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Abstract

[(Big.sNag 5)TiO3]p.0o[BaTiOs]y 0 lead free piezoelectric materials were prepared by the pyrosol method. The as-obtained powder
shows spherical grains of various sizes, composed of crystallites of about 10 nm. NBT-BT, 3 ceramic obtained at 700 °C show
rhombohedral NBT as the main phase and traces of hexagonal Bi,O; as secondary phase. The ceramics prepared from this powder and
sintered at 1000 and 1100 °C are single phase with good dielectric and ferroelectric properties.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The lead-free piezoelectric ceramics present a great
interest as potential substitutes for lead piezoelectric
ceramics. Lead-free piezoelectric materials include BaTiOs3,
(Na,Bi)TiO3, (Na,K)NbOj3 system and so on [1]. Na; ;»Bi; »
TiO; (NBT) is a ferroelectric compound, with perovskite
structure, which exhibits weak piezoelectric properties
[2,3]. A large number of NBT-based solid solutions,
including NBT-BaTiO; (NBT-BT), have been prepared
and intensively studied in the recent years [4-15]. The
(1—x)NBT-xBT (abbreviated as NBT-BT,) ceramics,
with 1-20 mol% BaTiO;, show improved piezoelectric
properties, lower Curie temperature and higher sintering
ability, compared with the NBT ceramic. NBT-BT,
ceramics have been prepared by various methods, such
as conventional solid state reaction [16,17], citrate method
[18,19], emulsion method [20], hydrothermal process [21],
sol—gel techniques [22,23] and stearic acid sol-gel route
[24]. Recently, the pyrosol method has been used to
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produce fine powders [25-29]. By pyrosol method, powders
with grains of various diameters were obtained, non-
agglomerated, that is an advantage for densification of
the compacted powders by pressing. It is well-known that
the pressing of the powder is enhanced when the grains
have different sizes. Therefore, the shape and size of the
grains are important factors that influence the macroscopic
properties of the ceramics.

To our knowledge, there are no reports about the
synthesis by pyrosol of NBT-BT g. In the present study,
NBT-BT( s ceramics were prepared by the pyrosol
method, and their structure and electrical properties were
examined. We chosen x=0.08 for BNT-btx in order to
have a composition near MPB region (BNT-btx, x=0.06—
0.07) were BNT-btx ceramics show good dielectric, ferro-
electric, piezoelectric, and pyroelectric properties, and a
relatively easy electric poling.

2. Experimental procedure

[(Big.sNag.5)TiO3]o.0o-[BaTiOslo.0s was prepared by a
pyrosol technique starting from anhydrous sodium acetate
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(CH3COONa, 99.995%, Aldrich), barium acetate ((CHj3
COO),Ba, 99%, Aldrich), bismuth (III) acetate ((CHj3
COO)3Bi, +99.99%, Aldrich) and titanium (IV) isoprop-
oxide, 97% solution in 2-propanol (Ti{OCH(CHs3),}4,
Aldrich). Acetic acid (>99.7%, Aldrich) was used as a
solvent for the acetate salts. Sodium acetate, bismuth (IIT)
acetate and barium acetate were dissolved separately in
water and acetic acid at about 100 °C. Titanium (IV)
isopropoxide was then added gradually to the mixture of
these solutions. A clear solution was obtained by adding
nitric acid. The concentration of the sol was brought to the
value 0.4 M with strong magnetic agitation at 75 °C for
6 h. An aerosol has been formed from the solution of
precursors using a high-frequency ultra sound generator.
The aerosol is carried through a tubular furnace heated at
700 °C, in a quartz tube, by a carrier nitrogen gas. At the
end of the tube, a high-voltage Mo wire collects the
ceramic powder [25,26]. The ceramic samples were pre-
pared by uniaxially pressing of powders into discs (1.2 cm
diameter and ~0.2 cm thick), using a pressure of 100 MPa
and then sintered at temperatures of 1000 °C and 1100 °C,
for 2 h in air.

The phase composition and microstructure of NBT—BT o5
powder and ceramic were investigated by X-ray diffraction
(XRD), scanning electronic microscopy (SEM) and transmis-
sion electronic microscopy (TEM). The composition of the
NBT-BT o3 precursor powders was characterized by X-ray
diffraction technique wusing a Bruker-AXS tip D8
ADVANCE diffractometer. For powder diffraction, Cuk,;

radiation (wavelength 1.5406 A), LiF crystal monochromator
and Bragg—Brentano diffraction geometry were used. The
data were acquired at 25°C with a step-scan interval of
0.020° and a step time of 10s. The microstructure of the
samples was investigated using a FEI Quanta Inspect F with
EDAX scanning electron microscope and, a Tecnai G2 F30
S-TWIN transmission electron microscope with a line resolu-

tion of 1 A, in high resolution transmission electron micro-
scopy (HR-TEM) mode and selected area electron diffraction
(SAED). The eclectrical measurements of NBT-BT, g cera-
mic pellets were carried out in the metal-ferroelectric-metal
(MFM) configuration, where the electrodes M consist of
silver paste. Dielectric measurements at frequency range of
10 kHz—-1 MHz have been performed at room temperature,
using a Hioki 3532-50 type automatic RLC bridge. P-E
loops were measured using a TF Analyzer 2000 equipped
with a FE-Module (aixACCT).

3. Results and discussion
3.1. X-ray diffraction

X-ray diffraction patterns of the of NBT-BTj o3 powder,
prepared by pyrosol technique at 700 °C and annealed at
700-900 °C, are shown in Fig. 1.

The XRD analyses indicate the presence of two phases.
The diffraction peaks of the main phase can be assigned to
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Fig. 1. XRD patterns of NBT-BT(os powder obtained by pyrosol
method at 700 °C (a) and then calcined at 700 °C (3 h), 800 °C (2 h)
and 900 °C, 2 h.

the rhombohedral polymorphic modification of NBT
(Fig. 1(a)) (Pattern: 01-070-9850) [30]. The peaks of the
secondary phase can be attributed to the Bi,O3 hexagonal
phase (Pattern: 51-1161) [31]. The feature peak at about
47° does not split in the figure, which indicates that all
ceramics have rhombohedral microstructure.

3.2. SEM analysis

The SEM micrographs of Nag sBigsTiO3; doped with
8 mol% BaTiOs;, prepared by pyrosol method at 700 °C,
and annealed at 700 °C, 3 h, in air, are presented in Fig. 2.

The majority of grains, for the powders resulted at
700 °C, show spherical shape but some grains have an
irregular sphere or ring shape, due to the collision of sol
droplets. The grains have diameter in the range 0.17-1 pm
(Fig. 2(a)). The surface of NBT-BT, s powder grains
presents roughness, due to the pyrolysis of organic part
from the precursor. After heating the powders at 700 °C,
3 h in air, the grains acquire a cubic form with an average
size of 400 nm (Fig. 2(b)).

3.3. TEM-HRTEM-SAED analyses

The NBT-BT(ys as-obtained powders by pyrosol
(Fig. 3) and then annealed at 700 °C, for 3h in air
(Fig. 4) were investigated by TEM, with the aim of
studying the evolution of crystallites with the annealing
time.

TEM image of the powder shows spherical grains
(Fig. 3(a)) of various sizes, composed from crystallites
Fig. 3(b) of about 10 nm. The incomplete crystallization of
the powder of NBT-BTj (5 is evidenced by the HR-TEM
image and the SAED pattern (Fig. 3(c)). The Fig. 3 (b)
shows a lattice fringe of d=2.24 A, corresponding to the
(202) crystallographic plane of rhombohedral Bag sNag s.
TiO5;. Other crystallographic planes, identified on the
SAED pattern, are (404) and (300), indicated that the
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Fig. 3. TEM (a), HR-TEM (b) and SAED (c) images of NBT-BT s powder prepared by pyrosol at 700 °C.

crystallization of the rhombohedral NBT phase start even diffraction (Fig. 1). The HR-TEM image and SAED
in the powder as-obtained by the pyrosol method. The pattern confirm that the hexagonal Bi,Oj; phase is the
rhombohedral NBT phase is not indicated by X-ray  main phase in the powder as-obtained by pyrosol at 700 °C



5928 C. Ghitulica et al. | Ceramics International 39 (2013) 5925-5930

b

NBT - Rhombohedral

(134)
e 159
20
/(30[]')
— _ »(122)
———( )}

(202)

(110)

50 1/nm

Fig. 4. TEM (a, b), HR-TEM (c) and SAED (d) images of NBT-BT ys powder prepared by pyrosol at 700 °C and annealed at 700 °C, for 3 h in air.

(lattice fringe corresponding to the crystallographic planes
(202), (103), (101) and, (100)/d=3.35 A).

TEM investigations on the NBT-BT; s powder pre-
pared by pyrosol at 700 °C and annealed at 700 °C, for 3 h,
in air, show grains with polyhedral shape and crystallites
well crystallized of about 20 nm size (Fig. 4).

Fig. 4(c),(d) shows lattice fringe of d=1.93 A corre-
sponding to the (024) crystallographic plane and, others
planes (110), (202), (122) of rhombohedral Baj sNay sTiO;

(Fig. 4(c)).
3.4. Sintering behavior and piezoelectric characterization

NBT-BT s ceramic were characterized in what concers
their aparet densty, the values obtained are in the range of
92-94% of the theoretical density were measured by
Archimedes’s method (in water) using a density balance.
Fig. 5 shows the SEM micrographs of the NBT-BTj g
samples sintered at 1000 °C and 1100 °C. The pellets show
grains with polyhedral shape and average grains size of
0.9 um and 2 pm, respectively, as it can be seen in Fig. 5.

Fig. 6 shows the XRD patterns of the NBT-BT g
ceramic sintered at 1000 °C and 1100 °C. X-ray patterns of
NBT-BT g ceramics sintered at 1000 °C, for 2 h in air,
exhibit peaks corresponding to the rhombohedral NBT
structure [30] (Fig. 6(a)). The NBT—BT) o3 ceramic sintered
at 1100 °C shows peaks of the rhombohedral NBT struc-
ture (Fig. 6(b)), but the ratio of their intensities is different
from those of XRD patterns of the NBT-BT g ceramic
sintered at 1000 °C. That suggest the starting the process of
degradation of the structure of NBT-BT g ceramic, by
evaporation of bismuth, at 1100 °C. By comparison with
the NBT-BT, ¢g powder, the ceramic is not showing any
secondary phase.

3.5. Dielectric characterization

The permittivity frequency and the dissipation factor
frequency curves for the NBT—BT o3 ceramic sintered at
1000 °C, 2 h, in air, are shown in Fig. 7. It can be observed
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Fig. 5. SEM images of NBT-BT os ceramic sintered at 1000 °C (a) and 1100 °C (b).
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Fig. 6. XRD patterns of NBT-BTj g pellets sintered at 1000 °C (a) and
1100 °C (b), for 2 h in air.
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Fig. 7. Frequency dependence of dielectric constant and dielectric loss of
NBT-BTj g ceramic sintered at 1000 °C.

that the dielectric constants and loss tangent of NBT-—
BT o3 ceramic decrease with the increase of the frequency.

As it can be seen in Fig. 7, neither the dielectric constant,
nor the dielectric losses, are significantly influenced by
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Fig. 8. Room temperature ferroelectric hysteresis loops measured for the
NBT-BTj 0g, for an applied voltage ranging from —30 to 30 V.

frequency (in the 10*-10° Hz domain), suggesting a good
homogeneity of samples. The dielectric constant (&.=600)
and the dielectric loss (tan 6 =0.05), measured at 100 kHz,
of the NBT—BTj o3 ceramic samples, were comparable with
that prepared by sol-gel process [23].

Fig. 8 shows the P— E hysteresis loop of the NBT-BT g
at 1 kHz at room temperature. The P-E hysteresis loop
shows a narrow type, without saturation in polarization.
Such a phenomenon is considered to be based on a random
field resulting from fine-scale domains, due to defects at
A-sites of perovskite compounds, preventing a complete
polarization switching [32]. The dielectric and ferroelectric
properties of NBT-BT, g ceramic were comparable with
those of NBT—-BT| ¢g derived from sol-gel processes.

4. Conclusions

In the current work, a wet-chemistry synthesis route,
pyrosol, was chosen to synthesize high purity NBT-BTj g
powders. The powder obtained at 700 °C shows spherical
grains of various sizes, composed from crystallites of about
10 nm. The powders show Bi,O3; as secondary phase but



5930 C. Ghitulica et al. | Ceramics International 39 (2013) 5925-5930

the ceramic sintered at temperatures higher than 1000 °C
was obtained as single phase. The dielectric and ferro-
electric characteristic of NBT—BTj o3 ceramic processed by
pyrosol are suitable for applications in microelectronics.
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