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Abstract

The sintering properties of La,_,Sr,FeO;_s (x=0.1, 0.25) mixed conductors have been investigated with particular emphasis on the effect of
secondary phases due to cation non-stoichiometry (£5 mol% La excess and deficiency). Secondary phases, located at grain boundaries in cation
non-stoichiometric materials, increased the sintering temperature compared to single-phase materials. Extensive swelling in final stage of sintering
was observed in all materials, which resulted in micro-porous materials. The swelling was most pronounced in the phase pure and two-phase
materials due to La-deficiency, while refractory secondary phases in La-excess materials inhibited both sintering, grain growth and swelling. In
La-deficient materials, formation of molten secondary phases resulted in rapid swelling due to viscous flow. The present findings demonstrated
the importance of controlling sintering temperature and time, as well as careful control of the cation stoichiometry of La,_,Sr,FeO;_; in order to

achieve fully dense and homogenous La;_,Sr,FeOs;_; ceramics.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Perovskite materials such as La_,Sr,FeO3_s (LSF) become
oxygen deficient at elevated temperature and have a significant
oxygen ion and electronic conductivity.! These mixed conduct-
ing oxides have potential applications as gas sensors, oxygen
permeable membranes, electrodes and oxidation catalysts.>®
Dense materials with sufficient mechanical and chemical sta-
bility are required for these applications, and knowledge of
the sintering properties of the materials is important. Sinter-
ing of LaFeO3 powders has shown that small amounts of sec-
ondary phases in the materials affect the densification behaviour
considerably.® The densification behaviour of Laj_,Sr,FeO3_s
has to our knowledge not been studied extensively, but reports
on SrFeO;_; ceramics!®~!3 show low densities and swelling
at higher temperatures. Kleveland et al.!! have emphasized the
importance of good control of the cation stoichiometry to avoid
post sintering swelling. The swelling was caused by reduc-
tive heterogeneous phase equilibria involving secondary phases
resulting in oxygen evolution and pore expansion.

* Corresponding author. Tel.: +47 73 59 40 84
E-mail address: Tor.Grande @material.ntnu.no (T. Grande).

0955-2219/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2006.01.013

Here, we present a systematic study of the sintering properties
of Laj_,Sr,FeO3_s ceramics. Particular attention is given to
the role of secondary phases due to offset from nominal cation
stoichiometry and moreover post sintering swelling due to pore
expansion.

2. Experimental

Stoichiometric powders with nominal composition
LagoSrg 1FeO3 and Lag75Srg25FeO3 were prepared by
spray drying (Biichi, Mini spray-Drier B-191) of solutions of
glycine and nitrates as described by Fossdal et al.'* La-excess
and La-deficient powders were also prepared by the same
method, the nominal compositions are summarized in Table 1.
The resulting powders were ball-milled (Si3Ny-balls) for 20h
in iso-propanol, before calcining in air at 900 °C for 24 h. Some
of the Lag75Srp25FeO3 powder was subsequently calcined at
1050 °C in order to obtain a coarsened powder. The surface area
of the calcined powders was measured by nitrogen adsorption
(ASAP 2000, Micromeritics).

Powder pellets (0.5-0.8 g) were prepared by uniaxial press-
ing at 230-250 MPa. The relative green density measured using
geometrical dimensions and weight was in the range 56-61%
of theoretical density. Uniaxially pressed pellets were sin-
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tered in air at 1050-1550°C for 2-24 h. Heating and cooling
rates were 200 K/h. The density of sintered pellets was mea-
sured by Archimedes technique using iso-propanol. The open
and closed porosity was calculated using a theoretical den-
sity of 6.57 and 6.17 g/cm3 for respectively Lag 9Srg. 1 FeO3 and
Lag 75Srg.25Fe03.1

Dilatometry (Netzch DIL 402C) was performed on uniaxially
pre-pressed and further cold isostatic pressed (200 MPa) pellets
in a vertical direction. The pellets had green densities close to
60% of theoretical. Dilatometry was performed in flowing air
at a heating rate of 120 K/h or at isothermal conditions for up
to 30 h. The force acting on the powder compact correspond to
a pressure of 300 Pa. Thermal gravimetrical analysis (Netzcsh
STA 449C) was performed in synthetic air on powder samples in
the temperature interval 20-1450 °C. Heating and cooling rates
were 120 K/h.

Microstructural analysis of fractured cross sections of the
sintered pellets was performed using a scanning electron micro-
scope, SEM (Zeiss DSM 940) and energy dispersive spec-
troscopy (EDS) (Noran Instruments, Tracor Series II). Frac-
tured and polished cross sections of the sintered pellets were
also investigated by optical microscopy (Reichert-Jung, MeF3-
metallograph) coupled to a digital camera (Sony DKC-5000).
The polished surfaces were prepared by grinding with SiC-
papers followed by polishing with diamond particles down to
1 pm.

X-ray powder diffraction (XRD) was performed on a Siemens
D5005 diffractometer (Cu Ko radiation and a secondary
monochromator) in the 26 range 15-80° with step 0.02° and
step time 25.0 s. Cell parameters and crystallographic densities
were calculated from the X-ray diffraction diagrams.

3. Results
3.1. Characterization of the powders

The nominal composition, surface area and phase composi-
tion of the six different powders are summarized in Table 1. The
two stoichiometric materials (La09 and La075) were phase pure
according to XRD and the unit cell parameters were in good
accord with literature.'*!> The four non-stoichiometric materi-
als (La09, La085, La80 and La65) contained secondary phases
in accord with the nominal stoichiometry and phase diagrams

Table 1
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of the system SrO-La;O3—Fe;O3 reported by Fossdal et al..1o
In La085 the secondary phase changed from Fe;Os3 in the cal-
cined powder to La;_,Sry Fej2019 in the sintered specimens,
which is also in accord with the phase diagrams.'® Generally,
the diffraction lines of the secondary phases were easier to
observe in sintered samples compared to the powders due to
particle size broadening and reactions with moisture, which was
particularly a problem with the powders containing LayOs3 as
secondary phase. The average particle size of the powders cal-
culated from the surface area assuming spherical morphology,
given in Table 1, was confirmed by electron microscopy.

3.2. Densification and post sintering swelling studied by
dilatometry

The linear shrinkage and differential linear shrinkage of
stoichiometric La09 and non-stoichiometric La085 and La095
powders during heating are shown in Fig. 1. The region with
negative differential shrinkage will be commented first. There
are no systematic relationship between the sintering properties
and the initial particle size (Table 1). The difference in sinter-
ing behaviour is caused by the presence of secondary phases in
the La085 and La95 powders. Sintering of phase pure La09 was
initiated at 780 °C, about 40 K lower than compared to La085
and La95. Moreover, better sintering properties of La09 is also
reflected by the larger negative differential linear shrinkage.
A single sintering event is evident from the linear differential
shrinkage and a single dominant sintering mechanism is there-
fore inferred for La09. Two densification processes are evident
for La085, see Fig. 1. Similar behaviour was also observed for
similar materials containing secondary phases. The apparent 1%
reduction in the linear shrinkage of La095 between 1270 and
1350 °C was reproduced in a second experiment.

A pronounced reduction of the density was observed at higher
sintering temperatures for all three materials. The materials
reached a maximum density at the temperature where the differ-
ential linear shrinkage changed sign, see Fig. 1. The temperature,
corresponding to the maximum density, was shifted upward for
La095 and La085 containing secondary phases. This reflects
the poorer sintering properties of these two powders relative to
the phase pure La09. In the region where the differential linear
shrinkage is positive the materials were swelling resulting in a
lower density. Moreover, the maximum expansion rate (posi-

Chemical and physical properties of powders; nominal composition, Label, secondary phases, surface area and estimated particle size from surface area assuming

spherical particles

Label Nominal composition Secondary phases Estimated content of Surface area (m%/g) Particle diameter® (pm)
sec. phases (Wt%)

La09 LagoSrg 1 FeOs_s None 0 3,69 0.12

La085 La().gssr()‘]FeO},(s F6203La1,x51‘xF612019b 1.7 1.97 0.23

La095 Lag 95Srg 1 FeO3_5 Lay03 33 6.21 0.07

La075 La0,75Sr0‘25FeO3,5 None 0 3.14/1.26* 0.16/0.39%

La065 Lag 65519 25FeO3_s La;_,SryFe2019 3.7 2.30 0.21

La080 Lao.gosr0‘25FCO3,5 LaerF6207,5 11.1 5.64 0.09

2 Powder calcined at 1050 CircC after calcination at 900 CircC.
b Observed in sintered specimens.
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Fig. 1. Temperature dependence of linear shrinkage and differential linear
shrinkage for the La09-series: La09, La085 and La095. The heating/cooling
rates were 120 K/h. The samples were held for 1h at 1450 °C before cooling.
The densities of the samples after heating to 1450 °C and cooling to room tem-
perature were 3.43, 3.07 and 5.85 g/cm?, respectively. The small increase in
density at about 1350 °C for La09 is due to deformation of the sample by the
pressure (300 Pa) from the push-rod in the dilatometer.

tive d//dT) during de-sintering is far higher than the maximum
shrinkage rate observed during sintering. In some cases the final
density was reduced below the initial green density. The abrupt
change in the linear shrinkage, as observed for La09 during
the swelling period, was also observed for other samples, see
Fig. 2. This is caused by pore wall rupture as discussed further
below.

The linear shrinkage and differential linear shrinkage of phase
pure La075 powder and La065 and La080 powders, containing
secondary phases, are shown in Fig. 2. The sintering behaviour
and post sintering swelling is strikingly similar to the observa-
tions shown in Fig. 1. Again the sintering and post sintering
swelling was suppressed to higher temperatures due to the pres-
ence of secondary phases.

The onset for sintering of the single-phase powder La075
with the highest sintering rate is 740 °C. This was 40 degrees
lower than for single phase La09, which reflects that the sin-
tering temperature is decreasing with increasing Sr content in
Laj_,SrFeOs_s. This decrease is also in line with the sintering
behaviour reported for LaFeO3 and SrFeO3_s.!! As for La09
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Fig. 2. Temperature dependence of linear shrinkage and differential linear
shrinkage for the La075-series: La075, La065 and La080 (25% Sr). The heat-
ing/cooling rates were 120 K/h. The samples were held for 1 h at 1450 °C before
cooling. The densities of the samples after heating to 1450 °C (1500 °C for
La080) and cooling to room temperature were 3.70, 2.84 and 5.94 g/cm?, respec-
tively.

(Fig. 1), a single sintering event was observed for La075, as
shown in Fig. 2.

The cylinder-shaped specimens were significantly deformed
after the dilatometer experiments. The diameter at the middle
of the cylinders was significantly larger than at the edges. The
expansion was clearly suppressed in the direction towards the
push rods of the dilatometer.

3.3. Microstructure and porosity

The densification of the six materials was further inves-
tigated at isothermal conditions in the temperature interval
1050-1550 °C. The density of the materials after 2 h sintering is
shown in Figs. 3 and 4 as a function of the sintering temperature.
The density of the two single-phase materials La09 (Fig. 3) and
La075 (Fig. 4) reached a maximum relative density of about
90-91% of the theoretical between 1100 and 1150 °C before
the density decreased quite dramatically at higher sintering
temperatures. These observations confirmed the trends observed
by dilatometry (Figs. 1 and 2). The pronounced effect of the
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Fig. 3. Temperature dependence of the open porosity and the absolute density
after 2 h isothermal sintering for the La09 series: La09, La085 and La095. The
lines are guides to the eye.

minority phases on the densification was again evident. The
maximum density of the materials containing secondary phases
was obtained at significantly higher sintering temperatures
relative to the phase pure materials. Moreover, the La-deficient
materials (La085 and La065) became significantly less dense at
high sintering temperatures, and in some cases the final density
became even lower than the initial green density. A dramatic
reduction in the density was observed for the La-deficient
materials La085 (Fig. 3) and La065 (Fig. 4) at about 1380 and
1320 °C, respectively.

The open porosity of the specimens, obtained by Archimedes
method, is also shown together with the density in Figs. 3 and 4.
The open porosity is strongly declining with increasing density
and become close to zero at the maximum density. The residual
porosity of about 9-10% at the maximum density is essentially
closed for all six materials. The decreasing density at higher
sintering temperatures is initially only caused by an increasing
closed porosity as shown in Figs. 3 and 4.

The microstructure of La075 ceramics sintered at 1200 °C
is shown in Fig. 5. The microstructure is homogeneous on a
pm scale and considerable porosity is evident as expected from
the low relative density (90%). The porosity is evenly distributed
and the average pore size is less than 1 wm. Pores have generally
spherical morphology with concave curvature and are only sur-
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Fig. 4. Temperature dependence of the open porosity and the absolute density
after 2 h isothermal sintering for the La075-series: La075, La065 and La080.
The lines are guides to the eye.
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Fig. 5. SEM image of polished surface of La075 after sintering in air at 1125 °C
for 2 h.
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Fig. 6. SEM images of fracture surfaces of La09 after sintering in air at (a) 1200 °C, (b) 1250°C, (c) 1300 °C, (d) 1500 °C, for 2 h, respectively. (¢) SEM image of

fracture surface and sample surface of La09 after sintering in air at 1500 °C for 2 h.

rounded by 3—4 grains. The apparent grain size is sub-micron
and no significant grain growth had occurred at this tempera-
ture. The microstructure of the other materials at the maximum
density was essentially identical, except for the presence of the
minority phase on grain boundaries in materials with cation non-
stoichiometry.

The microstructure of La09 sintered at four different tem-
peratures between 1200 and 1500 °C is shown in Fig. 6. These
SEM images illustrate the microstructure development during
the swelling process. The grain size increases from less than
1 pm at 1200°C to 5-10 wm at 1500°C. The grains appear
equiaxed in all images. More striking is the expansion of the
pores from spherical pores less than 1 wm in diameter encir-
cled by a few grains at 1200°C, to intricate pore networks
with a convex curvature of the pore surfaces at 1500 °C. The
pore expansion and grain growth were uniform throughout the
specimen. There could not be observed any variation in the
microstructure even in the vicinity of the outer surface of the
samples, see Fig. 6e. The porosity was essentially closed as evi-
denced by the closed surface shown in Fig. 6e. Inspection of
several fractured surfaces of the porous materials revealed that
only a single layer of grains separated large pores from the outer
surface. Note also that the curvature of the pore surface and the
outer surface was similar for the porous samples fired at high
temperatures.

The microstructure of La075 was essentially similar to La09.
The swelling process was governed by expansion of the evenly
distributed pores. The swelling process was accompanied by
grain growth, and pore ripening or coalescence was also evident,
as nearly all pores have become larger than the average grain
size.

The rapid development of open porosity in the final stage of
swelling was due to pore expansion as illustrated in the SEM
images of La085 in Fig. 7. The abrupt swelling is reflected in
the extreme pore expansion from 1375 to 1400 °C. Plate-like
grains identified as the secondary phase La;_,Sr,Fe;2019, can
be observed by SEM in backscatter mode at sintering tempera-
tures from about 1200 °C (Table 1). Like the perovskite grains,
grains of Laj_,Sr,Fe12019 became larger with increasing tem-
perature. At 1500 °C, the plate-like grains of La;_,Sr,Fe(2019,
indicated by the arrow in Fig. 7, were about 10 pum in length.
The length of these plate-like grains seamed to by limited by the
pore size.

The microstructure of La065 materials observed with increas-
ing temperature mimics the development observed for La085.
The decreasing density and increasing open porosity above
1300°C were accompanied by an abrupt increase in the
average pore diameter. A systematic SEM/EDS investigation
showed that La;_,Sr,Fe;2019 was present as scattered parti-
cles from 1150°C. Above 1300 °C the temperature region of
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Fig. 7. SEM images of fracture surfaces of La085 after sintering in air at (a) 1375 °C, (b) 1400 °C and (c) 1500 °C for 2 h, respectively. The arrow in (c) points to

the secondary phase (La,Sr)Fe 2019.

(a)

(®)

Fig. 8. (a) SEM image (back scatter) of fracture surface of La095 after sintering in air at 1500 °C for 2 h. The light grains indicated by the arrows are Lay0Os3. (b)
SEM image (back scatter) of fracture surface of La080 after sintering in air at 1550 °C for 2 h. The needle like grains, indicated by the arrows, is SroLaFe,O7_s.

the most pronounced swelling, a significant grain growth of
La;_,SryFe 7019 had occurred.

In the case of La-excess materials, La095 and La080, the
swelling was considerably less pronounced. This is easily rec-
ognized both by dilatometry (Figs. 1 and 2) and the isothermal
sintering experiments (Figs. 3 and 4). The microstructure for the
La-excess sample, La095, at 1500 °C shown in Fig. 8a, is fun-
damentally different from the porous samples described so far.
The minority phase LayO3 can be identified as brighter grains
with a diameter of about 1 wm distributed between the perovskite
grains. The grain size of the perovskite phase is less than 3—4 pm
in diameter and the pore diameter is less than about 2 pm. Both
grain growth and pore growth was hindered by the presence of
La;03. La080 sintered at 1550 °C (Fig. 8b) had a microstruc-
ture similar to La095, but here the secondary phase, identified
as La;SrFe>O7_s by XRD, had a plate-like structure (indicated
by arrows). Better contrast between the perovskite phase and
Sr3_,LaFe,O7 was obtained by optical microscopy. This sec-
ondary phase was observed in samples sintered from 1300 to
1550 °C by XRD, SEM/EDS and optical microscopy.

4. Discussion
4.1. Phase composition and oxygen non-stoichiometry

The secondary phases observed in the cation non-
stoichiometric samples were in accord with the SrO-Lay0O3-
Fe,03 phase diagram.'® The extensive swelling of La085 and
La065 were caused by the formation of a liquid phase due
to presence of the secondary phases Fe,Osz and Laj_,Sr,
Fe12019. The formation of the liquid phase at Fe-excess
relative to Laj_,SryFeO3_s as for La085 and La065 is
also previously reported.'® The rapid swelling observed at
1380 and 1320°C for La085 and La065 can be interpreted
as the solidus temperature in the pseudo binary systems
Laj_,Sr,Fei2019-La;_ySryFeO3_s. Anincreasing solidus tem-
perature with increasing Sr-content is in line with the Gibbs
phase rule and is also in line with previous observations of
solidus temperatures. '

Mizusaki et al.! have shown that LSF materials become oxy-
gen deficient at elevated temperatures due to the heterogeneous
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Fig. 9. Oxygen non-stoichiometry vs. temperature for La09. The material was
assumed to be stoichiometric at ambient temperature.

phase equilibrium:
Laj_,Sr,FeO3 = La;_Sr,FeO3_5 + 50, (2).

The oxygen non-stoichiometry in air above 1200 °C is not
known, and we therefore conducted a thermogravimetrical anal-
ysis of La09 up to 1450 °C. The oxygen non-stoichiometry ver-
sus temperature at constant heating and cooling rates measured
by thermal gravimetrical analysis for the single-phase sample,
La09, is given in Fig. 9. The material is assumed stoichiomet-
ric (6=0) at room temperature in accord with literature.! The
weight loss upon heating corresponds to a change in § of about
0.03 in the temperature interval 1100-1450 °C. The data demon-
strates that the sintered sample departs from equilibrium oxygen
content during cooling. We expect a similar behaviour for the
five other materials studied here.

After calcination of the La-excess La095 powder, LayO3 was
detected by XRD in addition to the perovskite (Table 1). LayO3
was observed to be hygroscopic and hydroxides were formed
in powders made from the sintered materials, as well as in cal-
cined powders. It is worth noting that LayO3 might cause the
sintered materials to disintegrate when stored in air as observed
for LaFeOj3 ceramics [9].

Initially, we were concerned that the unusual swelling phe-
nomena were in part due to decomposition of small amounts of
impurities like SrCO3 or SrSO4 that would lead to evolution of
gases upon heating and hence cause pore expansion. However,
IR-spectroscopy on selected powders below and above the tem-
perature of the swelling gave no evidence for IR-absorption due
to carbonates, sulphates or any components that would result in
volatile gaseous impurities.

4.2. Densification

From Figs. 1-4 it is evident that the presence of minority
phases strongly influenced the sintering rate, and that the small
variation in the average grain size of the materials (Table 1)
can not explain the difference in sintering behaviour. According
to solid state sintering theory!” the densification rate by grain
boundary diffusion and volume diffusion is proportional to d—*

and d—3, respectively, where d is the average particle diameter.
Figs. 1 and 2 show that the single-phase powders (La09 and
La075) had the highest sintering rate even though the average
grain size was larger than for La-excess powders (La085 and
La065). Densification is also initiated at a lower temperature for
the single-phase powders (Figs. 1 and 2). We can therefore con-
clude that within the small variation in the particle size (Table 1),
the sintering properties of the six powders were determined by
the phase composition. The four powders containing two phases
sintered at a higher temperature relative to the two powders con-
taining only a single phase. These observations are consistent
with our work on LaFeO3 9 where Lay O3 was observed to inhibit
sintering, especially at low temperatures.

Only a single sintering event was observed by dilatometry
on the single-phase materials La09 and La075 (Figs. 1 and 2).
This is also consistent with dilatometric studies of pure LaFeO3
and SrFeO;_; powders.>”!! The initial sintering temperature
is increasing going from pure LaFeOs3; and SrFeO;3_;, reflect-
ing the difference in the melting temperature of the two pure
compounds. So far it has not been possible to determine if the
solid state sintering is governed by cation diffusion along grain
boundaries or by bulk diffusion. Grain boundary diffusion is
usually dominating at low temperature in ceramics!” and cation
diffusion in LaFeO3 has given evidence for much faster cation
grain boundary diffusion than bulk diffusion.'® Our findings
have shown that sintering in these materials is very sensitive to
grain boundary chemistry (secondary phases at the grain bound-
aries), which may also effect the grain boundary diffusion.

The presence of Fe;O3 in the La085 powders demonstrated
that Fe;O3 also behaves as a sintering inhibitor as the sintering
rate was significantly lower than for the single phase powder
La09 (Fig. 1). Two sintering events were also evident for La085
in contrast to the single event observed for La09. A possible
explanation for the two events were the gradual transformation of
Fe,03 to La;_,SrFe 2019 in line with expectations from phase
diagrams.'® The suppression of the densification rate between
1100 and 1200 °C for La085 can, hence, be explained by the
formation of La;_,SryFe12019 from Fe; O3 and the perovskite,
which was observed by SEM from about 1150 °C. This explana-
tion is supported by the sintering behaviour of the La065 powder,
in which Laj_,Sr,Fe(>019 is the equilibrium secondary phase
after calcination. For La065 only a single sintering event was
observed (Fig. 2). Finally, the low sintering rate for La065 shows
that also La;_,Sr,Fe12019 acts as a sintering inhibitor. In the La-
excess materials the secondary phases inhibited both sintering,
grain growth and swelling.

4.3. Post sintering swelling and microstructure

The sintering properties of the six powders presented here
have revealed the difficulties of obtaining dense ceramics of
mixed valence state oxides due to swelling in the final stage
of sintering. Extreme expansion during sintering has also been
reported for other related perovskites by the present group®!!
and others groups.'®!? It is worth noting that swelling is also
observed in ceramics of high-T superconductors!*—2" where the
valence state of Cu is reduced during sintering. However, even
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though we can conclude that evolution of O, is indeed occur-
ring during sintering of both these type of materials, this does
not need to cause swelling. The swelling of our materials was
initiated above 1200 °C, which coincide with the corresponding
swelling observed for SrFeO3-based materials.!!

In conventional sintering theory porosity may increase
at high temperatures due to grain growth accompanied by
pore coalescence or by pore ripening.!” The final porosity is
determined by the total amount of gas trapped in the pores at
pore closure and a may cause an increase in porosity of about
5-8%.2! If the gas trapped in the closed pores is soluble in
the bulk ceramic the effect should be less pronounced. Pore
coalescence and pore ripening alone can therefore not explain
the present observations.

The microstructure of La09 (Fig. 6) shows that the pores
at 1200 °C have concave pore surfaces, and they are therefore
unstable and should contract and finally disappear if they were
filled with pure oxygen since the materials are oxygen permeable
(require slow grain growth). The swelling upon further heating
results in an intricate pore structure with convex pore surfaces.
However, the transition from pores with concave to convex cur-
vature and the drastic increase in the pore volume calls for an
extraordinary explanation.

There are several observations in the literature which are
relevant to the swelling phenomenon. Swelling or bloating of
glasses due to decomposition of hydroxides or carbonates is
a well-known phenomenon. We have excluded this possibility
by IR-spectroscopy. Solid state foaming of titanium has been
reported using hot-isostatic pressing of titanium powders in the
presence of an inert gas such as argon, followed by expansion
of the pores filled with high pressure argon at ambient pres-
sure and elevated temperature.?> The resulting microstructure
of the porous titanium is strikingly similar to swollen materials
reported here. Extensive swelling of Fe;0323 and expansion of
bubbles in tableware and sanitary ware caused by evolution of O
due to reduction of Fe(III) to Fe(Il), have also been reported.24

The involvement of gas evolution in the cases mentioned
above has given us reasons to propose that the intrinsic evo-
lution of Oy during heating of La;_,Sr,FeO3_s is relevant for
the observed pore expansion. However, the materials is known
as reasonable oxygen permeation membranes>* and one should
expect that the oxygen evolved due to thermal reduction of iron
should permeate out of the materials. The thermogravimetrical
analysis (Fig. 9) shows that the cooling curve does not follow the
heating curve. The oxygen permeation is therefore not as fast as
we might expect. Itis important to note that permeation measure-
ments in air/helium gradients>> mostly are conducted on pol-
ished samples, often after treating the surfaces in CO-containing
atmosphere. The oxygen flux tends to increase significantly for
long periods of time in absence of such pretreatment, which
indicates a surface effect which needs to be investigated fur-
ther. Temporary build up of oxygen pressure inside closed pores
during heating might therefore give rise to a driving force for
pore expansion. Considerable creep rates for related materials
have been reported,”>?® and only small overpressures of oxy-
gen would therefore cause pore expansion.?’ The microstructure
analysis reveals that grains remain equiaxed and no elonga-

tion of grains in the course of swelling is observed. The creep
mechanism during swelling is therefore most likely diffusion
accommodated grain boundary sliding in line find recent inves-
tigations on creep in related materials.?>>® Some grain growth
is observed during creep, which means that there is most likely
a contribution of static/dynamic grain growth to the resultant
creep behaviour.

The rapid pore expansion of the La-deficient materials
La085 and La065 at 1380 and 1320°C cannot be explained
by the creep mechanism discussed above. Kleveland et al.'!
have reported fast swelling in Fe-excess SrFeOs_; based
ceramics. The swelling coincided with the peritectic point in
the SrO-Fe,03 phase diagram.”® The melting was reductive
in nature and the simultaneous formation of a liquid phase and
evolution of O, (g) caused a rapid expansion of the pores and
grain growth due to viscous flow. As described previously, the
presence of FeyOs rich secondary phases in La085 and La065
caused the formation of a liquid phase, which are related to the
one observed by Kleveland et al.!! We can therefore conclude
that the rapid swelling of La085 and La065 observed at 1380
and 1320°C is due to the formation of a secondary liquid
phase.

The swelling phenomena of the La-excess materials La095
and La080 were significantly less pronounced than that of the
other four materials (Figs. 1-4). This is in excellent agreement
with the slow swelling observed in Sr-excess SrFeO3_s observed
by Kleveland et al.'! Only solid secondary phases were present
in both cases. We can therefore conclude that refractory phases
inhibit swelling as well as sintering and grain growth. Improved
sintering behaviour have also been reported for Sr(Fe,Al)O3-
based ceramics by addition of AlL,05.13

4.4. Improving densification

Our observations show that the sintering competes with
the swelling in these materials, which is confirmed by the
low maximum density obtained by isothermal sintering for 2 h
(Figs. 3 and 4). The high creep rate, combined with a closed pore
structure and oxygen evolution, leads to low final density even
in samples sintered for 48 h at temperatures where the sintering
rate has its maximum. Sintering for long times will give higher
final density only if the sintering rate is chosen so that most of the
oxygen evolves before the pores close. By increasing the calci-
nation temperature for La075 from 900 to 1050 °C, and sintering
at 1200 °C for 30h, a final density of 96.1% (5.93 g/lcm?) was
obtained. The sintering temperature was 50 K below the maxi-
mum in the sintering rate, yet the sintering rate is high enough to
obtain high-density materials. Similar results have been reported
for Lag 5Sro.5sFeO3_5.2°

5. Conclusions

The densification properties of stoichiometric and
non-stoichiometric La;_,Sr,FeO3_s materials have been
investigated. Secondary phases located at grain boundaries due
to cation non-stoichiometry increased the sintering temperature
and reduced the densification rate compared to single-phase
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materials. Rather low density of the materials was achieved due
to extensive swelling in final stage of sintering irrespective of
the cation stoichiometry. The swelling was particularly rapid
in the presence of liquid secondary phase. The driving force
for the observed pore expansion is proposed to be due to a
temporary over-pressure of oxygen in closed porosity caused by
the thermal reduction of iron during heating. We have shown the
importance of understanding the chemistry and heterogeneous
phase equilibria in order to obtain dense ceramics of mixed
conductors.
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