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Abstract

The structure and dielectric properties of barium titanate ceramics samples sintered at 1100, 1150, 1200, 1250 and
1350 °C have been compared with the dielectric properties of 80 vol.% barium titanate + 20 vol.% barium ferrite
composite samples sintered at 1150, 1200 and 1250 °C. It has been shown that polarization sufficient for existence
of the piezoelectric effect is only achieved in barium titanate samples sintered at 1250 and 1350 °C. Furthermore the
pyroelectric coefficient and reversal polarization of these samples are far higher than those of samples sintered at lower
temperatures. Analysis of the sample structures has confirmed that the dielectric properties of barium titanate ceramics
depend on grain size and therefore on sintering temperature. Based on the experimental results we have selected the
optimum sintering temperature for 80 vol.% barium titanate + 20 vol.% barium ferrite composite to be 1250 °C. Further
increase in sintering temperature to 1300 °C showed that this composite has a eutectic. The temperature dependence
of the permittivity of the barium titanate / barium ferrite composite sintered at 1250 °C is similar to that of BaTiO,
ceramics samples sintered at 1350 °C. The room temperature permittivity of the composite samples also proves to be
far higher than that of barium titanate ceramics samples sintered at the same temperatures. Barium ferrite addition to
barium titanate increases the permittivity of the composite and also diffuses the ferroelectric phase transition and shifts
the permittivity maximum temperature by 10 °C towards higher temperatures.
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1. Introduction

The design of fundamentally new materials differing from
currently used ones by composition and, more important-
ly, by functionality is critical for the development of intel-
lectual technologies [1-4]. The composite materials pos-
sessing various useful properties are of special interest
since their properties can be varied over a greater range
as compared with single-component materials. The good

perspective for the practical application of functional ce-
ramics based composite materials is explained by the pos-
sibility of varying their physical properties by modifying
the raw material. Combinations of multiple components
possessing different electrical and magnetic properties in
a single material show good promise for providing fun-
damentally new materials possessing a magnetoelectric
bond [3-5]. Composite structures may contain inhomo-
geneities caused by the presence of micro- and macroin-
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clusions of ferroelectric and magnetic phases, porosity,
bulk charge layers, “dead” layers etc. Therefore an impor-
tant research task is not only to provide novel composite
structures possessing ferroelectric and magnetic proper-
ties but also to study their physicochemical properties and
identify a correlation between the formation conditions of
inhomogeneous polar features and the appearance of their
physical properties. These materials are composites with
various types of bonds, the properties of these structures
depending on the phase concentrations in the material and
the electrophysical parameters of each constituent phase.
Their response to external effects (electric or magnetic
fields, temperature variation etc.) is an overall one contri-
buted to by the responses of each system component, or
is determined by a specific property not inherent to any of
the constituent phases.

The basic material possessing ferroelectric and magne-
tic properties which is widely studied nowadays is bismuth
ferrite [6]. For improving the multiferroic properties bis-
muth ferrite can be modified with various additives [7, 8].

In the meantime composite materials in which a bulk
combination of ferroelectric and magnetic materials is im-
plemented are more promising from practical viewpoint
because controlling the composition of magnetoelectric
composites allows one to design compositions with prac-
tically desirable dielectric and magnetic permeability fi-
gures. These composites are currently designed following
two directions:

— layered composites in which layers of ferroelectric
and magnetic materials interchange [9, 10];

— polymer magnetic materials containing ferroelectric
ceramics [11].

Research efforts have been started recently aimed at
designing magnetoelectric composites containing mag-
netic and piezoelectric ceramics [12, 13]. Controlling the
composition of these magnetoelectric composites allows
one to design compositions with practically desirable die-
lectric and magnetic permeability figures.

Barium titanate ceramics pertain to piezoelectric ma-
terials finding wide practical application. It is safe to as-
sume that combining barium titanate with barium ferrite
will produce a composite having electromagnetic proper-
ties. The authors have studied this composite [14, 15]. It
is currently believed that the optimum synthesis tempe-
rature of barium titanate ceramics is the 1300-1350 °C
range [16, 17], though there are indications [18] that it
can be synthesized at below 1130 °C. Since solid state
synthesis of barium ferrite / barium titanate composite at
T= 1300 °C proved to be impossible due to the presen-
ce of a eutectic (compacted raw materials melted during
synthesis) we synthesized the composite at the sintering
temperature 7, = 1100 °C. Although this composite
has both magnetic and ferroelectric properties [14] its
dielectric permeability proved to be lower than that of
barium titanate ceramics [16]. Therefore, we carried out
further experiments to study the effect of barium titanate

ceramics sintering temperature on its ferroelectric and
dielectric properties.

The aim of this work is to production barium titanate
ceramics and barium titanate / barium ferrite composite at
different sintering temperatures, compare their dielectric
properties and identify the optimum sintering temperatures.

2. Experimental

We produced and studied samples of the barium titana-
te (BaTiO,) ceramics and a barium ferrite (BF) / barium
titanate (BaTiO,) composite. BF and BaTiO, ceramics
were synthesized using standard technologies [13, 16,
19]. The BaTiO, ceramics samples were sintered in a
muffle furnace at 1100, 1150, 1200, 1250 and 1350 °C.
The BF- BaTiO, samples were sintered at 1150, 1200 and
1250 °C. The raw components were taken in the 20 vol.%
BF /80 vol.% BaTiO, ratio.

We studied the structure and dielectric properties of the
BaTiO, samples (temperature dependence of permittivity,
dielectric hysteresis loop and presence of pyroelectric and
piezoelectric effects).

The structure of the samples was examined under a
JEOL 6510LV scanning electron microscope. The tempe-
rature dependence of the permittivity of the samples was
tested on a special temperature equipment with heating
rate control option. The equipment included a low-vol-
tage furnace and a furnace control unit consisting of a
programmable thermal controller (Miniterm) with a po-
wer amplifier and a computer with control software. The
sample capacity was measured with a E7-20 immitance
meter. Spontaneous polarization measurements were car-
ried out based on the experimental dielectric hysteresis
loops using the Sawyer-Tower circuit, the pyroelectric
coefficient was measured using a dynamic method [20]
and the piezoelectric modulus was measured using a reso-
nance—antiresonance method [21].

3. Results and discussion

3.1. BaTiO3 ceramics.

The surface structure of the barium titanate ceramics
samples was examined using scanning electron micro-
scopy (SEM). The results showed that the shape and size
of barium titanate grains depend strongly on sintering
temperature (Fig. 1). The samples sintered at 1100, 1150
and 1200 °C contained two types of grains. This can be
accounted for by the fact that some of grains were not
formed during the sintering process. One type of grains
consisted of coalesced raw particles from which the sam-
ple was pressed and the second type were grains in which
recrystallization was in progress. The grain structures in
the samples sintered at 1250 and 1350 °C were quite simi-
lar with the only exception that medium sized grains were
absent for the higher sintering temperature.
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Figure 1. Different magnification SEM images of BaTiO, sample structure for sintering temperatures of (a and b) 1100, (c and d)
1150, (e and f) 1200, (g and /) 1250 and (i and j) 1350 °C.
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Figure 1. Continued.

We measured the grain sizes using a special option of
the scanning electron microscope (scaler). Grain size was
analyzed for the second type of grains in which recrys-
tallization started. The dependence of average grain size
r on sintering temperature is shown in Fig. 2. The grain
size for the samples sintered at 1300 °C was borrowed
from an earlier work [22]. It can be seen from Fig. 2 that
for sintering temperatures of below 1250 °C the grain size
grows linearly with an increase in sintering temperature
but then its exhibits an abrupt growth.
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Figure 2. Average grain size dependence on BaTiO, sample sin-
tering temperature.

One can therefore conclude that reacrystallization
during which grains coalesce and grow ends at 1250 °C
following which the grain size increases only due to the
grain growth. This is also confirmed by the appearance
of growth steps in the samples sintered at 1250 °C and
higher temperatures (Fig. 1g—/ [22]).

The temperature dependence of the permittivity of the
BaTiO, ceramics samples are shown in Fig. 3a. All the
samples have a clear maximum at the Curie temperature
(approx. 130 °C). However the permittivity maximum
values depend on sintering temperature. The higher the
sintering temperature the higher the permittivity of the
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Figure 3. Temperature dependences of permittivity for
(a) BaTiO, and (b) BF20 — BaTiO, 80 samples sintered at
(4) 1100, (1) 1150, (2) 1200, (3) 1250 and (5) 1350 °C.

samples at the Curie temperature. The room temperature
permittivity are close for the samples sintered at 1100 and
1150 °C and for the samples sintered at 1200, 1250 and
1350 °C. This regularity agrees with earlier data [23] based
on which the authors concluded on a relationship between
the dielectric properties and grain size of BaTiO, ceramics.

To verify the existence of spontaneous polarization at a
macroscopic level we studied the dielectric hysteresis loops
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for the samples in a 900 V/mm AC field. Based on the die-
lectric hysteresis loops we calculated the reversal polari-
zation for BaTiO, ceramics samples sintered at different
temperatures. The calculation results are presented below.

e °C P, Cm?
1100 0.002
1150 0.005
1200 0.005
1250 0.016
1350 0.031

Before measuring the pyroelectric and piezoelectric
parameters we poled the samples in a 1500 V/mm DC
electric field.

The square-modulated heat flow source for the py-
roelectric measurements was a 960 nm IR laser. The
pyroelectric current was measured in short circuit
mode with an OR297 operational amplifier having a
2.5x10% V/A current to voltage conversion ratio. The
pyroelectric coefficient calculation results are presen-
ted in Fig. 4. Since the dynamic pyroelectric effect me-
thod used allows determining spontaneous polarization
direction in samples [20] the measurements were con-
ducted at both sample sides corresponding to the posi-
tive (+PS). and pegatlve (=P,) spontaneous polarization
vector orientations.
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Figure 4. Pyroelectric coefficient dependence on sintering tem-
perature for different BaTiO, sample sides: (/) +P_ and (2) —P._.

The resonance and antiresponance frequency measu-
rements for piezoelectric coefficient study by a resonance
method showed that piezoelectric resonance only exists
in the samples sintered at 1250 and 1350 °C. The ex-
perimentally measured piezoelectric moduli ¢, and d,,
(Table 1) for the samples were in agreement with the in-
dustry standard despite that the reversal polarization P_
(see above) and the pyroelectric coefficient (Fig. 4) of the
sample sintered at 1250 °C were lower than those for the
sample sintered at 1350 °C.

Table 1. Piezoelectric modules of BaTiO, samples sintered at
different temperatures.

Sintering temperature, °C d,, 10" C/N d., 10" C/N
1250 32 191
1350 31 210

3.2. Barium ferrite/barium titanate composite.

The studies of the dielectric properties for BaTiO, cerami-
cs showed that only the sample sintered at 1350 °C has the
true ferroelectric properties. Although the sample sintered
at 1250 °C had high piezoelectric moduli, its pyroelectric
coefficient and spontaneous polarization were inferior to
those of the sample sintered at 1350 °C. However the ex-
periments for obtaining barium ferrite / barium titanate
composite (BF — BaTiO,) revealed a eutectic in this mix-
ture that renders impossible sample sintering at tempera-
ture 1300 °C. It was therefore of interest to compare the
temperature dependence of the permittivity of the BaTiO,
ceramics samples with those of BF — BaTiO, composite.

The data on the temperature dependence of the per-
mittivity of the 20 % barium ferrite 80% + barium ti-
tanate composite samples sintered at 1150, 1200 and
1250 °C are shown in Fig. 3b. As can be seen from
Fig. 3b barium ferrite addition to barium titanate dif-
fuses the ferroelectric phase transition. However the
permittivity of the BF — BaTiO, composite samples was
higher than that of the BaTiO, samples sintered at the
same temperatures (Fig. 3). Thus barium ferrite addition
to barium titanate increases the dielectric permeability
of BF — BaTiO, composite.

4. Conclusion

Study of the effect of BaTiO, ceramics sintering temperatu-
re showed that the ferroelectric properties of the samples are
the better the higher the sintering temperature. This regula-
rity shows itself in the value of the reversal polarization and
pyroelectric response, presence or absence of piezoelectric
effect in poled samples and value of the permittivity at the
Curie temperature. The phase transition temperature does
not depend on sintering temperature and the maximum per-
mittivity of all the samples is observed at 130 °C. However
the permittivity maximum values depend on sintering tem-
perature: the higher the sintering temperature the higher the
permittivity of the samples at the Curie temperature.

Although the BaTiO, ceramics sample sintered at
1350 °C has the best ferroelectric properties, the pyroe-
lectric and piezoelectric properties of the samples sintered
at 1250 °C are but slightly inferior to it. This shows a
theoretical possibility of reducing sintering temperature
of barium titanate based composite to 1250 °C.

Indeed experiments showed that a sintering tempera-
ture of 1250 °C is below the eutectic one but on the other
hand allows production BF — BaTiO, composite samples
with a permittivity temperature dependence similar to that
of BaTiO, ceramics samples sintered at 1350 °C. Barium
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ferrite addition to barium titanate ceramics increases the
permittivity of the sample and diffuses the phase transi-
tion. The permittivity maximum temperature shifts by
10 °C towards higher temperatures.
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