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Abstract

(Nag sBig5)TiO5 doped with 5 mol% BaTiO3; (NBT-BTj 5) nanopowder was prepared by sol-gel method. Structural and microstructural investiga-
tions revealed a powder crystallized in the Naj 5Bij sTiO3 rhombohedral phase form. Ceramics processed from this powder show good dielectric
(&:=3940 and tan § =0.016) and piezoelectric characteristics (d33 =77 pC/N, k, =0.091, 8§3 = 1080 and Q,, = 197.5). The as-obtained NBT-BT o5

ceramic appears effective for piezoelectric resonator and high power applications.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Nag 5BipsTiO3 ceramic and its variations is a promis-
ing piezoelectric material without lead. This material is now
intensively investigated in the aim of the improvement in
piezoelectric characteristics. Various methods are used to syn-
thesis doped/undoped Nags5Bip5TiO3 and its solid solutions
with microstructural features required for engineering these
properties.'”” Grain size is an important microstructural char-
acteristic that affects piezoelectric properties. Although the
piezoelectric properties are expected to degrade with smaller
grain size, the relative permittivity increases. Moreover, finer
grain piezoelectric offers two main advantages; higher mechan-
ical strength and improved dielectric strength, if the piezoelectric
properties could be preserved. Recently, considerable research
efforts have been devoted to the preparation of NBT-based
ceramics by various wet chemical methods, such as cit-
rate method,!® emulsion method,’ hydrothermal process,10
stearic acid gel route!! and sol gel techniques.>>61%13 It was
found that NBT-based ceramics made from powders synthe-
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sized by alternative methods exhibit improved sinterability,
poling process and piezoelectric properties.'> Moreover, to
improve the poling capacity of NBT, the partial substitu-
tion of A-site ions (NagsBigs5)** by Ba2*, (Kos5Bigs)** and
others'®? is used. Among the solid solutions that have been
developed so far, (Nags5Bips5);—xBa,TiO3 (NBT-BTy) system
has attracted considerable attention, because of the existence
of a rhombohedral-tetragonal morphotropic phase boundary
(MPB) near x=0.06-0.08, where the materials show signifi-
cantly enhanced piezoelectric properties and reduced coercive
field.>!14-1© In this paper, we study the influence of the sol-gel
synthesis method and highlight (BaTiO3) concentration that
located NBT-BT( g5 ceramic at MPB region low limit, on the
structure and electrical properties of this ceramic.

2. Experimental procedure

Precursor sol of 0.95[(Nag;5Big5)TiO3]-0.05[BaTiO3]
(NBT-BTy.05) was prepared by sol—gel technique. The detailed
sol-gel procedure was published in a previous paper.!?
Reagent-grade sodium acetate [Na(CH3COO)], bismuth (III)
acetate [Bi(CH3COOQO)3], barium acetate [Ba(CH3COO);]
and titanium (IV) isopropoxide, 97% solution in 2-propanol
[Ti{OCH(CH3); }4] were used as starting materials and, water
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and acetic acid as solvents for the preparation of NBT-BT o5
precursor solution.

The gel was investigated by thermal analyses, scanning elec-
tronic microscopy (SEM), transmission electronic microscopy
(TEM), X-ray diffraction (XRD) and Raman spectroscopy.
The thermogravimetric analysis (TG) and differential thermal
analysis (DTA) were recorded by using a TGA Instrument
(model Pyris Diamond), Perkin Elmer Instruments. The sam-
ple was measured in an open cylindrical alumina crucible
and the experiment conducted in synthetic air (80% N»/20%
0;) at a flow rate of 16 ml/min. The temperature was cali-
brated with bismuth, aluminum and silver, temperature range
of the experiments was between 150 and 1300 °C with a heat-
ing rate of 10°C/min. The sample mass was around 37 mg.
The microstructure of the samples was investigated using a
FEI Quanta Inspect F with EDAX scanning electron micro-
scope and, a Tecnai™ G? F30 S-TWIN transmission electron
microscope with a line resolution of 110%, in high resolution
transmission electron microscopy (HR-TEM) mode and selected
area electron diffraction (SAED). Raman spectra were recorded
at room temperature in a backscattering geometry under exci-
tation wavelength of 1064 nm using a spectrophotometer FT
Raman Bruker RFS 100. The Raman spectrum was recorded in
the range 100-1000 cm™! using for excitation, the 1064 nm line
of a laser. The structure of the NBT-BT( o5 precursor powders
was characterized by X-ray diffraction technique using a Bruker-
AXS tip D8 ADVANCE diffractometer. For powder diffraction,
CuKo1 radiation (wavelength 1.5406 Z\), LiF crystal monochro-
mator 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 electrical measurements were car-
ried out in the metal—ferroelectric—-metal (MFM) configuration,
where the electrodes M consist of silver paste. Samples for
piezoelectric measurements were poled under applied fields of
3kV/mm, at 120°C, 40 min. Then, another 50 min when the
temperature decreases up to the room temperature. Piezoelec-
tric properties were measured by a resonance—antiresonance
method on the basis of IEEE 176-1987 standards, using an
impedance analyzer (HP 4194A). The electromechanical cou-
pling factor (k33), was calculated from the resonance and
antiresonance frequencies. The free permittivity (sg), was deter-
mined from the capacitance at 1 kHz of the poled specimen.
The elastic constants (Sj]JT:), was calculated from the frequency
constant (Njj), and the measured density (oo) by the relation
of Sﬁ = 10°/(m>Np?po). Finally, the piezoelectric constants
(d;j), was calculated from the kjj, 8;1; and SJ?: by the relation of
dij = kij(SESE)UZ, or directly using a d33 Meter Sinocera S5865
(d33).

3. Results and discussion
3.1. Thermal analyses
The thermal stability of the precursor-gel of NBT-BT( o5 was

analysed until 1300 °C by thermogravimetric analysis (TG) and
differential thermal analysis (DTA) (Fig. 1).
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Fig. 1. TG and DTA curves of BaTiO3-doped Nag 5BigsTiO3 precursor gel.

The gel shows a weight loss in two steps; the first stage of
precursor decomposition takes place in the temperature range
of 25-220°C and corresponds to the adsorbed water and sol-
vent release; the second stage involves two different steps
for the pyrolisis of the organic materials: (1) in the range
of 220-275°C the decomposition occurs at high rate accom-
panied by a significant weight loss, and (2) in the range of
275-600°C with slow rate. The second step shows higher
weight losses in the 400-600 °C range than in the 275-400 °C.
The endothermic peak at 595°C is due to crystallization of
(Nag 5Big 5)0.95Bag.0sTiO3 solid solution. The weight loss that
occurs above 1200 °C corresponds to the partial volatilization
of Na and Bi from NBT-BTy ¢s.

3.2. Structure

3.2.1. X-ray diffraction

X-ray diffraction patterns of the of NBT-BT o5 precursor gel,
heated at 700 °C and, sintered pellets at 1100, 1150 and 1200 °C,
are shown in Fig. 2.

The XRD analyses indicate that when the heating temper-
ature was 700 °C, the gel powder was in the Nag5Big5TiO3
rhombohedral phase form;!” on sintering the ceramic pellets
at temperatures of 1100, 1150 and 1200 °C, small peaks of a
secondary phase appeared. The diffraction peaks of the main
phase from NBT-BTy o5 ceramic samples can be assigned to the
rhombohedral phase of NBT (Fig. 2). According to the reports
that one peak near 47° indicates all samples have rhombohedral
symmetry structure and a splitting peak near 47° indicates the
tetragonality of the samples.!®20 Fig. 2(b) is the magnification
of Fig. 2(a) in the range from 45 to 50°. The feature peak at
about 47° does not split in the figure, which indicates that all
ceramics have thombohedral symmetry structure.

3.2.2. Raman spectroscopy

Raman spectroscopy of NBT-BT( o5 powder heat-treated at
700 °C was measured at room temperature (Fig. 3).

The spectrum of NBT-BTy 5 precursor gel shows peaks
at 137, 270, 535 and 812cm~!, (Fig. 3). For comparison,
the A1(TO) absorption bands of rhombohedral NBT appear
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Fig. 2. XRD patterns of NBT-BT g5 precursor gel, heated at 700 °C and, sin-
tered pellets at 1100, 1150 and 1200 °C.

A(TO)

A (TO)
A(TO)

Intensity (a.u.)

100 200 300 400 500 600 700 800 900 1000
Wavenumber (cm'l)

Fig. 3. Raman spectrum of NBT-BT o5 precursor gel heated at 700 °C.

at 130, 269, and 541cm~! and an E(TO) band appears at
52.5cm~! 2122 Therefore, the Raman spectrum of the NBT-
BTp5 powder (Fig. 3) indicates a rhombohedral structure
similar to that of NBT. The small shift of NBT-BT o5 peaks can
be attributed to the A-site disorder due to doping with BaTiO3.
This produces an increase in the lattice parameters explained by
higher ionic radii of Ba** compared to Na* and Bi** (r P2 =
0.160 nm; ry,+ =0.139 nm; rgae = 0.128 nm).?

3.3. Microstructure

3.3.1. SEM analysis

The SEM micrographs of Nag 5Big 5TiO3 doped with 5 mol%
BaTiOj3 precursor gel, heated at 600 °C, 2 h in air, is presented
in Fig. 4.

As can be seen in Fig. 4, the calcined gel shows a microstruc-
ture consisting of fine grains of about 50-60 nm in diameter. The
grains are uniform as shape and size. This homogeneity of the
powder morphology is characteristic to the powders obtained by
sol—gel.

3.3.2. TEM-HRTEM-SAED analyses

The TEM and HRTEM micrographs of NBT-BT o5 precur-
sor gel, heated at 600°C are shown in Fig. 5(a and b). The
TEM bright field image reveals that the powder is composed
of polyhedral shaped particles, with an average grain size of
approximately 50 nm. The nanopowder also has the tendency to
form hard agglomerates, partially sintered.

The HR-TEM image (Fig. 5(b)) shows clear lattice fringes of
two polycrystalline nanoparticles of d =3.88 and 2.74 A, corre-
sponding to the (0 12) and (1 1 0) crystallographic planes of the
rhombohedral phase of Nag sBig 5TiO3. Also, the regular succes-
sion of the atomic planes indicates that the nanocrystallites are
structurally uniform and crystalline with almost no amorphous
phase present. The only phase identified from SAED pattern
is the rhombohedral one of NagsBigsTiOs (Fig. 5(c)). Both

Fig. 4. SEM photomicrographs of NBT-BT g5 precursor gel, heated at 600 °C.
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Fig. 5. TEM images of NBT-BTy s precursor gel, heated at 600 °C (a), corre-
sponding HR-TEM of nanocrystals (b) and SAED image (c).

HR-TEM image and SAED patterns for NBT-BTg 05 powder
calcined at 600 °C, indicated a rhombohedral Nag sBigsTiO3
crystallographic phase, in good agreement with XRD analysis
(Fig. 2).

3.4. Sintering behaviour and piezoelectric characterization

The ceramic samples were prepared by uniaxial pressing
at 100MPa. The as-obtained pellets with 10 mm diameter
and 0.8 mm thickness were then sintered at various temper-
atures from 1100 to 1200°C, for 1h in air. Samples with
apparent densities of 94-96% of the theoretical density were
obtained. The densities of the sintered pellets were measured by
Archimede’s method (in water) using a density balance. Fig. 6
shows the SEM micrographs of the NBT-BT( o5 samples sin-
tered at 1100-1200°C. The grains size and relative density
of the sintered pellets at various temperatures are shown in
Table 1.

Fig. 7 shows the dielectric constants (¢;) and dielectric losses
(tan §) as a function of temperature at frequencies ranging from
1 to 100kHz, for unpoled NBT-BTy 5 ceramics sintered at
temperatures of 1100 (a), 1150 (b) and, 1200°C (c). It can
be seen that the dielectric constants show obvious frequency
dispersion and exhibit broad dielectric peaks with a maximum
at Ty, of 246-299 °C temperature range. These results indi-
cate that the as-prepared NBT-BT( 5 ceramics are relaxors
ferroelectric and the Ty, is 94-41°C lower than that of pure
Nag sBiosTiO3 (340°C).2*25 The permittivity decreases with
increasing frequency from 1 kHz to 100 kHz. At relatively low
frequency (100 Hz, shown only in Fig. 7(a)), &; depends on fre-
quency strongly, showing a dielectric dispersion evidently. This
strong dispersion seems to be a common feature in ferroelectric

4pm

Fig. 6. SEM micrographs of NBT-BTy o5 ceramic sintered at: (a) 1100 °C, (b)
1150°C and (c) 1200°C, 1 h in air.
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Table 1

Structural and dielectric characteristics of unpoled NBT-BT o5 ceramics compared with published values for NBT-BTy.

Tsintering (°C) Average grain  Relative density Frequency, (kHz)

Temperature of maximum of

Dielectric constant &, Dielectric loss,

size (m) P! piheor, (%) dielectric constant Ty, (°C) tan §
This paper Ref.’
1100 2.0 95.6 1 246 4221 4000/x=0.05; 0.032
5000/x=0.06 at
T,,=300°C, and
1kHz
10 246 4080 0.032
100 246 3953 0.027
1150 2.5 95.4 1 248 3940 0.016
10 248 3845 0.014
100 248 3786 0.006
1200 3.0 94.7 1 299 2232 0.192
10 299 2115 0.184
100 299 2032 0.179

materials concerned with ionic conductivity, which is referred
as low-frequency dielectric dispersion.”® When the frequency
increases, the relative effect of ionic conductivity becomes small
and as a result, the frequency dependence of ¢, becomes weak.
In contrast, tan § reveals a different variation with frequency and
increases when frequency rises, which can be ascribed to ionic
conductivity. With an increase in frequency, retardation in polar-
ization caused from ionic conductivity is enhanced, leading to
an increase in tan 8.27-?® Permittivity decreases and the maxi-
mum dielectric temperature (T,) increases, when the sintering

temperature of the ceramics samples increases from 1100 to
1200 °C, (Fig. 7a—c and Table 1). With increasing the sintering
temperature, the dielectric loss of NBT-BT( o5 ceramics shows
a minimum value at 1150 °C.

Depolarization temperature T4, derived from the tempera-
ture of tan§ first peak of the poled specimens,”® has a small
variation with frequency and its value is —139 °C (Fig. 8). Ty
is the temperature at which the phase transition from ferroelec-
tric (thombohedral) to anti-ferroelectric phase (tetragon21l)30’31
occurs.

Table 2
Piezoelectric and ferroelectric properties of NBT-BTy o5 ceramics sintered at 1150 °C and poled, compared with published values for NBT-BTy.
Properties This paper Ref.” Ref. 12; x=0.08
Electromechanical coupling factors kp 0.091 0.27, x=0.04; 0.28, x=0.06 0.047
k31 —0.055 —0.029
ki 0.105 0.074
Frequency constants Np [m/s] 2923 2890
N [m/s] 2329 2051
Piezoelectric charge coefficient ds; [pC/N] —16.62 —8.96
d33 [pC/N] 77 118, x=0.04; 142, x=0.06 26
Piezoelectric voltage coefficient 231 [1073 Vi/N] —1.738 —0.869
833 [1073 Vim/N] 8.100 2.489
Dielectric loss tan§ 0.045 0.02
Dielectric constant 8;F3 1080 1164
&l 1060 1155
Elastic stiffness cy [10'°N/m?] 12.17 9.45
c?, [10'° N/m?] 12.17 9.50
Elastic compliance SE [10~12m?/N] 9.58 9.53
SE [10~12m?/N] —2.665 —2.51
Mechanical quality factor Om 197.5 482.4
Poisson factor of 0.2782 0.2637
Sonic velocity VE [m/s] 4334
Acoustic impedance Za [10° kg/(m? s)] 24.09
Temperature of maximum of dielectric constant Tm ({©) 342
Depolarization temperature T4 (§©)] 139
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Fig. 7. Temperature and frequency dependence of dielectric constant and dielec-
tric loss of unpoled NBT-BTy o5 ceramic sintered at: (a) 1100 °C, (b) 1150°C
and, (c) 1200°C.

The results of the piezoelectric characterization of the
NBT-BTg 5 ceramic sintered at 1150°C, 2h, at room tem-
perature and for the resonant frequency, are shown in
Table 2.

There are not many references on the characterization of
NBT-BT 05 piezoelectric ceramic. West D. L. et al.% and Kim
B. H. etal.,” which prepared NBT-BT) o5 by an aqueous citrate-
gel route and by emulsion method respectively, report similar
values for dielectric constant (g, ~4000) and dielectric losses

Dielectric constant, g

50 100 150 200 250 300 350 400 450 500
Temperature ("C)

Fig. 8. Temperature and frequency dependence of dielectric constant and dielec-
tric loss of NBT-BT o5 ceramic sintered at 1150 °C and poled.

(tan§ ~0.02) to that obtained by us. Chu B. J. et al.,3? report
for NBT-BT¢ o4 ceramic prepared by the conventional mixed
oxides method, values of 87 pC/N, 445 and 0.02 for, piezoelec-
tric constant d33, relative dielectric constant and dielectric loss,
respectively. Compared with the piezoelectric properties of our
NBT-BT 08 ceramic prepared by sol—gel,]2 this NBT-BT o5
ceramic shows slightly greater values for k¢, d33 and g33, and
slightly smaller values for €33, and QOp,.

4. Conclusions

Lead-free piezoelectric ceramic based on bismuth sodium
titanate (Naj/»Biy2)TiO3 doped with 5 mol%BaTiO3; was pre-
pared by sol-gel method. X-ray diffraction analysis shows
that the dried gel powder crystallizes on the rhombohedral
(Nag sBip 5)TiO3 lattice at 700 °C. SEM and TEM micrographs
indicate that the microstructure of NBT-BT( 05 powder consists
of nano-sized grains (about 50 nm). The NBT-BTy 5 ceram-
ics derived from sol-gel, shown good dielectric properties. The
piezoelectric properties and the high Ty, temperature highlight
recommend the as-obtained NBT-BTy g5 ceramic for applica-
tions as ceramic resonator and high power applications.
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