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Densification of LaGaO3; at low sintering
temperatures via Fe3* substitution at Ga3* site
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Attempts to achieve near theoretical density in polycrystalline LaGaO3; compacts using
Fe, O3 as a dopant have been made. The B-site substituted lanthanum gallates with iron
doping ranging from 15 to 55 mole% FeO, 5 (Fe,03) were synthesized via solid state
reaction using oxide and nitrate precursors and sintered at 1200°C for 24 to 72 h and at
1300°C for 12 to 36 h. Systematic variation in the lattice constants and microstructural
aspects was followed as a function of mole fraction of Fe,0s. It was found that the parent
LaGaOs structure could take up as high as 55 mole% of Fe, 05 retaining the orthorhombic
crystal structure. Compositions containing 35 mole% Fe,O3; soaked for 48 h or more at
1200°C and for as low as 12 h at 1300°C resulted in perfectly dense compacts. Bodies
containing lower dopant concentrations (Xre,0, < 0.25) were found to have a substantial
degree of porosity with good intergranular connectivity, while a significant amount of grain
growth and broad grain size distribution was an interesting feature in samples containing
mole fractions higher than 0.35. © 2007 Kluwer Academic Publishers

1. Introduction
The perovskite-structured lanthanum gallate, LaGaOs,
together with NdGaOj3 had been projected during the
last decade and is continued to be used as an excel-
lent substrate material for deposition of thin films of
such materials as YBCO hi-T; superconductors and
other optoelectronics [1]. However, the first choice in
such an application is to use single crystals which are
either expensive or not available all the time in con-
venient geometry and dimensions. Polycrystalline lan-
thanum gallate, on the other hand, with near theoretical
density would be an excellent and inexpensive substi-
tute to the single crystals in such specialized applica-
tions, provided other requirements of thin film depo-
sitions are satisfactorily met with. In addition, several
recent studies have shown that doped LaGaOs is a vi-
able alternative to the high temperature yttria-stabilized
zirconia (YSZ) electrolyte in the ceramic solid oxide
fuel cells (SOFCs) [2—6]. The highest conductivity of
0.14 Scm™~! at 800°C was obtained for the composition
Lao_gsroizGao_gsMgo_1502_325 sintered at 1430°C [4].
Huang et al. [5] reported a conductivity of 0.11 Scm™!
at 800°C in samples derived from sol-gel technique,
having the composition LaggSryGaggMgp20:.3s.
These values are comparable to those exhibited by YSZ
at temperatures in excess of 1000°C.

In the later applications as well, one of the pri-
mary pre-requisites is the highest achievable density
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of the solid electrolyte without porosity. To this end,
Azad and Er [7] have recently shown that a benign
microstructure could be obtained in the composition
Lao_QSro_1Ga0,gMg0.202_35 soaked for 6 h at 1400°C.
A literature survey would reveal that most of the
studies reported so far have concentrated on the Sr-
doping (at the La-site) and Mg-doping (at the Ga-
site). However, there is one investigation pertaining
to the electronic conductivity of Fe-and Cr-substituted
LagoSrg1Ga0Os3 [8]. The results showed that while
Lag.9Srp.;GaO3 had high 0%~ conductivity, the doped
materials (Lag 9Srg 1Ga;_,M, O3, where M = Fe or Cr;
x =0.05 and 0.20) exhibited high electronic conductiv-
ity. Therefore, the significant mix of electronic and ionic
conductivity in these doped materials was envisaged to
be of use as electrodes in SOFCs. The above mentioned
study [8], however, used only two compositions, viz.,
5 and 20 mole% of the dopants. Therefore, it does not
give a clear picture of the effect that a wider dopant con-
centration would have on the microstructural and con-
ductivity behavior of the resulting formulations. More-
over, the samples used by these authors were sintered
at 1500, 1550 and 1600°C for 4 h, leading to two-phase
mixtures with the resultant microstructure showing two
different morphologies and grain size distribution.

On the other hand, the choice of using F,O3 (iron
in 34 oxidation state) in the present work as a doping
agent was due to the fact that:
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(a) the size of Fe3* and Ga®" ions is nearly the same
(0.067 and 0.062 nm, respectively); therefore, mini-
mal effect on the CTE and lattice parameter is envisa-
ged, and

(b) both host and the guest ions being isovalent, there
would not be a significant amount of lattice defects
created in the lattice.

With this objective in perspective, investigation re-
ported in this communication was carried out, where
the B-site dopant concentration was varied over a wide
range (0.15 < xge <0.55). The aim was to study the ef-
fect of such a large variation of the dopant concentration
on the structural and microstructural behavior of the
resulting compositions sintered at temperatures much
lower than employed hitherto in this system, which in
turn would affect their electrical conductivity.

2. Materials synthesis and characterization
Five doped compositions were synthesized via conven-
tional ceramic route, viz., the solid-state reaction. The
compounds La(NO3)3. 6H,0 (99%, Riedel-De Haen,
Seelze-Hannover, Germany), Ga;O3 (99.99%, Fluka
Chemika, Switzerland), Fe(NO3)3. 9H,0 and Sr(NOs3),
(both 99%, BDH, Poole, UK) were used as the start-
ing materials. Stoichiometric amounts of the starting
components were weighed out and mixed so as to give
the targeted composition, viz., Lag¢Srg.1Ga;_Fe, O3
(0.15 <x <0.55, x varying in intervals of 0.10) up on
calcination and sintering. Each of the powder mixture
was ball-milled for 2 h in a polystyrene container with
8 clean and polished zirconia balls in acetone as the
milling medium. Room temperature drying under UV
lamp for few minutes was used to remove acetone. The
dry powder was pressed into discs of 6 mm diameter
and 2 mm thickness, using double-end compaction with
stainless steel die at about 40 MPa. The discs were cal-
cined first at 800°C for 4 h, crushed, thoroughly ground,
pelletized and heated again at 1000°C for 24 h. Phase
identification was carried out by powder diffraction on
a Philips X-ray machine at room temperature, using
monochromatic Cu K, radiation in the range 10-90°
(2-theta). The X-ray data were used to derive the d-
values (interplanar spacing) in each of the solid so-
lutions, which were then used to compute the lattice
parameters and unit cell volumes.

Subsequently, each of the calcined powders was
blended with 1 wt.% polyvinyl alcohol (PVA) as binder.

The mixture was oven-dried and cold-pressed again,
into cylindrical pellets having diameter 6 mm and thick-
ness 1 mm. The as-pressed pellets were sintered in am-
bient air at 1200°C (for 24, 48 and 72 h) and at 1300°C
(for 12, 24 and 36 h). Density measurements on the
green as well the sintered pellets by Archimedes prin-
ciple helped in estimating the degree of densification
up on sintering at a constant temperature for a given
soak-time.

Microstructural features of the sintered discs were
determined by using a JEOL-6400SM scanning elec-
tron microscope (Japan). A uniform thin film of gold
was evaporated on the exposed surface by Polaron
Coating Machine (UK) to avoid electrostatic charging
during microscopic viewing. In some cases, prior to
SEM examination, samples were thermally etched to
clean the grain boundaries by preferential evaporation
of volatile impurities, if any.

3. Results and discussion

The XRD spectra of the doped compositions taken on
powders after the first-stage calcination at 800°C for 4 h,
did not show the principal peaks belonging to LaGaO3
system. Therefore, the solid-state reaction at this
temperature did not seem to have led to the target com-
pound. However, the principal XRD peaks did appear
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Figure 1 Variation of lattice parameters with mole percent of Fe;O3 in
LaGaOs.

TABLE I Unit cell parameters of Lag 9Srg.1Ga_; _ ,Fe, O3 solid solutions (orthorhombic structure)

Vcell/m3

Sample a/nm b/nm ¢/nm (x1 030) Reference
LaGaOs3 55260 .54730 77670 230.4700 [11]
LaGaOs3 55190 .54940 77000 233.4700 [12]

Lag 9Sro.1Gap.80Mgo.2003-s 55215 55158 78353 238.6279 [7]
Lao,gsrollGa0,95F60.0503 .55430 55420 78290 240.5000 [8]
Lag.9Sro.1 Gag goFe.2003 55190 55740 78440 241.3000 [8]
Lao,gsrollGao,g5Fe0,1503 55236 56670 78408 245.4346 This work
Lag.9Sro.1Gag 75Fe 2503 55284 .56545 78456 245.2561 This work
LaOAgsrollGa0,65Fe0,3503 55464 .56499 78840 247.0578 This work
Lag.9Sro.1Gag 55Fe.4503 .55440 .56670 78608 246.9872 This work
LaOAgSrollGao‘45Fe0,5503 55572 .56336 78872 246.9249 This work
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Figure 2 Microstructural evolution after (a) 24 and (b) 48 h soaking in Lag 9Sro 1 Gag g5Feo.1503 and (c) 72 h soaking of Lag ¢ Sro 1 Gag 75Fep 2503 at
1200°C.
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Figure 3 Microstructural evolution after (a, c) 12 and (b, d) 36 h soaking at 1300°C; (a, b) Lag.9Srg.1 Gag gsFeo.1503 and (¢, d) Lag 9 Sro.1 Gag.75Fep 2503.
(Continued.) ' . ' A
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Figure 3 (Continued.)

(b)

Figure 4 Microstructure of Lag 9Sro.1Gag e5Feo.3503 sintered at for (a) 48 (b) 72 h at 1200°C and (c) 12 h at 1300°C. (Continued.)
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Figure 4 (Continued.)

Figure 5 Microstructural changes in Lag 9Srg 1 Gag 55Feo 4503 sintered for (a) 24 (b) 48 h at 1200°C and (c) 12 and (d) 24 h at 1300°C. (Continued.)
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Figure 5 (Continued.)

for all the samples heated at 1000°C for 24 h. From
this, it was concluded that the compound formation
was complete at 1000°C. This is 100°C lower than that
reported by Baker et al. [8]. Compound formation at
somewhat lower temperature in the present case could
be attributed to the use of nitrates (except Ga,0s3) as
the starting materials, instead of oxides. The favorable
decomposition kinetics of nitrate precursors, lead to
the formation of reactive oxide surfaces upon thermal
cleavage. This is very favorable for a facile reaction,
leading to the formation of the target compound [9—10].

Pure lanthanum gallate, LaGaOs, crystallizes in or-
thorhombic modification (¢ #b #c; « = =y =90°)
[11-12]. The ionic radius of Sr>* and Fe** is slightly
larger than that of La** and Ga®™, respectively. There-
fore, the lattice parameters of the resulting solid so-
lutions (still in orthorhombic structure) is expected
to increase slightly with increasing dopant concentra-
tion, assuming the formation of solid solution via sub-
stitution. Previous research on Lag¢Sry1Ga;_,Fe, O3

(x =0.05 and 0.20) [8] indicated that the principal peak
positions in the XRD spectra gave a much better fit to
an orthorhombic structure than to a cubic structure, al-
though the latter has been suggested in MgO-doped for-
mulations, La;_,Sr,Ga;_yMg,03_s5 (x =0.1-0.2, y =
0.15-0.25) [4]. In a recent study on pure and 20 mole%
MgO-doped LaGaOs, Slater et al. [13] have shown that
at room temperature, the pure and the doped LaGaOj;
crystallize in orthorhombic and pseudo-orthorhombic
modification, respectively.

Using the relation of interplanar spacing to cell
geometry of a crystalline solid in orthogonal systems,
calculations were made to determine the lattice param-
eters and cell volume of the doped material composi-
tions assuming orthorhombic perovskite structure. The
results of these calculations are presented in Table I
and shown in Fig. 1. As is seen, the lattice parameters
show a monotonic variation when the dopant amount
is increased. This suggests that the limit of solid sol-
ubility has not been reached in this system even up to
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Figure 6 Development of microstructure in Lag 9Srg 1 Gag 45Feo 5503 sintered at 1200°C for: (a) 48 and (b) 72 h.

55 mole% of Fe,;03, though there is a slight increase
in the cell parameter ‘c’ for 35 and 55 mole% Fe,03
doping.

Examination of the microstructural features evolved
in sintered samples revealed interesting systematic both
with respect to the dopant concentration and the sin-
tering conditions. For example, the compacts doped
with 15 and 25 mole% Fe, 03 and soaked up to 72 h
at 1200°C, retained a significant amount of porosity
(density up to ~70% theoretical) without any notice-
able grain growth (average grain size <1 um). This
is typically shown in Fig. 2(a—c), where a systematic
increase in intergranular connectivity (but without any
perceptible grain growth) with longer soak-time could
be easily made out. Up on raising the sintering temper-
ature to 1300°C for the compacts with compositions
in the same range, the morphological features did not
alter much except for slightly better grain-to-grain con-
nectivity, leading to higher density (~81% theoretical).
This is illustrated in Fig. 3(a—d).
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The microstructures shown in Fig. 4 were obtained
on 35 mole% Fe,03-doped samples subsequent to their
sintering at 1200 and 1300°C for various duration. As
can be seen from these micrographs, very high densi-
fication (~99% theoretical) could be achieved even at
1200°C/48 h. The average grain size is 1-2 ywm in sam-
ples soaked at 1200°C, whereas it is ~2 pm in samples
sintered at 1300°C. The grain size distribution, how-
ever, is much narrower in samples exposed to 1300°C.

The porous features observed in samples contain-
ing Xre,0, < 0.35 are again seen in compacts contain-
ing higher than 0.35 mole% of Fe,Os. Fig. 5 shows
the microstructural evolution in sintered samples doped
with 45 mole% of Fe;0s. Sintering at 1200°C for
24 h (Fig. 5a) improved the densification (evidenced
by isolated porosity of small volume) accompanied
by grain growth in some regions. Two sets of grains
with distinct dimensions could readily be recognized:
one, agglomerated sub-micron sized particles and the
other with sharp geometrical features having excellent



Figure 7 Development of microstructure in Lag 9Srg 1 Gag 45Feo 5503 sintered at 1300°C for: (a) 12 (b) 24 (c) 36 h.
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grain-to-grain connectivity and about ~1 um in size.
Increase in soak time to 48 h (Fig. 5b) caused significant
grain growth and intergranular connectivity without af-
fecting the porosity significantly. However, when the
soak time was increased to 72 h, the amount of poros-
ity is seen to increase significantly with reduction in
grain size. This could be attributed to the competing
phenomenon of mass transport with grain growth at
longer soak-times.

The behavior of the sample sintered at 1300°C be-
tween 12 to 36 h was similar to that observed in samples
sintered at 1200°C. In samples soaked for 12 h (Fig. 5¢),
isolated pockets of grain growth could be seen while
grains of sub-micron size were still present. Increasing
the soak time to 24 h led to significantly high degree of
densification and grain growth (Fig. 5d). Some of the
grains were as big as 3 um. However, when the soak
time was increased to 36 h the porosity also increased,
the latter still remaining non-connected and isolated.

Sintering of samples doped with 55 mole% of Fe,0O3
at 1200°C for 24 and 48 h led to a small fraction of ab-
normal grain growth. Increasing the soak time to 72 h
led to much enhanced densification (~88% theoreti-
cal), though still showing the presence of sub-micron
sized grains (Fig. 6). On the other hand, sintering at
1300°C in the range 12 to 36 h led to a highly densified
microstructure with significant grain growth (grain size
of the order of 2 to 5 yum). This is shown in Fig. 7, where
a rather broad grain size distribution could be readily
recognized.

It should be pointed out that though Baker et al. [8]
measured the impedance of 5 and 20 mole% Fe;Os-
doped LaGaOs, they reported the microstructures of
5 mole% Fe,03-doped composition alone. Sintering
was done at 1500°, 1550° and 1600°C for 4 h each.
These temperatures being rather high, the resulting
microstructures were undoubtedly dense and granular.
Wide grain size distribution, however, was visible only
in samples sintered at 1600°C, while those sintered at
lower temperatures still contained an appreciable de-
gree of porosity. In contrast to that, the present inves-
tigation revealed that sintering at 1200-1300°C was
adequate to yield highly dense morphology. The ease
of sintering and excellent densification with appropriate
grain size (more significantly in the case of formulation
containing 35 mole% Fe,03) at relatively lower tem-
peratures employed in the present investigation, could
be attributed to the possible formation of LaFeO3—an
excellent electronic conductor. Though the XRD signa-
tures of the powders did not suggest the presence of this
phase, it is likely that it was formed in trace amounts,
beyond the level of detection by XRD technique. This
phase, if formed at the grain boundaries, could create
defect states, thereby promoting densification. Another
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possibility is that a concurrent reaction leading to the
formation of Lag ¢Sty FeO;99 phase (again in small
amount) could have taken place. Formation of such a
phase with oxygen non-stoichiometry is likely to par-
ticipate in sintering process in a benign fashion. More
experiments, however, are warranted to confirm this
speculation, using sensitive analytical tools.

4. Conclusions

Five doped formulations with iron doping at B-site in
Lag 9Sry.;GaO3 between 15 and 55 mole% were syn-
thesized via solid-state reaction technique. The sin-
tered bodies were characterized by structural and mi-
croscopic means. In the light of these results, it may be
concluded that:

(i) There seems to be an optimum dopant concen-
tration to arrive at the most benign dense microstructure
in Fe;03-doped LaGaO; system; in the present case, it
appears to be 35 mole% Fe;0s3.

(i) Samples containing 35 mole% Fe,03 sintered
at 1200°C for the duration 48 h <t <72 h and those
sintered at 1300°C for 12 h showed systematic grain
growth and densification.

(ii1) Formation of LaFeO3; and/or Lag 9Sry 1FeO> 9
phase could have accelerated the densification and
grain growth process in compositions with higher than
35 mole% dopant concentration, leading to abnormal
grain growth and larger grain size distribution.
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