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Abstract— Undoped (Bi0.5Na0.5)0.96Ba0.04TiO3 ceramics were 
prepared from mixed oxides and sol-gel autocombustion powder. 
Similar dielectric and electromechanical properties were found 
for both but sol-gel derived ceramics can be obtained with a 
lower thermal budget, which prevent losses of volatiles. Dielectric 
anisotropy is observed. All the features of the thermal evolution 
curves of εT

11 are observed at temperatures clearly displaced 
towards higher values with respect to those of the εT

33 curves. 
There is also anisotropy in the depoling process. When depoling 
is monitored in-situ using the shear mode of thickness poled 
plates, resonance is observed at Td > 150ºC. Besides, hot in-situ 
measurements of time dependence of the resonaces of disks and 
plates at temperatures below Td showed that the depolarization 
of BNBT4 is a dynamical process. 
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I.  INTRODUCTION 
The search for environmentally friendly, lead-free, 

piezoelectric ceramics has led to revisiting the properties of the 
classical ferroelectrics (Bi 0.5Na0.5)TiO3, BaTiO3 and their 
solid-solution. Recent studies revealed the unexpected crystal 
structure [1] of the solid-solution (Bi 0.5Na0.5)1-xBaxTiO3 
(BNBT100x) near the Morphotropic Phase Boundary (MPB) of 
the system 0.04<x<0.11 that are at present focus of interest for 
many researchers and explain the relatively low piezoelectric 
activity for the MPB composition. Enhanced piezoelectric 
behavior was in fact found out of the MPB in this system [2, 
3]. Besides, BNBT100x ceramics undergoes a complex thermal 
depolarization process [4] that starts at a temperature, Td, well 
below that of the permittivity maximum, Tεmax, (Td=100ºC and 
Tεmax=300ºC for BNBT6)  and takes place in a temperature 
region of existence of a low temperature non-polar phase at 
zero field (LTNPZF) [5]. Such a phase shows strong dielectric 
relaxor behavior and has distinct crystal structure than that of 
the high temperature non-polar phase that exists above Tεmax. 
This constitutes a drawback for the practical application of this 
ceramics. The measurement procedure of Td and the exact 
nature of the LTNPZF phase are still a matter of discussion. 

 Undoped (Bi0.5Na0.5)0.96Ba0.04TiO3 (BNBT4) ceramics with 
expected good performance as ultrasonic transducers (kp≈20%, 
kt≈45% and k15≈40%) [3] were prepared. It is well known that 
the planar electromechanical coupling factor of BNBT4 thin 
disks vanishes at Td ≈150ºC [2,3]. For the same temperature, 
poled samples show a dielectric loss and pyroelectric current 
peaks, followed by sharp increase of the dielectric permittivity 
(max (dε´/dT)≈170ºC) into a higly dispersive region up to 
~240ºC . However, BNBT4 ceramics present a non-negligible 
shear coupling factor at Td [3]. This electromechanical 
anisotropy and the depolarization process were here further 
explored by determining the thermal and time evolution of  the 
dielectric and electromechanical properties of BNBT4 
ceramics. 

II. EXPERIMENTAL PROCEDURE 

A. Materials Processing, Structural and Microstructural 
characterization 
High density, submicron structured BNBT4 ceramics were 

prepared from mixed oxides powder by hot-pressing and 
recrystallization [6,7]. The powder was prepared by mixed 
oxides method starting from Bi2O3 (Aldrich 223891), Na2CO3 
(Merck 6392), BaCO3(Merck 1714) and TiO2 (Degussa P25), 
sieving and milling in ethanol with zirconia milling media for 
48h. Calcination was carried out at 800ºC for 1h followed by 
further milling during 120h. Pellets of the powder of 15 mm 
diameter and 1 mm thickness were obtained by uniaxial 
pressure forming followed by cold isostatic pressing at 200 
MPa. A combination of hot-pressing at low temperature (700-
800ºC for 2h, at 20MPa in air, using heating and cooling rates 
of 3 ºC.min-1 and subsequent recrystallization at higher 
temperature (1100ºC in air) has been applied to sinter the green 
pellets. This method was successfully tested to obtain single-
phase, high density and submicron-structured ceramics (grain 
size≈500nm), from  sol-gel autocombustion nanopowder [8]. 

Computer assisted quantitative microstructural 
characterization (MIP45 Digital Image System) was carried out 
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by analysis and measurements of images of FEG-SEM and 
optical microscopy (Leitz Laborlux 12 MES/ST). Both mean 
value and standard deviation (σ) of  grain (<G>) and pore size 
(<P>) distributions of the ceramics were determined. Size was 
characterized by the equivalent diameter to a circular shape 
(Deq=4(S/π)1/2, where S=grain or pore surface area) and from 
the analysis of the measured lognormal distributions of 
equivalent diameters [9].  

Fig. 1 depicts the characteristic aspect of the BNBT4 
ceramics prepared in this work and shows that they have a 
grain size in the submicron  range. 

B. Dielectric and Piezoelectric Characterization 
Sintered disks were ground  to a thickness (t) to diameter 

(D) ratio below 1/20 (typically t=0.7 and D=15mm) and Ag 
paint electrodes were  printed on  their major faces for the 
electric poling in thickness and  for  the impedance 
measurements at the radial and thickness resonance modes. 
Rectangular plates of a lateral dimensions (L,w) to thickness (t) 
aspect ratio below 1/10 (typically t=0.5 and L,w=5mm) were 
also cut from the sintered ceramic disks, electroded and 
thickness poled (30-35kV.cm-1, 150ºC in a silicone oil bath). 
Poling electrodes were mechanically removed and a new pair 
of electrodes was applied on perpendicular surfaces for the 
electric  measurements. 

Relative dielectric permittivity and losses vs. temperature 
curves in parallel and perpendicular directions to polarization, 
εT

33 and εT
11, were carried out at various frequencies from 

impedance measurements in the range between 1kHz and 
1MHz with a HP4194A analyzer. The heating and cooling rates 
were 2ºC.min-1 for disks and 0.5 to 2ºC.min-1 for plates., since 
their major faces are not metalized, which may cause their 
slower heating.  

Depolarization was monitored by the thermal evolution of 
the radial and the shear modes of electromechanical resonance 
of thickness poled thin disks and plates. Measurements of the 
time evolution of the resonances at temperatures between 100 

and 145ºC were also carried out. The evolution of the material 
coefficients with the temperature and time was determined by 
analysis of the impedance curves at resonance using an 
iterative automatic method  [10,11]. 

 

 

III. EXPERIMENTAL RESULTS 

A. Dielectric anisotropy 
Dielectric permittivity, εT

33, and losses vs. temperature 
curves (not shown here) in poled BNBT4 samples from mixed 
oxides reveals a similar peak of the losses and sharp increase 
of εT

33 (≈175ºC) that were observed in samples from sol-gel 
autocombustion nanopowders [3], and the dispersive region 
that, however, in this case extends to the temperature of the 
maximum permittivity and above this. Also both types of 
ceramics, from mixed oxides and sol-gel autocombustion, 
exhibit a thermal hysteresis with a sharp decrease of the 
permittivity measured on cooling for the depoled sample at 
some 30ºC below that of the measured on heating of the poled 
sample.   

Both types of ceramics shows anisotropic dielectric 
behavior since the dielectric measurements in the direction 
perpendicular to the polarization, i.e. εT

11, reveal a clear 
displacement towards higher temperatures of all mentioned 
features in the thermal evolution curves of  εT

33, as depicted in 
Fig. 2. The experiments carried out at different heating rates 
confirm that this is not an effect of the different geometry used 
in both types of dielectric measurements. 

 

B. Electromechanical characterization and depolarization 
Table I shows some selected room temperature parameters 

from measurements of the planar and thickness resonance 
modes of thickness poled disks as well as from the shear mode 

 
Fig.1. FEG-SEM image of a polished surface of a BNBT4 ceramic
from mixed oxides powder, hot-pressed at 800ºC-2h and recrystallised
at 1100ºC-2h. with 4% porosity. <G>=(420±20)nm and σG=(560±30)
nm.

Fig.2.  Dielectric permittivity εT
11 and losses curves measured on heating of

a poled BNBT4 ceramic from sol-gel autocombustion nanopowder, hot-
pressed at 950ºC-2h and recrystallised at 1000ºC. 
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Fig. 3. Thermal evolution of the conductance (G) peak at the shear mode of
resonance of a thickness poled plate of BNBT4 from mixed oxides, hot-
pressed at 800ºC-2h and recrystallised at 1100ºC.  
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Fig. 4. Thermal evolution and time dependence at 110ºC and 145ºC of the d15
piezoelectric coefficient associated to the shear resonance of thickness poled
plates for a BNBT4 ceramic from mixed oxides, hot-pressed at 800ºC-2h and
recrystallised at 1100ºC. 

of thickness poled plates. The values are shown for ceramics 
prepared from sol-gel and from mixed oxides powder after 
optimizing the sintering procedure. It can be observed that the 
differences are small between the two materials studied, but the  
sol-gel derived ceramics require a lower thermal budget, which 
prevent losses of volatiles. 

 

TABLE I.  SELECTED RADIAL(R), THICKNESS(T) AND SHEAR(S) 
ELECTROMECHANICAL RESONANCE MODE PARAMETERSS FOR BNBT4 
CERAMICS FROM MIXED OXIDE S AND SOL-GEL AUTOCOMBUSTION POWDER 
AND OBTAINED BY HOT-PRESSING AND RECRYSTALLIZATION. 

 
BNBT4SG 

HP 800ºC-2h + 
1050ºC-1h 

BNBT4MO 
HP 800ºC-2h + 

1100ºC-2h 
kp(%)              R 21.1 23.5 
Np(kHz.mm)   R 3054 3000 
εT

33                  R   416 - 16 i 418 – 13i 
d31(pC.N-1)     R - 22.7 + 0.55 i -25.6+0.66i 
kt(%)               T 44. 5 44.3 
Nt(kHz.mm)   T 2288 2155 
h33(108 Vm-1)  T   31.8 + 0.14 i 30.1 + 0.50i 
d33 (pC.N-1) a. 95 103 
 k15(%)            S   39.2 37.6 
N15(kHz.mm)  S   1423 1454 
εT

11                  S   402 - 89 i 421 - 17 i 
d15 (p C.N-1)    S 108.3 - 21.4 i 112.8 - 7.1 i 

a. From Berlincourt meter 
 

In-situ measurements of the radial resonance during the 
thermal depolarization process of BNBT4 ceramic disks 

prepared from mixed oxides gave similar results (not shown 
here) as those of ceramics obtained from sol-gel 
autocombustion powder [3], i.e. for 150ºC the resonance has 
drastically decreased. Also, similarly to sol-gel based ceramics, 
it is observed that the impedance signal for the shear resonance 
of thickness poled plates, and all the coefficients that can be 
obtained from it, decreases more slowly than the radial 
resonance as the temperature increases. At 150ºC a clear signal 
can still be measured (Fig.3). 

When a thin disk or a shear plate is heated to a given 
temperature, below but near 150ºC, and hold at that 
temperature to measure de complex impedance as a function of 
the time, a dynamical behaviour is always observed (Fig.4). 
The decrease of the parameters takes place asymptotically and 
can be observed even after 1000 min (>16h) after temperature 
stabilization.   

IV. DISCUSSION AND CONCLUSIONS 
It has been reported previously for the BNBT6 composition 

that depoling is only an irreversible process when heating for 
prolonged time at temperatures well above Td [12]. This means 
that depoling does not involve a simple phase transition taking 
place at a given temperature but there is a time evolution of the 
structure, most probably involving both progressive change of 
symmetry, resulting in coexistence of phases, and change of 
the preferential orientation. Our hot in-situ time dependence 
measurements in BNBT4 are in agreement with such a picture.  

The measurement procedure of the depolarization 
temperature is critical to assess the potential application of a 
piezoceramics. For applications dealing with the shear 
resonance of  BNBT4 higher depolarization temperatures than 
150ºC, reported for planar modes of disks, can be considered. 
Also, as it was shown before [13], the depolarization 
temperature can be shifted to higher values under electrical 
field application.  

Summarizing, BNBT4 ceramics prepared from mixed 
oxides and sol-gel autocombustion powder and a proper 
combination of hot-pressing and recristallization have similar 
dielectric and electromechanical properties. Dielectric 



 

anisotropy is observed for both types of BNBT4 ceramics, 
being the maximum of εT

11 permittivity vs. temperature curves 
higher than those of εT

33 . All the features of the thermal 
evolution curves of εT

11 show a clear displacement towards 
higher temperatures with respect those of the εT

33 curves. 

There is also anisotropy in the depoling process. Only when 
depoling is monitored using in-situ complex impedance 
measurements at the radial electromechanical resonance of thin 
disks shows a dissapeareance of the modes, in coincidence with 
the dielectric loss maximum for εT

33 at Td≈150ºC. When 
depoling is monitored in-situ using the shear mode of thickness 
poled plates such a temperature is observed at Td(SH)>150ºC. 
Besides, hot in-situ measurements of time dependence of the 
resonaces of disks and plates at temperatures below Td showed 
that the depolarization of BNBT4 is a dynamic process.  
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