves showed that secondary phases
ight occur.
On the basis of our studies it could be stated that the inves-

igation of the sintering behaviour is very important due to the
act that the sintering behaviour is material-dependent.
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