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bstract

Na1/2Bi1/2)TiO3 doped in  situ  with 11 mol% BaTiO3 (NBT–BT0.11) powders were synthesized by a sol–gel method, and the electrical properties
f the resulting ceramics were investigated. The powders consisting of uniform and fine preliminary particles of about 50 nm were prepared by
alcining the gel precursor at 700 ◦C. (Na1/2Bi1/2)0.89Ba0.11TiO3 ceramics, sintered at temperatures up to 1150 ◦C have a rhombohedral symmetry,
hile the ceramic sintered at 1200 ◦C exhibits a tetragonal crystalline structure. The ceramics show high dielectric constant (εr ∼  5456), dielectric

oss of 0.02, depolarization temperature Td ∼  110 ◦C and temperature corresponding to the maximum value of dielectric constant Tm ∼  262 ◦C. The
ielectric constant (ε33) and the piezoelectric constant (d33) attain the maximum values of 924 and 13 pC/N, respectively, while the electromechanical
oupling factor (k ) value is 0.035. The NBT–BT ceramics derived from sol–gel present high mechanical quality factor (Q ∼  860). The dielectric
p 0.11 m

nd piezoelectric properties values of NBT–BT0.11 ceramics derived from sol–gel are smaller than those of samples produced by the conventional
olid state reaction method, due to the grains size and oxygen vacancies that generate dipolar defects.

 2012 Elsevier Ltd. All rights reserved.

eywords: A. Sol–gel processes; C. Dielectric properties; C. Piezoelectric properties; D. BaTiO3 and titanates

p
s
i

o
N
t
n
(
r

.  Introduction

Lead zirconate titanate (PZT) ceramics exhibit excellent elec-
ric properties and are extensively used in numerous electronic
evices, such as actuators, sensors, capacitors, and high-power
ransducers.1,2 On the other hand, PZT ceramics have been con-
inuously modified with different additives, which make them

ore attractive for specific applications. Thus, incorporating
nO to PZT ceramics contributes to an obvious improvement of

he fracture properties.3 ZnO whiskers and Sb2O3 co-modified
ead zirconate titanate composites show enhanced piezoelectric

4
nd mechanical properties, while Nb2O5 enhance piezoelectric
nd ferroelectric properties of the monolithic PZT.5
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With the increasing environmental concerning, lead-free
iezoelectric ceramics have turned to be a certain trend in the
ustainable development. Lead-free piezoelectric materials
nclude BaTiO3, (Na,Bi)TiO3, (Na,K)NbO3 system and so on.6

Na1/2Bi1/2TiO3 (NBT) is a ferroelectric compound with per-
vskite structure and rhombohedral symmetry.7 Usually, the
BT ceramic exhibits weak piezoelectric properties.8 In order

o improve the piezoelectric properties of this ceramic, a large
umber of NBT-based solid solutions, including NBT–BaTiO3
NBT–BT), have been prepared and intensively studied in
ecent years.9–20 The partial substitution of (Na0.5Bi0.5)2+-site
ons by Ba2+ contributes to the decrease of Curie tempera-
ure and to the improvement of sintering and piezoelectric
roperties. The (1 −  x)NBT–xBT (abbreviated as NBT–BTx)

eramics with 1–20 mol% BaTiO3 were studied. NBT–BTx sys-
em has attracted considerable attention, because of the existence
f a rhombohedral–tetragonal morphotropic phase boundary
MPB) near x = 0.06. Compositions close to the MPB provide

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.021
mailto:mcernea@infim.ro
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.021


2 ean Ceramic Society 32 (2012) 2389–2397

s
S
b
a
b
r
I
N
t

t
h
w
m
s
m
i
t
b
t

2

p
[
a
s
p
T
A
a
p
i
a
t
a
o
a
r
i
m
t
t
a
B
r
a
w
s
i
e
f
b
t
R

Fig. 1. SEM photomicrograph of 11 mol%BaTiO3 doped-Na1/2Bi1/2TiO3 pre-
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ubstantially improved poling and piezoelectric properties.18,21

imilar to pure NBT, NBT–BTx (x  < 0.06) ceramic has a rhom-
ohedral perovskite structure. As x  increases, a tetragonal phase
ppears and increases continuously. At x  ∼  0.10, the ceramic
ecomes a pure tetragonal phase. These suggest that a MPB of
hombohedral and tetragonal phases resides for 0.06 < x  < 0.10.7

n this paper, we investigated the piezoelectric properties of
BT–BTx (x  = 0.11) ceramic outside the MPB domain, where

his ceramic should present a tetragonal structure.
NBT-based ceramics are usually fabricated by the conven-

ional solid-state method. Recently, considerable research efforts
ave been devoted to the preparation of materials by various
et chemical methods, such as citrate method,22,23 emulsion
ethod,24 hydrothermal process,25 sol–gel techniques26,27 and

tearic acid gel route.28 It was found that NBT-based ceramics
ade from powders synthesized by alternative methods exhibit

mproved sinterability, poling process and piezoelectric proper-
ies. In the present study, NBT–BT0.11 ceramics were produced
y the sol–gel method, and their structure and electrical proper-
ies were examined.

. Experimental  procedures

Precursor sol of 0.89[(Na0.5Bi0.5)TiO3]–0.11[BaTiO3] was
repared by a sol–gel technique starting from sodium acetate
Na(CH3COO)], barium acetate [Ba(CH3COO)2], bismuth (III)
cetate [Bi(CH3COO)3] and titanium (IV) isopropoxide, 97%
olution in 2-propanol [Ti{OCH(CH3)2}4], acetic acid and iso-
ropanol. All reagents (Aldrich) are of analytical grade purity.
he procedure is described in detail in a previous publication.27

fter drying the gel at 100 ◦C, the resulting powder was treated
t different temperatures in order to obtain a single-phase
owder. The ceramic samples were prepared by uniaxial press-
ng at 100 MPa. The as-obtained pellets with 10 mm diameter
nd 1 mm thickness were then sintered at various tempera-
ures, in the 1100–1200 ◦C range, for 1 h, in air. Samples with
pparent densities of 94–96% of the theoretical density were
btained. The calcined powder was investigated by scanning
nd transmission electronic microscopy (SEM, TEM) and X-
ay diffraction (XRD). The microstructure of the samples was
nvestigated using a FEI Quanta Inspect F scanning electron

icroscope and a TecnaiTM G2 F30 S-TWIN transmission elec-
ron microscope with a line resolution of 1 Å, in high resolution
ransmission electron microscopy (HR-TEM) mode and selected
rea electron diffraction (SAED). For diffraction analysis, a
ruker-AXS tip D8 ADVANCE diffractometer with Cu K�1

adiation (wavelength 1.5406 Å), LiF crystal monochromator
nd Bragg–Brentano diffraction geometry was used. The data
ere acquired at 25 ◦C, with a step-scan interval of 0.020◦ and a

tep time of 10 s. The electrical measurements were carried out
n the metal-ferroelectric-metal (MFM) configuration, where the
lectrodes M consist of silver. Dielectric measurements at fixed

requencies in the 120 Hz to 1 MHz frequency intervals have
een performed on a temperature range between room tempera-
ure of about 25 ◦C and 300 ◦C. A Hioki 3532-50 type automatic
LC bridge and Kethley 2000 voltmeter, with chromel–alumel

T
o
a
5

ursor gel, heated at 700 ◦C, 3 h.

hermocouple type for temperature measurements, were con-
rolled by a computer through the GPIB interfaces for automatic
xperimental data registration and further investigations. P–E
oops were measured using a Radiant (Premier II) System. For
he piezoelectric measurements, the samples were poled under
n applied field of 3 kV/mm, at 120 ◦C, for 40 min. Piezoelectric
roperties were measured by a resonance-antiresonance method
n the basis of IEEE 176-1987 standards, using an impedance
nalyzer (HP 4194A). The electromechanical coupling factor
k33), was calculated from the resonance and antiresonance fre-
uencies. The dielectric constant (εT

ii), was determined from the
apacitance of the poled specimen at 1 kHz. The elastic con-
tants (sE

jj), was calculated using the frequency constant (Nij) and

he measured density (ρo), by the relation sE
11 =  109/(2N2

Pρo).
inally, the piezoelectric constants (dij) were calculated using

he kij, εT
ii and sE

jj values, by the equation

ij =  kij(εT
iis

E
jj)

1/2
.

. Results  and  discussion

.1.  Microstructure

The SEM micrograph of Na0.5Bi0.5TiO3 doped with 11 mol%
aTiO3 powder calcined at 700 ◦C, 3 h, in air, is presented in
ig. 1.

It can be seen that the sol–gel derived powder has a regu-
ar morphology, as a result of the agglomeration of preliminary
articles of 40–60 nm.

The TEM and HR-TEM images and SAED pattern of the
owder calcined at 700 ◦C, 3 h, in air, are shown in Fig. 2. The
EM image (see Fig. 2(a)) reveals that the powder is composed

f spherical and polyhedral particles with the tendency to form
gglomerates; the average size of the nanocrystallites is about
0 nm.
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Fig. 2. TEM images of BaTiO3 doped-Na1/2Bi1/2TiO3 precursor gel heated at
700 ◦C (a). The insets present images of corresponding HR-TEM (b) and SAED
(
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Fig. 3. X-ray diffraction patterns (2θ = 20–80◦) of BaTiO3 doped-
Na1/2Bi1/2TiO3 powder and sintered pellets at 1100 and 1150 ◦C for
2 h, and 1200 ◦C, 1 h in air (a) and, XRD patterns of the powder and ceramics
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c) of NBT–BT0.11 nanocrystals.

Fig. 2(b) shows clear lattice fringes with d  = 2.74 Å corre-
ponding to the (1 1 0) crystallographic planes of rhombohedral
a0.5Na0.5TiO3. The regular succession of the atomic planes

ndicates that the crystallites are structurally uniform, without
oint defects. By analyzing the selected area diffraction pattern
hown in Fig. 2(c), we can state that the only phase identified is
he rhombohedral phase of Na0.5Ba0.5TiO3.29

.2.  Structure

The XRD patterns (2θ  = 20–80◦) of the powder and pellets
repared for this study are presented in Fig. 3(a). Fig. 3(b) shows
he XRD patterns of the powder and ceramics in the 38–48◦ 2θ

ange.
A main phase with perovskite structure and traces of a

econdary phase are observed for the samples calcined at
emperatures up to 1150 ◦C. There are only some little dif-
erences between the patterns. The rhombohedral symmetry
f NBT–BT0.11 ceramic at room temperature can be charac-
erized by a (0 0 3)/(0 2 1) peak splitting between 39◦ and 41◦
nd a single (2 0 2) peak between 45◦ and 48◦. The rhombohe-
ral (0 0 3)/(0 2 1) peak splitting conserves until the temperature
eaches 1150 ◦C and then is replaced by the (1 1 1) peak at
200 ◦C. This result contradicts Ref. 7, which suggests that
he MPB of rhombohedral and tetragonal phases resides for
.06 < x < 0.10 and the NBT–BTx ceramic becomes a pure tetrag-
nal phase for x ∼  0.10. The crystal structure of NBT–BT0.11
eramics sintered at 1200 ◦C exhibits a degree of tetragonal-
ty corresponding to the splitting of the (2 0 0) and (0 0 2)
haracteristic peaks at 2θ  ∼  46.5◦. These results suggest that

he rhombohedral–tetragonal phase transition of NBT–BT0.11
eramics takes place at 1200 ◦C sintering temperature. It is
nown that grain size can have an important influence on the

s
d
t

n the 2θ range of 38–48◦ (b).

rystal structure and properties of ferroelectric ceramics. For
xample, ultrafine BaTiO3 (particles <0.12 �m) shows cubic and
onferroelectric structure, while BaTiO3 powder with average
rain size higher than 1.1 �m presents tetragonal ferroelectric
tructure.30 The most widely considered possible causes for the
ubic structure of very fine BaTiO3 powder are the following:
epolarization effects, absence of long-range interactions, struc-
ure defects and elastic constraints.30 These considerations are
alid for materials with perovskite structure, including NBT. The
xistence of the tetragonal phase in the NBT–BT0.11 samples sin-
ered at temperature higher than 1150 ◦C can be correlated with
he increasing of grain average size over a certain threshold.
hus, the sample sintered at 1100 ◦C shows grains of 150 nm to
.6 �m and rhombohedral structure, while the pellets sintered
t 1200 ◦C exhibits grains of 400 nm to 1.5 �m and tetragonal

ymmetry. The crystallographic phase composition in NBT–BTx

epends on the temperature and/or chemical composition. The
etragonal phase of NBT–BTx composition having x = 0.11,
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ig. 4. SEM micrographs of the BaTiO3 doped-Na1/2Bi1/2TiO3 ceramic sintered
t 1100 (a) and 1150 ◦C (b), 2 h in air and, 1200 ◦C (c), 1 h in air.

hich is near the morphotropic phase boundary, was reported
31
n the literature. Therefore, in order to obtain a single NBT

etragonal phase for NBT–BTx ceramics, it is necessary to add
ore than 10 mol% BaTiO3 and a sintering temperature higher

han 1150 ◦C.

Fig. 5. The grain size distribution for NBT–BT0.11 ceramics sintered at1100 ◦C
(a), 1150 ◦C (b) and 1200 ◦C (c).
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Fig. 6. Temperature and frequency dependence of dielectric constant and dielec-
tric loss of unpoled NBT–BT0.11 ceramic, sintered at 1100 ◦C (a), 1150 ◦C (b),
and 1200 ◦C (c).
M. Cernea et al. / Journal of the Europ

.3.  Sintering  behavior  and  piezoelectric  characterization

The SEM micrographs of the surface fractures and the
rain size distribution for NBT–BT0.11 ceramics sintered
t1100 ◦C (a), 1150 ◦C (b) and 1200 ◦C (c) are shown in
igs. 4(a)–(c) and 5(a)–(c), respectively.

As shown in Fig. 4, the NBT–BT0.11 grains are of polyhedral
hape. The sample sintered at 1100 ◦C seems to be homoge-
eous for the grain size point of view; therefore, it exhibits a
onomodal grain size distribution. In the case of NBT–BT0.11

eramic sintered at 1100 ◦C (Fig. 4(a)), the grain average size is
77 nm (Fig. 5(a)). A monomodal grain size distribution can be
lso noticed for the ceramics obtained after sintering at 1150 ◦C
Fig. 4(b)) and 1200 ◦C (Fig. 4(c)), with grain average size of
63 nm (Fig. 5(b)) and 850 nm (Fig. 5(c)), respectively. The
ense and pore-free microstructures of all ceramic samples can
e attributed to the homogeneous and fine morphology of the
reliminary particles from the calcined powder.

The temperature dependence of dielectric properties mea-
ured at frequencies of 120 Hz, 1 kHz, 10 kHz, 100 kHz and

 MHz for unpoled NBT–BT0.11 ceramic is presented in Fig. 6.
Permittivity and loss values increase with the sintering

emperature increasing (Fig. 6(a–c)). For 1100 ◦C sintering
emperature, a more diffuse phase transition with low val-
es of permittivity (εr = 2538 at 1 kHz; εr = 2340 at 100 kHz)
nd losses (tan δ = 0.058 at 1 kHz; tan δ  = 0.038 at 100 kHz)
an be observed in Fig. 6(a). The increase of the sintering
emperature leads to increased values of permittivity, with max-
mum at 1200 ◦C (εr = 5456 at 100 kHz), having well defined
eaks (Fig. 6(c)). In the investigated temperature range, per-
ittivity values decrease with the frequency increasing. For

xample, NBT–BT0.11 ceramic sintered at 1150 ◦C shows a
ielectric constant value of εr = 3742 at Tm and 1 kHz, which
ecreases to εr = 3557 at 100 kHz. These considerations could
e attributed to the rhombohedral structure with lower permit-
ivity of NBT–BT0.11 samples sintered at 1100 and 1150 ◦C and
o a tetragonal structure with higher dielectric constant of the
amples sintered at 1200 ◦C, in good agreement with the X-ray
iffraction analysis (Fig. 3).24

Dielectric losses exhibit a more complex behavior, related
o the samples temperature, but, generally, decrease with the
requency increasing. At low frequency value (120 Hz) and
t temperatures above 225 ◦C, the losses exhibit an obvi-
us increase that could be attributed to the thermal activated
onductivity, generated by oxygen vacancies that form dipo-
ar defects ([VBi]3+–[VO]2−). The high conductivity of BNT
eramics is associated with Bi vaporization during sintering at
emperatures ≥1130 ◦C.32 Bi vaporization leads to the gener-
tion of [VBi]3+, which is accompanied by the formation of
VO]2− due to the charge compensation. Activation energy
nd relaxation time can be obtained by applying to our data
Fig. 6(c)) a similar analysis to the one reported in Ref.
3. The obtained numbers are 0.95 ±  0.1 eV for the activa-

−12
ion energy and about (0.3–0.4) ×  10 s for the relaxation
ime. Although the values are quite rough, they fit well the
eported numbers for dipole defects associated to oxygen vacan-
ies. Such dipoles can induce an internal electric field and an
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Fig. 7. Hysteresis loops for the NBT–BT0.11 ceramics sintered at various tem-
peratures (a) and pure ferroelectric hysteresis loop obtained by a procedure
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Fig. 8. Temperature and frequency dependence of dielectric constant (a) and
dielectric loss (b) of NBT–BT0.11 ceramic sintered at 1150 ◦C and poled.
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imilar to the PUND method (b).

ffset polarization at lower temperatures. This was checked
y performing hysteresis measurements at room temperature,
ere it was assumed that defect dipoles are still oriented par-

llel to the ferroelectric polarization. The obtained loop is
hown in Fig. 7a only for the sample sintered at the highest
emperature.

It can be seen that the loop is shifted up on the polarization
xis, suggesting that the defect dipoles do not switch together
ith the ferroelectric polarization. They may orient parallel
nder the applied electric field, thus starting with positive
oltage they orient parallel with the ferroelectric polarization
ut for negative voltage they do not switch. Therefore the
egative remnant polarization is smaller than the positive one.
n the same time the defect dipoles generate an internal field
hich helps the positive polarization and oppose to the negative
ne, thus the loop is shifted toward the negative values on the

oltage axis. The pure ferroelectric hysteresis loop obtained
y a procedure similar to the PUND method is presented in
ig. 7b. It can be seen that after extracting all the losses due

h
t
t

o defects, leakage, etc.  the loop is almost symmetric with a
olarization value of approximately 8 �C/cm2.

Fig. 8 shows temperature and frequencies dependence of
he dielectric constant (a) and loss tangent (b) of NBT–BT0.11
eramic sintered at 1150 ◦C, for 2 h, and poled from room tem-
erature to 450 ◦C.

The relative permittivity at room temperature of unpoled
εr = 1000) and poled (εr = 924) NBT–BT0.11 processed by
ol–gel is smaller than that of unpoled (εr = 1600) and poled
εr = 1200) NBT–BT0.11 produced by the conventional solid
tate reaction method,34 due to the smaller grains (763–850 nm)
nd domain structure. The average grain size of NBT–BT0.11
eramic samples prepared by a solid oxide route34 was about

 �m.
As we can see from Figs. 6 and 8, the curves present three

istinct regions, divided by two special temperatures (Td and
m). The temperature at which the phase transition between the
erroelectric rhombohedral phase and the pseudocubic phase21
appens is called depolarization temperature (Td), while the
emperature corresponding to the maximum value of the dielec-
ric constant is named maximum temperature (Tm). At these
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Table 1
Piezoelectric and ferroelectric properties of BNT–BT0.11 ceramics sintered at 1150 ◦C and poled, compared with published values for BNT–BTx.

Properties This paper Ref. 24 Ref. 27; x = 0.08 Ref. 31; x = 0.05

Electromechanical
coupling factors

kp 0.035 0.27, x = 0.04; 0.28, x = 0.06 0.047 0.091
k31 −0.021 −0.029 −0.055
kt 0.034 0.074 0.105

Frequency constants Np [m/s] 2784 2890 2923
Nt [m/s] 2246 2051 2329

Piezoelectric charge
coefficient

d31 [pC/N] −6.40 −8.96 −16.62
d33 [pC/N] 13 118, x = 0.04; 142, x = 0.06 26 77

Piezoelectric voltage
coefficient

g31 [10−3 Vm/N] −0.782 −0.869 −1.738
g33 [10−3 Vm/N] 1.644 2.489 8.100

Dielectric loss tan δ 0.057 0.02 0.045
Dielectric constant εT

33 924 1164 1080
εS

33 922 1155 1060
Elastic stiffness cD

33 [1010 N/m2] 10.51 9.45 12.17
cD

33 [1010 N/m2] 10.52 9.50 12.17
Elastic compliance sE

11 [10−12 m2/N] 10.98 9.53 9.58
sE

12 [10−12 m2/N] −2.823 −2.51 −2.665
Mechanical quality factor Qm 860.32 482.4 197.5
Poisson factor σE 0.2571 0.2637 0.2782
Sonic velocity vE

1 [m/s] 4181 4334
Acoustic impedance Za [106 kg/(m2 s)] 21.78 24.09
Temperature of maximum
of dielectric constant

Tm (◦C) 261 . 342

Depolarization
temperature

Td (◦C) 110 139
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emperatures, the dielectric characteristics are frequency
ependent, which shows that the NBT–BT0.11 ceramics are fer-
oelectric relaxors. Depolarization temperature, which has been
uggested to be an indication of the stability of the ferroelectric
omains,21 plays an important role in the practical application of
BT-based materials. Td can be derived from the temperature of

an δ  first peak of the poled specimens.9 From Fig. 8(b), we can
ee that Td has a small variation with frequency and its value
s ∼110 ◦C. The temperature of dielectric constant maximum
Tm) was appreciated from Fig. 6(b) at about 260 ◦C (at 1 kHz)
ecause, in Fig. 8(a) Tm is not distinctive. Fig. 6 shows that Tm

ecreases as sintering temperature increases (Tm = 264 ◦C for the
eramic sintered at 1100 ◦C and Tm = 261.7 ◦C for the ceramic
intered at 1150 ◦C), and Tm increases with frequency increas-
ng (for example, Tm = 260.6 ◦C at 1 kHz and Tm = 261.7 ◦C at
00 kHz for the ceramic sintered at 1150 ◦C).

A third transition temperature (around 200 ◦C) appears on
he permittivity curves of samples sintered at 1150 and 1200 ◦C
Fig. 6(a) and (b)). Some authors described this intermedi-
te phase as a rhombohedral/tetragonal coexisting phase from
he results of second-harmonic generation and the observa-
ion of birefringence imaging using BNT single crystals.35,36

akhrushev et al.37 described that the intermediate phase is
onpolar, and optical isotropization has been observed in the
iterature.36–38 This intermediate phase is traditionally thought
o be antiferroelectric owing to the observation of doublelike
ysteresis loops in BNT-based solid solutions39 however, the

ature of this intermediate phase has not yet been clarified
ompletely. Watanabe et al.40 called this third transition temper-
ture as rhombohedral/tetragonal phase transition temperature

(
a
r
c

Tr–t) and suggested the existence of a morphotrophic phase
oundary.41 Hiruma et al.42 verified a very small tetragonal dis-
ortion in pure BNT above this Tr–t, which supports Watanabes
ypothesis.

As shown in Fig. 6, the higher dielectric constant peaks at Tm

re relatively broad for all ceramics, suggesting that the phase
ransition at Tm is a diffuse one. The diffuse phase transition has
een observed in many ABO3-type perovskites and NBT-based
eramics,43 in which either the A-sites or the B-sites are occu-
ied by at least two cations. The dielectric behavior of complex
erroelectrics with diffuse phase transition can be explained by
he modified Curie–Weiss law44:

1

εr

− 1

εm

= (T −  Tm)γ

C′ ,  (1)

here εm is the maximum value of the permittivity, Tm is the
emperature at which ε  reaches the maximum, C′ is the Curie-
ike constant and γ (1 < γ  < 2) is a constant which is used to
xpress the diffuseness degree of the phase transition. When

 = 1, the materials with this type of phase transition belong to
ormal ferroelectrics; when 1 < γ  < 2, the materials belong to
elaxor ferroelectrics; when γ  = 2, the materials belong to ideal
elaxor ferroelectric. Plots of ln(1/εr −  1/εm) as a function of
n(T −  Tm), at 100 kHz, for NBT–BT0.11 ceramics sintered at
100–1200 ◦C are shown in Fig. 9.

The experimental dielectric constant data were fitted with Eq.

1) in the vicinity of Tm. The obtained γ  values were 1.80, 1.90
nd 1.99 for the sample sintered at 1100, 1150 and 1200 ◦C,
espectively. The diffuseness exponent (γ) of the NBT–BT0.11
eramics is between 1 and 2, which confirms that the phase
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ig. 9. Dielectric permittivity data fitted with modified Curie–Weiss law for
BT–BT0.11 ceramics sintered at various temperatures.

ransition of these ceramics is diffuse, in good accordance with
igs. 6 and 8.

The results of the piezoelectric characterization of the poled
BT–BT0.11 ceramic sintered at 1150 ◦C, for 2 h, measured at

oom temperature and at resonant frequency, are listed in Table 1.
Compared with the results reported previously for NBT–BTx

eramics with x = 0.05, 0.06 and 0.08,24,27,45 our NBT–BT0.11
eramic shows smaller values for the electromechanical
oupling factor (kp), piezoelectric charge coefficient (d33),
iezoelectric voltage coefficient (g33) and dielectric constant
ε33), and higher values for the mechanical quality factor (Qm).
BT–BT0.11 ceramics exhibit properties comparable to those
f our NBT–BT0.08 ceramics prepared by sol–gel,21 but slightly
maller values for kp, d33, g33 and ε33, and slightly greater val-
es for Qm. The NBT–BT0.11 ceramics derived from sol–gel
ave higher mechanical quality factor (Qm = 860) and dielec-
ric permittivity (ε33 = 922–924) than other materials reported in
he literature.11 The piezoelectric coefficient exhibits a higher
alue of 120 pC/N at poled NBT–BT0.11 produced by the con-
entional solid state reaction method34 than that d33 = 13 pC/N
f our NBT–BT0.11 processed by sol–gel.

These results show that grain size is an important
icrostructural characteristic that affects piezo-electric proper-

ies. Although the piezoelectric properties degrade with smaller
rain size, and improved the mechanical strength and dielectric
trength.46 Several models, including the presence of internal
tresses in fine-grained ceramics, which are due to the absence
f 90 domain walls, increased domain-wall contributions to the
ielectric response in fine-grained ceramics, shifts of the phase
ransition temperatures with grain size have been considered.47

.  Conclusions
Na1/2Bi1/2TiO3 doped with 11 mol% BaTiO3 lead-free piezo-
lectric ceramics have been synthesized by sol–gel process.
he crystalline phases, microstructure, dielectric and piezoelec-

ric properties of the obtained ceramics have been investigated.
eramic Society 32 (2012) 2389–2397

RD data indicates that the ceramics sintered at tempera-
ures up to 1150 ◦C have a rhombohedral structure and those
intered at 1200 ◦C have a tetragonal symmetry. The powder
repared by sol–gel technique is composed of nanoparticles
nd agglomerates; the crystallite average size is around 50 nm.
he temperature dependence of the dielectric constant and loss

angent of NBT–BT0.11 ceramics reveals that the Td temper-
ture remains almost constant with the frequency variation.
he NBT–BT0.11 ceramics exhibit diffuse phase transition and

elaxor behavior. The degree of diffuseness increases with the
intering temperature increasing. NBT–BT0.11 ceramics show
igh mechanical quality factor, high dielectric characteristics
nd low piezoelectric properties. The high mechanical quality
actor of NBT–BT0.11 ceramics recommends them as ceramic
esonator. The dielectric and piezoelectric properties values of
BT–BT0.11 ceramics derived from sol–gel are smaller than

hose of samples produced by the conventional solid state
eaction method, due to the grains size and oxygen vacancies
hat generate dipolar defects. The grain average size values of
he samples produced by the conventional solid state reaction

ethod are in the micron range, while the NBT–BT0.11 ceram-
cs investigated in this work, present grain average size values in
he submicron range. According to the current knowledge, a sig-
ificant influence of the reduced grain size on the dielectric and
iezoelectric properties is expected, with a substantial decrease
f d33.
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