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The effects of secondary phases on ferroelectric properties of BipsNag 5TiO3 (BNT) have been studied. Ceramic
powders were prepared by solid state reaction employing different sintering temperatures and characterized by
X-ray diffraction (XRD), Scanning Electron Microscopy and impedance spectroscopy. The perovskite structure
was detected by XRD; together with small peaks corresponding to a secondary phase assigned to the Na,TigO13-

based phase in calcined powders. In addition, morphology and the content of the secondary phase were
modified by the sintering temperatures, affecting the ferroelectric properties, and ac and dc conductivities. We
believe that our results can benefit not only the understanding of BNT ceramics, but also expand the range of

applications.

1. Introduction

Lead toxicity has become a serious environmental and health issue
that cannot be overlooked. Therefore, legal restrictions on the use of
lead in electric and electronic devices stimulated increasing efforts for
the development of lead-free alternatives to lead zirconate titanate
(PZT)-based piezoelectric ceramics [1,2]. However, lead-free materials
do not show properties comparable to PZT piezoceramics.
Furthermore, key properties such as piezoelectric coefficient (ds3)
and depolarization temperature (T4) need to be improved for practical
applications.

Bismuth based titanates, such as BijsNagsTiO3(BNT) have been
known and studied for decades but have not been fully used yet [3,4]
due to the excellent properties of PZT ceramics. Although solid
solutions of BNT ceramics, such as BNT-BaTiOs; (BNBT), BNT-
Biy 5K 5TiO3 (BNKT), etc., are known for the formation of a morpho-
tropic phase boundary (MPB), piezoelectric coefficient (ds3) and
depolarization temperature (T4) are not good enough to replace PZT
ceramics [5,6].

Kainz et al. studied the solid-state reaction of BNT-based ceramics
[7] and found that the perovskite phase can be obtained by the reaction
of the starting materials and the intermediate phases. Indeed, oxides
and carbonates react under evaporation of carbon dioxide to produce
the stoichiometric perovskite (1-x)BNT—xBKT. In addition, the inter-
mediate phase of bismuth titanate (Bi,Ti,O;) may also be obtained
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from bismuth oxide and titania [7]. The polytitanate intermediate
phase (M,TigO;3, M=Na/K)) can be produced by the reaction of alkali
carbonate and titania together with the evaporation of carbon dioxide.
The two intermediate phases interact leading to stoichiometric per-
ovskite and titania which in turn reacts with bismuth oxide and sodium
carbonate to form stoichiometric perovskite. Knowing that secondary
phases can be formed during sintering process and taking into account
their possible influence on BNT final properties, a thorough under-
standing of local compositional variations on structure, microstructure
and dielectric properties is needed.

In this work, we present a simple method to prepare Bij sNag 5TiOs3-
based lead-free piezoelectric ceramics through the solid-state reaction
route. It is important to mention that these ceramics were sintered at
different temperatures. As a result of these experiments, two main
achievements were obtained. Firstly, it was possible to shed light on the
effect of the sintering temperature on the structure and microstructure.
Secondly, the influence of the secondary phase on the electric and
dielectric properties of BNT-based ceramics was established.

2. Experimental procedure

Big sNag sTiO3 was synthesized through solid state reaction, using
Na,COj3 (Cicarelli 99.99%; Argentina), Bi,O3 (Aldrich 99.8%; USA) and
TiO, (Aldrich 99.9%; USA). Powders were mixed and milled using
zirconia balls in an alcoholic medium of a planetary mill for 6 h
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(Fritsch, Pulverisette 7, 1450 rpm). Powders were dried and calcined at
750 °C for 2 h. The resulting powders were milled again, pressed into
disks and sintered at 1125 and 1150 °C for 2 h.

Crystalline phases were characterized by X-ray diffraction (XRD)
(Philips PW1830), using CuK, radiation, whereas density values were
determined by the Archimedes method. Microstructures were evalu-
ated on polished and thermally etched samples by Scanning Electron
Microscopy (SEM), using a JEOL JSM-6460LV microscope equipped
with energy dispersive spectroscopy, EDS.

Previous to the electrical measurements, samples were painted
using a fired silver paste for the electric contacts. Dielectric properties
were determined at different frequencies using an impedance analyzer
(LCR meter HP4284A) over a frequency range of 100 Hz—1 MHz and
in the temperature range from 20 to 500 °C. For the measurement of
the piezoelectric constant the samples were first polarized inside a
silicone bath using 2.5 kV/mm at 150 °C for 30 min, and the piezo-
electric coefficients d3; were recorded using a quasi-static piezoelectric
d33 meter (YE2730 — Sinoceramics). The dc conductivity was deter-
mined using an impedance analyzer Hioki DSM-8104. From the
imaginary permittivity values (¢”) at different frequencies, the ac
conductivity (o,.) data can be calculated according to the following
equation:

[

1)

.= €.6g.0

being gy =8.85x107'2 F/m and w=2.7. frequency.

3. Results and discussion

As mentioned before ceramics were sintered at two different
temperatures (1125 and 1150 °C) in order to assess the structure of
the BNT system. The X-ray diffraction patterns of the calcined powder
at 750 °C and sintered ceramics are shown in Fig. 1. All diffraction
patterns correspond to a perovskite-phase. However, slight traces of a
minor secondary-phase can be seen, which are assigned to
Na,Tig0,3(NTO) (JCPDS nos. 14-0277) with monoclinic structure
(hereafter, denoted as NTO), in the calcined powder. Although this
secondary phase was also reported by Kainz et., the formation of the
intermediate phase of bismuth titanate was not detected in sintered
samples [7]. For these samples, the diffraction patterns correspond to a
perovskite-phase with rhombohedral structure and lattice parameters
a, b and ¢ 5.476, 5.476, 6.778 (&), respectively (JCPDS nos. 36-340).
After analyzing the peaks of sintered samples located between 40° < 20
< 42° and 46° < 20 < 48° corresponding to the (003 and 021) and (202)
planes (Fig. 1), the existence of a pure rhombohedral structure in all
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Fig. 1. XRD patterns of calcined powder at 750 °C for 2 h and ceramics sintered at 1125
and 1150 °C for 2 h. In the calcined powder, different peaks that are associated with the
occurrence of the secondary phase appear and are signaled with (*) symbol. The insets of
each figure show a detail of the XRD diffraction pattern in the 26 range 40-42° and 46—
48° of the BNT ceramics.
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cases was established.

The SEM images, Fig. 2(a-d), illustrates the microstructure of the
BNT ceramics, which were sintered at 1125 and 1150 °C for 2h,
respectively. From Fig. 2, it can be observed that the ceramics have
dense microstructure, as shown in Table 1, in which pores are located
mainly at grain boundaries and triple points. Triple points close to 120°
indicate the sintering final stage where pores are removed by diffusion
processes. The figure shows the typical BNT morphology consisting of
big and uniform grains with small traces of secondary phases.
Moreover, a rod-like secondary phase morphology homogenously
distributed around the BNT surface on samples sintered at 1125 °C
can be observed. When samples were sintered at 1150 °C, amorphous
agglomerations of secondary phase of about 10 pym for BNT ceramics
were detected.

Grain size distributions, GSD, of the ceramic samples are shown in
the insets of Fig. 2(c-d). In the GSDs, it can be observed that grain size
increases with the sintering temperature. The average grain size (AGS)
increases from ~4.7 + 2.8 um in the ceramic at the lowest sintering
temperature (1125 °C), to ~5.5+4.0 ym for the ceramic sintered at
1150 °C. As the AGS evolves, the secondary phase morphology changes
with thermal treatment.

EDS analyses were carried out on all the specimens in order to
identify the composition of the BNT and NTO phase. Fig. 2(a and b)
and Table 1 show the analysis of selected points for BNT ceramics
sintered at 1125 and 1150 °C. Na, Bi, O and Ti ions were found in the
matrix and their composition was confirmed to be very close to BNT
(see composition table from EDS spectra). In the Na,TigO;3 phase,
however, a low Bi amount has been expected (see composition table).
Through the EDS analysis, the composition of the secondary phase is
close to the Na,TigO;3-based phase with monoclinic structure.

The presence of voids, secondary phases and differences in the
grain size could modify the dielectric performance of these samples.
Specifically, interfacial polarization depends on the grain size and the
possible formation of secondary phases. Table 1 shows density (p),
piezoelectric coefficient (ds3), real permittivity (¢”) and dielectric loss
(e”) values of these samples. From dielectric properties and piezo-
electric measurements, samples sintered at 1150 °C present the max-
imum values, due to their higher density and grain size. On the other
hand, the d3z3 value registered in samples sintered at 1150 °C is close
to the value obtained in BNT [8], suggesting that, at this sintering
temperature, density and polarization conditions were enough to
obtain the best properties.

In order to observe the temperature and frequency dependence,
Fig. 3 shows the relative permittivity and the dielectric loss as a
function of temperature at various frequencies of samples sintered at
1125 and 1150 °C. The shift in the maximum temperature depending
on frequency and the depolarization temperature, as well as the
broadening of real permittivity peak around the dielectric maximum
temperature due to compositional fluctuations occurring at A- and B-
sites of the perovskite unit cell for all samples, suggests the relaxor-like
behavior of these ceramics.

In addition, Fig. 3 shows, at low frequency (< 100 Hz), a broad-
ening in real permittivity and a sharp increase in the dielectric loss with
temperature. This behavior is more pronounced on &’ curves in
samples sintered at the highest temperature (1150 °C) and on &”
curves in samples sintered at the lowest temperature (1125 °C), due
to the conductivity effect and the secondary phase distribution on each
sample. It is known that NTO structure presents TiOg octahedrons
interconnected with each other by edges or corners forming both layer-
and tunnel-structured sodium titanates (NTQ), which facilitates Na-
ion conductivity, and it is strongly influenced by temperature [9,10].
The apparition of this secondary phase could be related to the
mechanochemical activation of powders in the solid-state reaction
method [11]. As the secondary phase amount increases, conductivity
and dielectric loss values at high temperature rise too. Moreover
internal barrier layers could be formed when the grain size growths.
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Fig. 2. SEM images of BNT ceramics sintered at 1125 °C (a) and 1150 °C (b) for 2 h. The inserts of Fig. (c and d) show the grain-size distributions of BNT ceramics.

Table 1

The table shows the composition on the regions illustrated in Fig. 2 derived from EDS spectra, which represent the atomic percentages of elements. Moreover, the table presents the
relative density (p), piezoelectric coefficient (ds3), dielectric constant (¢”) and dielectric loss (¢””) of the BNT ceramic samples measured at 30 °C and 10 kHz.

Sample o Bi

p (g/em®)

Na Ti dzz (pC/N) e e’
BNT-1125 1 291 0.64 0.42 1.03 5.63 + 0.10 57 566 0,0741
2 13.42 2.33 0.25 4.72
BNT-1150 1 2.57 0.67 0.64 1.16 5.76 + 0.05 80 690 0,0518
2 11.81 2.32 0.00 7.09
BNT stoichiometric composition [9] 3 0.5 0.5 1 5.99 67+10 423 0.0500
NTO Na,Tig0;3 13 2 0 6 3.51 (JCPDS Nos. 14-0277) - - -
0 200 400 0 200 400 600 Table 2
o . ' ' ; T ' The table shows the dc and ac conductivities (o4, and o,.) of the BNT ceramic samples
o 300001 1125°C 1150°C 130000 measured at different temperatures, 10 kHz and 250 V.
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Fig. 3. Real permittivity (¢”, top) and dielectric loss (g7, bottom) vs. temperature curves
of BNT-1125 °C and BNT-1150 °C samples obtained at different frequencies.

These layers contribute to the formation of internal barrier layer
capacitors (IBLC) [12] improving the dielectric properties.
Consequently, the better dispersion and alignment of NTC in BNT
sintered at 1150 °C form more microcapacitors, increasing the di-
electric constants.

Finally, Table 2 shows dc and ac conductivity (og. and o,.) values of
the sintered samples at different temperatures. A clear influence of
temperature on ac and dc conductivity processes can be observed.
Effectively, samples sintered at low temperature (1125 °C) show an
important change in these processes. This behavior can be correlated
with the significant dielectric loss increasing when temperature rises
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Fig. 4 shows the imaginary (M"") part of electrical modulus for
BNT samples sintered at 1125 and 1150 °C. Peaks in M"” curves,
which are not evident from loss tangent curves, indicate that a
relaxation process can be observed. These peaks correspond to two
relaxation processes and are displaced to higher frequencies when
temperature increases. Relaxation peaks fall into the low frequency
range (100 tol10° Hz), and high frequency range (£10° Hz). These
phenomena are associated with the contribution of the capacitance to
structural or material characteristics (low frequency) and grain phase
(high frequency) [14]. Moreover, the peak of the imaginary part of the
electrical modulus, at low frequencies, is affected by changes in the
stabilized structure. When temperature rises to the maximum tem-
perature (T,,), a decrease in this value is observed. However, at
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Fig. 4. Variation of M” with frequency of BNT-1125 °C and BNT-1150 °C samples at
different temperatures (30-500 °C).
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Fig. 5. Arrhenius plots of BNT-1125 °C and BNT-1150 °C samples.

temperatures higher than T,,,, the maximum value increases. This peak
indicates the transition of long range to short-range mobility with a
raise in frequency [15].

From Fig. 4, frequencies corresponding to the maximum imaginary
part of electrical modulus at the different temperatures can be
extracted. Consequently, Arrhenius plots of frequency are displayed
in Fig. 5, and activation energies of the relaxation processes in BNT-
samples are obtained. Variations in the activation energy have been
associated with the transition from the ferroelectric state to the so-
called “anti-ferroelectric” where the depolarization temperature is
registered. It is important to mention that, both sintered samples show
similar activation energies indicating, that the same relaxation process
proceeds.

4. Conclusions

The effect of secondary phases, in particular Na,TigO13, on ferro-
electric properties of BipsNag 5TiO3 (BNT) ceramics, obtained by the
conventional mixed oxide method, has been reported. Ceramic pow-
ders were prepared using different sintering temperatures in order to
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obtain a different content and morphology of the secondary phase. The
structural and microstructural analyses show the formation of a main
perovskite-type structure and a secondary phase with composition
close to NasTigO13. Indeed, when the sintering temperature is raised,
the secondary phase content increases and changes on its morphology
are detected. Owing to the Na,TigO;3 structure, conductivity and
dielectric properties at low frequency are increased. From conductivity
measurements and SEM images, the effect of the NTO secondary phase
on electric properties can be assigned. This secondary phase could not
be detected through XRD patterns of sintered samples. As a result, we
believe that knowledge of the characteristics secondary phases can be
advantageous in the development of BNT based materials.
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