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Abstract

BaTiO; samples with a tailored microstructure, specific surface areas ranging from 6.5 to 18.5 m?/g, were obtained from the
thermal decomposition of barium titanyl oxalate (BTO) by using a sample controlled reaction temperature (SCRT) method. These
samples are constituted by nanosized crystallites with cubic structure. The use of reducing atmosphere promotes the size diminution
of the coherently diffraction domains. The crystallite size and the strain of powdered BaTiO3 samples were measured in several
crystallographic directions by using the Warren-Averbach multiple order method. The results have shown that crystallite size is
isotropic, whereas the strain has a marked anisotropic character. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Electronic ceramics—dielectrics, integrated circuit
packaged, piezoelectrics, superconductors and mag-
nets—possess the largest share of the advanced ceramic
market. Physical properties of these ceramics depend
mainly on chemical composition and microstructure,
achieved by a careful control of all stages involved dur-
ing the ceramic processing: powder synthesis, con-
solidation and forming, sintering, machining, and
inspection. The performance of a ceramic component is
greatly influenced by powder characteristics such as
chemical purity and particle size distribution. Given the
overriding need to obtain pure submicronic powders
with a tailored size distribution, many researches have
focused on the development of low-temperature synth-
esis methods. However, these novel methods are in
general very expensive in comparison with the current
powder manufacturing techniques.

Ceramic materials based on ferroelectric BaTiO5 have
been dominant in the manufacture of multilayer ceramic
capacitors (MLCCs) for the past 45 years. For example,
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in 1998, the ceramic capacitor industry used~ 11,000
tons of BaTiOs-based dielectric materials, which repre-
sents nearly 90% of total consumption. Miniaturisation
of MLCCs with high capacitance requires the reduction
of the dielectric layer thickness accompanied with the
increase of the number of active layers. Application of
BaTiO; ceramics has encountered some technical pro-
blems such as the strong dependence of capacitance on
dc bias, the large temperature coefficient of capacitance,
the large grain size, the high dissipation factor and the
high sintering temperature. Considerable efforts have
been expended in the search for new materials with
higher dieclectric constant. Lead-based ferroeletric
relaxors are promising candidate materials. However,
they are difficult to fabricate productively without the
formation of a pyrochlore phase that can be detrimental
to the dielectric property.! The total substitution of
BaTiOj; by other dielectric materials in the manufacture
of electronic devices is far away to be realised.
Decreasing the dielectric layer thickness in MLCCs
preferably down to 2 um needs small and uniform par-
ticle size (100-300 nm). A great number of wet methods
for the synthesis of BaTiO;-based materials have been
developed over 50 years to attain this goal. These pro-
cesses are generally classified on the basis of the starting
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precursors. Among these are acetates, alkoxides, chlor-
ides, hydroxides, nitrates, citrates or oxalates. The first
method developed was the thermal decomposition of
the barium titanyl oxalate,>™ which is very appropriate
for obtaining powders with precise stoichiometry and in
large quantities. Another coprecipitation method derived
from the Pechini synthesis® is the citrate process.®®
Hydrotermal synthesis,”'? sol-gel process''™!3 and
hydrolytic decomposition of alkoxides'®!> are other
methods reported in the literature. Chandler et al.'¢
have published a review concerning the solution routes
to perovskite-phase mixed-metal oxides from metal-
organic precursors.

At present, new methods are been still developed spe-
cially in order to minimise the temperature at which the
crystalline ceramic is observed, with the promise of
precise control of microstructure and properties.!’1°
However, the market for chemical synthesised BaTiO; is
surprisingly still very low.?’ Industrial application of
these synthesis processes is difficult because of the high
cost of precursors, the large shrinkage during processing
and the possibility of long processing times. Also, the
reproducibility on the quality and physical properties
of the final product in mass production is in many
cases not enough to ensure the reliability of MLCC
manufacturing.

Synthesis researches have mainly focused on the
chemistry of the precursor with little attention to the
characteristic of the final powder. In general, the
required step of the precursor thermolysis consists
exclusively of an isothermal calcination in static air.
However, the control of experimental parameters
involved during the thermal decomposition of the pre-
cursor can lead to the improvement of properties of the
final product. In this sense, the sample controlled reac-
tion temperature (SCRT) method is especially well
adapted to control efficiently the thermal path followed
by the sample. Very promising results have been already
obtained in the preparation of microporous aluminas
from the thermal decomposition of gibbsite?! or in the
synthesis of silicon carbide whiskers from carbothermal
reduction of silica gel.?> More recently, SCRT has been
used successfully in the synthesis of hematite and
maghemite with tailored porosity from the thermal
decomposition of goethite and lepidocrocite,
respectively.?>=23 In SCRT, the rate of the transforma-
tion (normally a thermal decomposition) is kept con-
stant instead of temperature. In this case, heat and mass
transfer phenomena (generated by the rate of the reac-
tion itself) that can affect the reaction kinetics are
reduced. The reaction takes place simultaneously within
the whole sample and the degree of synchronism is only
limited by the sample grain size. This technique permits
the control at the same time as the reaction rate and the
self-generated partial pressure in the close vicinity of
each individual grain. In the field of multilayer capaci-

tors, Dwivedi and Speyer?® have shown the advantages
of this kind of thermal schedule control in the organic
burnout of multilayer PZT green ceramics. They have
pointed out that a controlled weight loss allows obtain-
ing defect-free specimens.

In this work, ultrafine BaTiO3 powders with a nano-
metric microstructure have been synthesised from the
thermal decomposition of a very common precursor, the
barium titanyl oxalate, by means of the SCRT method.
SCRT method allows us to tailor the powder micro-
structure simply by changing the operating conditions,
e.g. the rate of the reaction and the self-generated par-
tial pressure.

2. Experimental procedure
2.1. Synthesis of the BaTiOj; powders

BaTiO; samples were obtained by the thermal
decomposition of barium titanyl oxalate, BaTiO
(C504),.4.5H,0 (BTO hereafter). The barium titanyl
oxalate precursor was prepared as reported by Cla-
baugh et al.? using BaCl,.2H,O (Merck, 99%), TiCly
(Aldrich, 99.995%) and H,C,04.2H,0 (Merck, 99%) as
raw materials. High-resolution X-ray diffraction studies
of this precursor?’-?® showed that the Clabaugh synth-
esis method lead to a single-phase product with a Ba/Ti
ratio equal to one. Pure and stoichiometric BaTiO; pow-
ders were obtained from the thermal decomposition of the
BTO precursor as checked by X-ray fluorescence analysis.

2.2. SCRT equipments

The thermal decomposition of BTO was carried out
under vacuum or gas flow using the sample controlled
reaction temperature (SCRT) method. This method
aims to control the temperature of the reaction in such a
way that the reaction rate is maintained constant all
over the process at a value previously selected by the
user. A scheme of the SCRT equipment used for con-
trolling the thermal decomposition of BTO under
vacuum is shown in Fig. 1. The reactor containing a
crucible with the sample was connected to a conven-
tional high vacuum system equipped with pirani and
penning gages that allow the measurement of the pres-
sure inside the system in the range from 10~° mbar up
to 10 mbar. The analogical output of either the pirani or
the penning gage (that is directly proportional to pres-
sure inside the reaction chamber) was connected to the
PID controller that monitors the furnace temperature.
Thus, the temperature was controlled in such a way that
the pressure of the gases generated in the reaction was
maintained constant at a value previously selected in the
range 107°-10 mbar. The pumping rate of the vacuum
system was also previously selected by means of a butterfly
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Fig. 1. Sample controlled reaction temperature (SCRT) equipment
(1) Thermocouple, (2) penning gage, (3) pirani gage, (4) leak valve,
(5) venting valve, (6) butterfly valve, (7) valve, (8) alumina tramp,
(9) diffusion pump, (10) rotary pump and (11) furnace.

high vacuum valve. Provided that the gases coming
from the thermal decomposition of BTO were pumped
at a constant rate and the pressure was maintained
constant, the rate at which the gases were produced and,
as a consequence, the BTO decomposition rate were
necessarily constant all over the process.

A CI electronic microbalance with sample weight
capacity up to 5 g was used for the SCRT decomposi-
tion of BTO under flow of oxygen or hydrogen. A flow
rate of 100 cc/min of hydrogen or oxygen at a total
pressure of 1 bar was used. The microbalance is pro-
vided with an analogical output proportional to the
total change of weight, w, and another one proportional
to the rate of change of weight, dw/dt. This arrangement
permits the simultaneous measurement of w and dw/dt.
The control of the decomposition rate of BTO was
achieved by interfacing the dw/dt analogical output to
the PID temperature controller.

2.3. X-ray powder diffraction
X-ray powder diffraction diagrams were collected

using a D500 Siemens instrument. A strictly monochro-
matic Cu K,; radiation (1=1.540598 A) was produced

Table 1

with an incident beam curved-crystal germanium
monochromator with asymmetric focussing. The align-
ment of the diffractometer was better than 0.005° (26).
The (111) and (222) reflections of BaTiO;3 are the only
ones that remain unsplitted on the XRD pattern of the
tetragonal phase with regards to the cubic phase. The
full-width of the half maximum (FWHM) of (111) dif-
fraction peak was used for calculating the medium dia-
meter of the coherently diffracting domain according to
the Scherrer equation. The broadening of the powder
patterns due to the particle size and strain contributions
was analysed by the Warren-Averbach multiple order
method?®3° from the reflections (100), (110), (111),
(200), (220) and (222).

The splitting of the (200) XRD peak of the BaTiO3
cubic phase in the (200) and (002) ones of the tetragonal
phase has been very often used for discerning the crys-
talline structure of BaTiO3;. However, the broadening of
the XRD peaks in samples with very small crystal sizes
would lead to the overlapping of these peaks in the tet-
ragonal samples, what would make very difficult to dis-
cern the crystalline structure of BaTiO; from the
analysis of the symmetry of the (200) peak. The Rietveld
method has been used here for checking the crystalline
structure of BaTiO; samples in which the splitting of the
(200) peak was not apparent. For this purpose, the dif-
fraction pattern was scanned from 20 to 115° (20) with a
step length of 0.004° and a fixed counting time of 60 s.

2.4. Surface area measurements

Surface area measurements of BaTiO; samples were
carried out with an Adsorpmeter Micromeritic model 2000,
using as adsorbate N, at the liquid nitrogen temperature.

3. Results and discussion

Table 1 shows the morphological characteristics of
the BaTiO; powders obtained from the SCRT method

Specific surface area (Sggt), medium particle size (Ds;), and size of the coherently diffraction domain (D) of BaTiO; samples

Sample Method Atmosphere Pressure (mbar) Rate (min~—") SgeT (M?/g) Dgg (nm) Dy (nm)
1 SCRT Vacuum 1x10~* 7.1x10~* 18.3 55 12
2 SCRT Vacuum 1x1073 6.8x10~* 15.2 66 12
3 SCRT Vacuum 2x1072 3.0x1073 14.4 69 12
4 SCRT Vacuum 2x1072 1.7x1073 13.2 76 13
5 SCRT Vacuum 2x1072 3.9%x1074 14.2 70 13
6 SCRT Vacuum 2%x1072 2.0x107* 13.8 72 14
7 SCRT Vacuum 1x10~! 3.0x10~* 10.6 94 18
8 SCRT Vacuum 3x10! 7.3x1074 6.5 154 19
9 SCRT Oxygen flow 103 1.7x1073 16.0 62 19
10 SCRT Hydrogen flow 103 1.7x1073 17.0 59 13
11 Isotherm 750 °C Static air 103 - 7 143 33
12 Isotherm 900 °C Static air 103 - 4.5 222 53
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Fig. 2. Temperature () and pressure (@) as a function of the time for the thermal decomposition of BTO during a SCRT experiment carried out at
a constant pressure of 1073 mbar and a constant rate of 6.8x10~* min~! (sample 2 in Table 1).

under different experimental conditions. This table
shows the specific surface area, the medium particle size
Dg——calculated from the BET surface by assuming
spherical symmetry—and, the size of the coherently
diffraction domain D,;;-calculated from the FWHM of
the (111) diffraction peak by the Scherrer method.

Full conversion to BaTiO; was reached at tempera-
tures as low as 725 °C if the synthesis is carried out
under vacuum as illustrated in Fig. 2 (samples 1-8).
This figure shows the thermal path followed by sample 2
to ensure a constant partial pressure of 10~ mbar all
over the process and, therefore, a constant decomposi-
tion rate of 6.8x10~* min~—!. Similar SCRT traces were
obtained for all the samples described in Table 1. The
SCRT diagram of Fig. 2 shows that the thermal
decomposition of BTO is a complex process in which
four steps seem to be observed. It must be pointed out
that these results are similar to those obtained in pre-
vious references?®3! from rising temperature experi-
ments carried out under open-air atmosphere. The
successive steps have been attributed to the loss of water
molecules from the lattice and to the formation of oxy-
salts and barium carbonate as by products.3?34 Thus, it
seems to be clear that the difference that would exist
between the texture and structure of the BaTiO;z
obtained from SCRT experiments and other conven-
tional isotherm or non-isothermal experiments cannot
be attributed to differences in the reaction mechanism.
The advantage of SCRT is to control the reaction tem-
perature through a precise control of both the partial
pressure of the gases generated in the reaction and their
own reaction rate, which allows us to minimise the heat
and mass transfer phenomena on the whole process.

As observed in Fig. 2, the SCRT process is over when
no more gas is released, e.g., when the precursor is
completely decomposed and transformed into BaTiOs;.
But the temperature of the samples was allowed to
reach 750 °C and maintained at this temperature for 1 h
in order to normalise the final thermal treatment for all
the samples. BaTiO; samples obtained in vacuum from
BTO were black due to a carbon residue produced by
partial disproportionation of CO. Calcination at 500 °C
in flowing oxygen burned out carbon without textural
modification of BaTiO3 samples.

SCRT traces corresponding to the decomposition of
the BTO precursor under oxygen or hydrogen gas flow
are very similar in shape to those obtained under
vacuum. However, under gas flow the BTO decomposi-
tion occurs at a lower temperature. The normalisation
temperature at which all the samples were maintained
for 1 h was chosen as 700 °C.

In order to compare the characteristics of the samples
obtained by the SCRT method with those obtained
from conventional heating methods, the characteristics
of two samples prepared by annealing the BTO pre-
cursor in static air at 750 and 900 °C for 8 h are also
shown in Table 1. Conversion to BaTiO; in static air
from the thermal decomposition of BTO is not com-
pleted at least up to 700-800 °C according to previous
references.’>37 The X-ray powder diffraction diagram
of the sample annealed in static air at 750 °C (sample 11
in Table 1) still shows the presence of BaCO; as impur-
ity phase (Fig. 3a). This phase was eliminated when the
BTO precursor was calcined at 800 °C. However, Fig. 3b
points out that the X-ray powder diffraction pattern of
the sample 3 in Table 1 obtained from the SCRT
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Fig. 3. X-ray powder diffraction patterns: (a) sample 11 and (b) sam-
ple 3 (see Table 1) (x) BaCOs.

method does not evidence the existence of BaCOs,
despite the final annealing temperature being 750 °C.
Results in Table 1 show that the microstructure of
BaTiO; samples depends on the experimental condi-
tions used during the calcination of the BTO precursor.
For samples obtained from SCRT in vacuum, a rela-
tionship between Sggt and the set pressure used during
the process exists. Higher surface areas are obtained as
the pressure of the residual gases maintained constant
all over the process is decreased. However, for a given
residual pressure, changes in the reaction rate do not
affect the final powder microstructure. A similar rela-
tionship has been found between the crystallite size and
the partial pressure of the gases self-generated on the
reaction. Thus, the results included in Table 1 shows
that a decrease of Dj;; takes place by decreasing the
constant pressure selected in the SCRT experiment. This
dependence on the residual pressure would be explained
assuming that the reducing conditions used in SCRT
experiments generate oxygen deficiencies that can

95 nm

Fig. 4. TEM micrograph of sample 10 in Table 1.

favour the formation of fine-size grains. Oxygen defi-
ciencies must be accompanied by changes in the oxi-
dation state of Ti. Cho et al.?® have found by XPS Ti3*
ions in BaTiO;3 samples obtained from a citrate polye-
ster resin precursor. These authors also assumed that
the reducing conditions induced by the thermal decom-
position of organic substances may produce oxygen
vacancies and hence charge compensation in the nearest-
neighbour Ti atoms.

For samples obtained by SCRT under gas flow, an
influence of the gas medium on the coherently diffrac-
tion domain (D) was observed. Samples obtained in
an oxygen atmosphere have bigger coherently diffrac-
tion domains than samples obtained under hydrogen.
This result supports the assumption that oxygen vacan-
cies would hinder the growth of BaTiOj3 crystallites.

The difference found between the values of the parti-
cle size, Dgs, calculated from the specific surface arca
and the corresponding crystal size determined from
XRD suggests that BaTiO5 particles are constituted of
small crystallites (coherently diffracting domains) wel-
ded in a mosaic structure. This is confirmed in Fig. 4,
where a TEM image of sample 10 is shown. Similar
TEM images were obtained for all the samples synthe-
sised by the SCRT method. Grain size from TEM ima-
ges agrees with values obtained from XRD, which
confirms that BaTiO; samples have a nanometric
microstructure.

Table 1 shows that the SCRT method allows us to
obtain BaTiO; samples with a tailored microstructure
by changing the experimental conditions for the BTO
calcination. BaTiO3 powders with specific surface area
of 18.3 m?/g was synthesised by this procedure. Data
found in the literature about the specific surface area or
grain size of BaTiO; powders obtained from the thermal
decomposition of BTO are generally similar to results
obtained by us for sample 11. Until our results, only
Saegusa et al.>® have reported BaTiO; powders with
higher Sggt, 20 m?/g, than these reported by using the
thermal decomposition of BTO. In this case, the authors
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modified the Clabaugh method for the BTO synthesis in
order to reduce the microstructure and/or the final
temperature of calcination of the precursor. They have
shown that the morphology of the precursor particles is
maintained in the BaTiOz; powder obtained as the final
product.?® At this point, it must been remembered that
the BTO precursor used in our work was synthesised of
the original Clabaugh method and it was constituted by
small single crystals.

Similar powder microstructure has been obtained
from more sophisticated wet chemical methods. For
instance, BaTiO; powders obtained by the citrate or
alkoxide route show a surface area of ~15 or 21 m?/g,
respectively.” A controlled double-jet precipitation
technique (CDJP) produces powders with 12 or 25 m?/g
of surface area depending on the method of introducing
the BaCl, and TiCl, reactant solutions into the reac-
tor.3” The highest surface areas were obtained from low-
temperature aqueous synthesis. Nanni et al.*® have pre-
pared BaTiO; powders with Sger higher than 39 m?/g.

It was proposed in previous references*!**? that the
stabilization of the cubic phase with regards to the
tetragonal one depends on the size of the coherently
diffraction domains (crystallite size) rather than on the
particle size as concluded by Uchino et al.*? It was sug-
gested*!#2 that the cubic phase of BaTiOj; is stabilised
for crystallite sizes smaller than 15 nm. The analysis of
the symmetry of the (002) and (200) does not seem to be
an accurate method for discerning if the sample is either
tetragonal or cubic. Sharma and Mc Carthey** have
suggested that the broadening of the XRD profiles
because of the small particle size would raise from the
splitting of (002) and (200) reflections leading to a sym-
metric appearance that would lead to the erroneous
conclusion that a tetragonal BaTiO; sample has a cubic
symmetry. However, it is necessary to point out that
contradictory opinion can be found in the recent litera-
ture***7 regarding the analysis of the splitting of the
(002) and (200) peaks for discerning between cubic and
tetragonal symmetry. Thus, the fitting of the XRD data
by the Rietveld method, instead of the symmetry analy-
sis of the (002) and (200) peaks, has been used for
checking the structure of samples. Both the integrated
intensities and the peak positions of the XRD diagrams
recorded for the set of samples included in Table 1 have
been fitted by means of the Rietveld refinement program
FULLPROF.® Fig. 5 shows by way of example the
XRD diagram of the sample labelled 3 in Table 1
recorded from 20° (20) up to 145° (26) and the difference
between the observed and calculated pattern. The con-
ditions of the refinement are included in Table 2. The
excellent fitting parameters shown in this table demon-
strate that this BaTiO3 sample presents cubic structure.
Similar good fittings have been obtained for the set of
samples reported in Table 1 that have been synthesised
using the SCRT method. It is noteworthy to point out

........................

<20.000 26 145.000>

Fig. 5. Final Rietveld plot for sample 3: the observed data, the posi-
tions calculated for Bragg reflections and the difference between
observed and calculated patterns.

that it has not been possible to fit by the Rietveld
method by assuming a cubic symmetry the XRD pro-
files of those samples that have been obtained by con-
ventional heating under open atmosphere (labelled 11
and 12 in Table 1). These results support the conclusion
that the cubic phase of BaTiOj is stabilised with regard
to the tetragonal phase when the averaged crystallite
size is smaller than about 15 nm.

The analysis of both the average crystallite size and
the level of microstrains in different crystallographic
directions by means of a Fourier analysis would allow a
better knowledge of the microstructural characteristics
of barium titanate with nanosized coherently diffraction
domains. This study can be carried out for cubic
BaTiO; samples because in such a case the splitting of
the diffraction peaks characteristic of the tetragonal
structure does not take place. The crystallite size and the
main square strains were analysed by way of example
for the samples 3 and 8 of the Table 1 by considering
three different crystallographic directions using the
three following pairs of XRD reflections: (100, 200),
(110, 220) and (111, 222). The plots of the domain-size

coefficient, 47, and the mean square strain, <g&’>12,
Table 2

Details of the Rietveld refinement for sample 3 in Table 1

a(A) 4.018 (2)
V (A3 64.9 (3)
Z 1

Space group Pm13m
26 range (°) 20-145
Step size (°) 0.04

No. of reflections 21

R, 0.0032
Ryp 0.042

Ry 0.032

Rp 0.048
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Fig. 6. Fourier size coefficients A7 vs L for [100], [110] and [111]
directions: (a) sample 3 and (b) sample 8 (see Table 1).

Table 3
Calculated Fourier apparent sizes for samples 3 and 8 in Table 1
Sample hkl eF (nm)
3 100 13

110 11

111 12
8 100 20

110 17

111 19

versus the real distance perpendicular to the reflecting
plane, L, are included in Figs. 6 and 7, respectively.
Fig. 6 shows that the A7 versus L plots of the different
crystallographic directions are overlapping, which
means that the average crystallite size has an isotropic
behaviour and the crystallites are spherically shaped.
Apparent crystallite size, er, has been estimated by
extrapolating the linear part of the plots in Fig. 6, which
intercept the L axis at L =¢eg. The results summarised in
Table 3 confirm the isotropic distribution of the crys-
tallite size in all the directions.
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Fig. 7. The mean square strain <g>> 2 vs L in the [100], [110] and
[111] directions: (a) sample 3 and (b) sample 8 (see Table 1).

cubic

tetragonal

Fig. 8. Rearrangement of the oxygen atoms during the tetragonal/
cubic transformation of BaTiOs.

On the other hand, the analysis of the results included
in Fig. 7 points out that the distribution of microstrains
in the nanosized BaTiO; is anisotropic. It can be
observed that the level of strains in the direction [100] is
considerably higher than those across the [110] and [111]
directions. This behaviour would be explained by con-
sidering that, as shown in Fig. 8, the stabilisation of the
cubic phase at room temperature implies a displacement
of the oxygen atoms of the tetragonal phase in the
direction perpendicular to the (100) planes, which would
generate a high level of microstrains in these planes.
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4. Conclusions

The use of the SCRT method for obtaining BaTiO3
from the thermal decomposition of barium titanyl oxa-
late has been shown to have several advantages over
conventional isothermal treatments. This method allows
an accurate control of the experimental conditions that
permits the considerable reduction of the calcination
temperature and to improve the quality of the final
product by tailoring its microstructure. BaTiO; powders
with specific surface area higher than 18 m?/g have been
synthesised using this procedure. The as prepared sam-
ples were constituted by nanosized crystallites with
cubic structure. The study of the broadening of XRD
patterns of the BaTiO; samples by means of the War-
ren—Averbach method has shown that the crystal size is
independent of the crystalline direction (i.e., they have a
spherical shape) while the level in microstrains is clearly
higher in the [100] direction. This behaviour has been
explained by considering that the tetragonal — cubic
transformation of BaTiOj is accomplished through a
rearrangement of the oxygen atoms that implies a slight
displacement in the perpendicular direction to (100)
planes.
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