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Successive Phase Transitions of BaTiO; Ceramics
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ABSTRACT

The BaTiO, ceramics has been synthesized by calcining the powdered
reactants BaCO,; and TiO, at various temperatures, to examine the
influences of calcination temperature on the successive phase transitions. The
properties of the products have been studied by differential thermal analysis,
dielectric measurements, X-ray diffraction and scanning electron microscopy.
While the cubic—tetragonal transition temperature shifts towards higher
temperatures with increasing calcination temperature, the lower two
transitions shift towards lower temperatures. The thermal and dielectric
anomalies due to the phase transitions increase as the calcination temperature
rises.

1 INTRODUCTION

Barium titanium trioxide (BaTiO;—perovskite type, so-called barium
metatitanate or barium titanate) is one of the most important materials for
ferroelectrics as it has a very high dielectric constant. In the synthesis of
BaTiO; ceramics, the method of powder-calcination has been widely
adopted. However, the properties of the products synthesized from
powdered reactants are strongly influenced by the calcination conditions,
because of the inhomogeneous mechanism in the solid state reaction. The
aim of the present investigation is to clarify the interrelation between the
properties of the products and the calcination process.
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Phase transitions of BaTiO4 ceramics

Fig. 1.—contd.
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Barium titanate’ is paraelectric above 397-72K and the crystal structure is
of a perovskite type (O -Pm3m). On cooling from the paraelectric phase, the
first-order phase transition of displacive type occurs and the crystal changes
to the ferroelectric phase; the structure is tetragonal (C},~P4mm). Below
room temperature, two first-order phase transitions occur at 2849 and
201-6K;? the crystal structures are Ci#*~Amm2 between the two phase
transitions and C3,~R3m below 201-6 K, respectively. Such successive phase
transitions in ferroelectrics have been studied extensively, and in particular
BaTiO,; is a typical example.

The present investigation has been made using differential thermal
analysis, dielectric measurements, X-ray diffraction and scanning electron
microscopy, focusing attention on the successive phase transitions in
BaTiO,.

2 EXPERIMENTAL

High purity starting materials, BaCO; (99-99%, Rare Metallic Co. Ltd,
Tokyo, Japan) and TiO, (99-9%, rutile, High Purity Chemical Laboratory
Co. Ltd, Saitama Prefecture, Japan), were weighed to a stoichiometric ratio
and mixed in an alumina mortar by wet-grinding with ethanol. After air-
drying at room temperature, the mixture was pressed into pellets (16 mm in
diameter and ¢. 10 mm in thickness) at 80 MPa. The pellets were fired in an
electric furnace for 43 ks at 1170 (Sample A), 1320 (Sample B), 1470 (Sample
C) and 1620 K (Sample D). The apparent densities of the samples were 1-80
(A), 2:52 (B), 3-52 (C) and 3-92 (D) gem™3; these values correspond to
30-65% of the theoretical density.

The fractured surfaces of the pellets were observed by using a scanning
electron microscope. The powder X-ray diffraction patterns were obtained
with a diffractomieter using Ni-filtered CuKa radiation.

The differential thermal analysis (DTA) was performed between 90 and
470K by using laboratory-made apparatus.®> The temperature difference
between the sample and the reference material (x-Al,0;) was measured with
thermocouple E (chromel versus constantan). A powdered sample of about
300 mg was loaded into a glass vessel, which was evacuated and sealed after
introducing small amount of helium gas (30kPa) for heat exchange.
The cooling and heating rates were —0-04-—0-06K s~ ! and + 0-035-
+0045K s~ !, respectively.

The method of dielectric measurement has been described previously.*
The measurements below room temperature down to liquid nitrogen
temperature were carried out by using the laboratory-made cryostat.* For
the measurements above room temperature up to 570 K, a similar apparatus
was newly constructed by using heat-resisting materials. The calcined pellets
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were thinned to 1 mm by abrading the surfaces with SiC paper, and then
cleaned in ethanol by using an ultrasonic washer. The dielectric constants
were measured at 1 kHz under the electric field of 1 kV m ™!, The cooling and
heating rates were about 0-02 K s~ ! which were small enough to neglect any
thermal inhomogeneity in the sample.

3 RESULTS AND DISCUSSION

The scanning electron micrographs of the starting mixture and of the
fractured surfaces of Samples A—D are shown in Fig. 1. It can be seen clearly
that the grain size shows as the calcination temperature increases (Sample
A-Sample D). The average sizes are estimated as 0-8, 1-0, 22 and 2:6 um for
Samples A-D, respectively.

The structural characterization was performed with powder X-ray
diffraction. The results are reproduced in Fig. 2. All the diffraction patterns
exhibit no extra peak attributable to any impurities. In the case of Sample A,
the separation of the two lines of (002) and (200) is ambiguous. The patterns
of this region are given in enlarged scale in Fig. 3. The (002) diffraction in
Sample A is observed as a shoulder on the lower angle side of the (200) peak.
Althoughitis hard to see precisely the location of the two peaks owing to the
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Fig. 2. Powder X-ray diffraction patterns of Samples A-D.
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Fig. 3. Powder X-ray diffraction patterns of Samples A-D. Enlargement of the (002) and
(200) lines.

broadening, the distance of the two peaks in Sample A is apparently closer
than the distances in Samples B-D. In general, the broadening of the peak in
powder X-ray diffraction is caused by the lattice strain and/or crystallite size
effects.’> However, the shift of location is not explained by such a broadening
mechanism, unless there exists some other kind of indirect effects. Arlt et al.®
have reported that the lattice gradually changes from tetragonal structure to
pseudocubic structure for grain sizes <0-7 um. As the average grain size in
Sample A is about 0-8 um, the shift of location of the two peaks (002) and
(200) observed in the present experiment is reasonably related to the
appearance of the pseudocubic lattice.

Figure 4 shows the temperature dependence of the dielectric constants
without correction for porosity in the samples. Two anomalies are observed
at about 200 and 285K for Samples B-D in heating runs, while no anomaly
is seen for Sample A. The dielectric anomaly due to the cubic—tetragonal
transition at about 400K is detected in all the samples as shown in Fig. S.
The transition temperatures obtained in the dielectric measurements are
summarized in Table 1, where the temperatures are those corresponding to
the maximum points of the dielectric anomalies. While cubic—tetragonal
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Fig. 4. . Dielectric constants of Samples A-D, showing the anomalies at ~200 and ~285K
for Samples B-D.

transition shifts towards higher temperatures with increasing calcination
temperature, the lower two transitions shift towards lower temperatures.
These are probably due to the grain size effects.® ~ 12 The shifts of transition
temperatures have been reported by Kinoshita et al.'® with grain size
changes between 1 and 50 um. Their data agree with the present results. It
has been found”~° that the grain size influences the internal stress in
ferroelectric crystals. The stress due to deformation of cubic symmetry
caused by passing through the ferroelectric transition is relieved by forming
90° twins in coarse-grained materials. In the case of fine-grained materials,
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Fig. 5. Dielectric constants of Samples A-D, showing the anomalies at ~400K.
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TABLE 1
Transition Temperatures Determined by Dielectric Measurements in Heating and Cooling
Runs (the latter in parentheses)

T, (K)
Rhombohedral- Orthorhombic— Tetragonal-
orthorhombic tetragonal cubic
Sample A - o 3991
— — (3979)
Sample B 2066 2937 3995
(197-6) (288:-5) (397-2)
Sample C 2064 293-7 399-7
(192:6) (285-3) (397-2)
Sample D 2047 2929 4009
(192-2) (285.5) (398-9)
T T T T % -7 T T =T T T
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Fig. 6. DTA curves of Samples A-D.
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however, there are very few 90° twins, and the stress remains. Such a stress
may consist of uniform compression along the ¢ axis and tension along the a
and b axes. Bell et al.!'explained such grain size effects in terms of an internal
stress model. By considering the polarization dependent terms in the
Devonshire free energy expression, they calculated the theoretical shift of
transition temperature in various stress systems. The present results are also
consistent with their findings.

The traces of the DTA experiments are presented in Fig. 6. For Sample A,
only a small and broad anomaly is seen at about 400 K. In the case of Sample
B, one anomaly is observed in the cooling run, while three anomalies are
detected in the heating run. Three anomalies are clearly seen in both of the
cooling and heating runs for Samples C and D. The area of the anomaly for
Sample A at about 400K is approximately 10% of the areas of the
corresponding anomalies of Samples B-D, which compares favorably with
the results of the dielectric measurements. The overall tendencies of the
shifts in transition temperatures and of hysteresis phenomena are also in
agreement with the results of the dielectric measurements.
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