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(1–x)Bi0.5Na0.5TiO3–xBaTiO3 lead-free ceramics have been obtained from the conventional solid-state reaction sintering method. 
The structural properties were investigated from X-ray diffraction and Raman spectroscopy techniques. Results revealed 
well-crystallized ceramic samples with perovskite structure. Microstructural properties, obtained from scanning electron 
microscopy measurements, have shown high density with very low porosity level. The dielectric response, analyzed as a function 
of the temperature and several frequencies, showed very broad peaks with a strong frequency dependence of the temperature 
for the maximum dielectric permittivity for the modified system. Results were analyzed considering the influence of the BaTiO3 
content on the studied physical properties.
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1.  Introduction

Ferroelectric (FE) materials have been of great importance 
over the last several decades because of their excellent phys-
ical properties,1 thus making them promising for poten-
tial technological applications.2 For specific compositions, 
however, additional interesting properties, which have been 
related to the appearance of the antiferroelectric (AFE) 
phase, stand out, thus enhancing their applicability spectrum 
including their integration in energy storage devices as well 
as electrocaloric refrigerators.3,4

Therefore, intense efforts have been dedicated by the sci-
entific community during the last years for the development 
of lead-free ferroelectrics with enhanced piezoelectric prop-
erties5 because of environmental concerns,6 thus replacing 
the lead-based compounds.7,8 Among the extensive number 
of lead-free systems that have been reported in the litera-
ture, the (Bi0.5Na0.5)TiO3 (BNT), (Bi0.5K0.5)TiO3 (BKT) and 
(K0.5Na0.5)NbO3 (KNN) systems have received special atten-
tion because of their excellent piezoelectric response,9–11 
showing piezoelectric coefficient (d33) values around 64, 
69 and 80 pC/N, respectively.10,12,13 However, in compari-
son with those pure BNT, BKT and KNN compounds, the 

piezoelectric properties have shown to be enhanced for  
(1–x)Bi0.5Na0.5TiO3–xBaTiO3 (BNT–BT) solid-solution reve
aling remarkable d33 values (~120–180 pC/N) at room tem-
perature.14–16 For instance, the BNT–BT system has revealed 
as a promising lead-free piezoelectric system, because of the 
existence of a morphotropic phase boundary (MPB) where 
the rhombohedral (R3c) and tetragonal (P4mm) phases coex-
ists.17,18 Is, therefore, for compositions around the MPB that 
the BNT–xBT system shows enhanced physical properties,19 
such as high electromechanical coefficient,20 thus leading to 
an excellent piezoelectric performance, improved dielectric 
response14,15,21 and remarkably low coercive field.15 Such 
improvements have been ascribed to the polarization rotation 
due to the coexistence between the involved phases.

In the current literature, there have been reported up today 
two phases’ diagrams for the BNT–BT ceramic system, 
which in fact reveal very different characteristics. According 
to Takenaka et al.,17 the rhombohedral (R3c) and tetragonal 
(P4mm) ferroelectric (FE) phases and the tetragonal (P4bm) 
AFE phase coexist in the BNT–BT system with a remark-
able temperature dependence, while a sudden transition 
from rhombohedral (R3c) to tetragonal (P4mm) FE phase is 
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observed for compositions around 6 at.% BT, characteriz-
ing a clear MPB. However, a different behavior around the 
MPB has been reported by Ma and Tan18 for the same BNT–
BT compositions, where a very broad region owing to the 
AFE phase is observed, which extends over a very wide BT 
compositional range from around 6 up to 10 at.%. In this 
case, a new concept of AFE “relaxor” has been proposed for 
describing the single short-range AFE order for this phase. 
The results suggest that phase transitions induced by an 
external electric field should be taken into account in the 
optimization of the piezoelectric properties in these lead-free 
ceramics. Therefore, detailed investigations are needed in 
order to better elucidate a real phase diagram for this system.

The aim of the present work is to investigate the physi-
cal properties of (Bi0.5Na0.5)1−xBaxTiO3 (BNT–BT) lead-free 
ceramics, where x = 0 and 5 at.%, obtained from the sol-
id-state reaction sintering method. In particular, the structural 
properties have been analyzed from X-ray diffraction (XRD) 
and Raman spectroscopy techniques. On the other hand, 
scanning electronic microscopy (SEM) allowed the study of 
the microstructural characteristics of the studied samples and 
the dielectric response has been investigated from the tem-
perature dependence of the complex dielectric permittivity. 
The influence of the barium doping on the studied properties 
has been taken into account.

2.  Experimental Procedure

(1–x)Bi0.5Na0.5TiO3–xBaTiO3 (x = 0 and 5 at.%) ceramic sam-
ples, named as BNT and BNT–5BT for 0 and 5 at.%, respec-
tively, were prepared by the conventional solid-state reaction 
sintering method.22 High-purity analytical-grade precursors 
were used as starting reagents. Figure 1 summarizes the steps 
followed for the sintering process of the ceramics.

The structural properties were investigated, at room tem-
perature, from both the XRD technique and Raman spec-
troscopy. The XRD data was collected on powdered ceramic 
samples using a Shimadzu XRD-6000 diffractometer with 
CuKα1 radiation (λ = 1.54056 Å). The diffraction pattern 
was obtained in the 2θ range of 20–80° considering a fixed 
counting time and a scan-step of 0.02°. Raman spectra were 
obtained using the Horiba Jobin Yvon LabRam HR Evolution 
spectrometer with a 532 nm laser. Scanning electron micro
scopy (SEM) was performed by using a JEOL JSM-840 
Microscope, equipped with an energy-dispersive X-ray 
spectroscopy (EDS) system (Steroscan 260 EDS analyzer). 
The micrographs were taken on fracture surfaces. Dielectric 
measurements have been performed using an HP 4194A 
Impedance/Gain Phase Analyzer, covering wide frequency 
and temperature ranges (1 kHz–1 MHz and 50–500 °C, 
respectively). In order to collect the dielectric parameters, sil-
ver paint electrodes were previously applied on both opposite 
surfaces of the samples.

3.  Results and Discussion

Figure 1 shows the XRD patterns obtained at room tem-
perature for the pure BNT sample and BNT–5BT com-
position. In order to identify the corresponding structural 
phase and symmetry, as well as to obtain information about 
the influence of the BT content on the BNT structure, the 
obtained XRD results were compared to that for the pure 
BNT system reported in the literature.23,24 Results revealed 
that both studied samples have been well-crystallized as 
perovskite structure, without significant presence of sec-
ondary phases. In fact, for the pure BNT sample it has 
been confirmed the formation of a rhombohedral (R3c) 
FE single phase (ICSD-280983),23 while for the doped 
composition (BNT–5BT) it is expected the coexistence of 
both rhombohedral (R3c) FE and tetragonal (P4bm) AFE 
(ICSD-280381) phases.24

In order to get more detailed information about the influ-
ence of the barium content into the perovskite structure, a 
magnification in the 2θ region around 32.5–34° has been 
plotted in the inset of Fig. 2. Result reveals a shift of the 
reflection peak around 33.2° toward lower angles for the 
BNT–5BT composition, with respect to the pure BNT sam-
ple. This behavior could be related to the difference of the 
ionic radius (IR) between the Bi3+ (~1.40 Å) cation and Ba2+ 
(~1.61 Å) ions at the dodecahedral site of the perovskite 
structure.25 Indeed, with the incorporation of the barium cat-
ion into the A-site of the perovskite structure, by substituting 
the bismuth ion, an increase in the volume of the unit-cell is 
expected, since IRBa

2+ > IRBi
3+. Therefore, according to the 

Bragg’s law,26 a shift of the main peak to a lower 2θ angle, 
as confirmed by the inset of Fig. 2, reflects an expansion in 
the unit-cell volume. However, in order to better elucidate 
these features, additional studies on the structural character-
istics, which involves Rietveld structural refinement, should 

Fig. 1.    Schematic diagram for the synthesis of the studied BNT 
and BNT–BT ceramics.
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be carried out. Such analyses are in progress and results will 
be reported in further works.

Figure 3 shows the SEM images and EDS analyses 
obtained for the studied BNT and BNT–5BT samples ((a) 
and (b), respectively). It is worth to point out that the micro-
graphs were collected under different magnification scales 
because of the very high grain size developed for the pure 
BNT. In this context, even being represented at different 
scales, results clearly reveal a decrease in the grain-size from 
around ~15 µm, for the pure BNT sample, up to around 4 µm, 
for the BNT–5BT composition, noting that the inclusion of 
the BT content strongly affected the microstructural char-
acteristics. A similar trend in the decrease of the grain size 
has been reported for other BNT-based compounds,27,28 and 
the results have been ascribed to the fact that the doping cat-
ions could act as grain growth inhibitors for the hosting BNT 
system. 

Indeed, a possible mechanism for the grain-size reduction 
in the present study could be associated to the segregation 
of some A-site cations provided by the doping solution (i.e., 
Ba2+ ions) at the grain boundaries, which act as pinning cen-
ters for the effective grain boundary motion during sintering 
of the samples. As a consequence, this mechanism inhib-
its the grain growth process. On the other hand, a very low 
porosity microstructure with uniform and well-defined grains 
was observed for both compositions, thus confirming the 
high densification degree in the sintered samples, showing 
relative densities higher than 90% in both cases. From the 
technological point of view, highly densified materials with 
low porosity are very important characteristic for design-
ing high performance electro-electronic components based 
on lead-free compounds, thus confirming the quality of the 
studied samples for practical applications. On the other hand, 
EDS analyses (shown at the bottom of Fig. 3) revealed that 
both compositions contain the desired elements (Bi, Ba, Na, 

Ti and O) near their surfaces, which confirms the purity of 
the samples. For both cases (BNT and BNT–5BT samples), 
A-site (Bi3+, Na+, Ba2+) and B-site (Ti4+) atomic and molec-
ular proportions were close to the expected stoichiometric 
ratio, confirming that the assumed qualitative compositions 
were also achieved.

Figure 4 shows the Raman spectra for the studied ceram-
ics and the results reveal similar spectra to those obtained 
for other BNT-based ceramics.29,30 The spectra profiles are 

Fig. 2.    Room temperature XRD patterns for the studied samples. 
The inset shows the expanded XRD patterns in the 2θ region around 
33.5–34° for both ceramics.

Fig. 3.    SEM images and EDS analyses obtained for the BNT 
(a) and BNT–5BT (b) samples.

(a)

(b)
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also characterized by broad Raman bands, which confirm that 
the perovskite phase was successfully obtained in the studied 
systems. 

The spectra have been divided into three different sec-
tions I, II and III, corresponding to the low, middle and high 
wavenumbers regions, respectively. In order to get addi-
tional information on the vibrational modes involved in the 
three spectral regions, the experimental data shown in Fig. 4 
were fitted using a theoretical model reported by Buixaderas 
et al.,31 which reffers to the location of the curvature maxima 
in concave-down (CMCD) in spectral region. The fitting 
results (red solid lines) and the decomposed peaks into 
Gaussian contributions (dark green dashed lines) are depicted 
in Fig. 5, where the experimental data are presented as sym-
bols (open circles). 

The Raman shift (or wavenumber, cm-1) value, as well 
as their respective assigned vibrational modes, from M1 
up to M9, are presented in Table 1 for both samples, where 
the symmetry assignments have been carried out accord-
ing to the reported works in the literature for the rhombo-
hedral and tetragonal phases.32–36 Detailed inspection in the 
200–700 cm-1 wavenumbers range (regions I and II) reveals 
additional Raman modes for the BNT–5BT composition, 
with respect to the pure BNT sample. These extra modes 
(identified as M4 and M7 in Table 1) have been ascribed to a 
structural change with respect to the pure BNT (with rhom-
bohedral symmetry R3c) arisen from the phases coexistence 
in BNT–BT-based systems.36,37

For instance, the coexistence of the ferroelectric (P4mm) 
and AFE (P4bm) tetragonal phases has been recently reported 
for the BNT–xBT ceramic system,38 for compositions where 
x = 8 at.%. Therefore, additional analyses are needed in order 
to better explore and analyze the influence of the BT con-
tent on the BNT unit-cell characteristics. The Raman modes 
observed in the Regions I and II have been associated to 
the A–O stretching vibrations in BNT-based compounds,33 

and with the Ti–O stretching vibrations,36 respectively. The 
Raman bands observed at higher frequencies (Region III) 
have been assigned to the stretching modes related to the 
TiO6 oxygen octahedra.39 

For a better investigation about the influence of the BT 
content on the BNT system, dielectric properties have been 
also studied and analyzed in a wide temperature and frequency 
range. Figure 6 shows the temperature dependence of the real 

Table 1.    Raman shift (RS) and vibrational modes (VM) for the 
pure (P) and doped (D) samples.

Modes’ 
number

BNT BNT–5BT

RSP (cm−1) VMP RSD (cm−1) VMD

M1 114 E(TO1)R 98 E(TO1)R

M2 139 A1(TO1)R 136 A1(TO1)R

M3 282 A1(TO4)R 274 A1(TO4)R

M4 — — 317 E(LO2)T+B1

M5 496 A1(LO7)R 496 A1(LO7)R

M6 531 E(TO8)R 537 E(TO8)R

M7 580 A1(TO8)R  607 A1(TO8)T

M8 772 A1(LO8)R 760 A1(LO8)R

M9 858 A1(LO9)R 861 A1(LO9)R

Fig. 4.    Room temperature Raman spectra obtained for the studied 
compositions. 

(a)

(b)

Fig. 5.    (Color online) Fitting results (red solid-lines) of the Raman 
spectra experimental data (open circles) and the decomposed peaks 
(dark green dashed-lines) for the BNT (a) and BNT–5BT (b) samples.
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(ε′) and imaginary (ε′′) components of the dielectric permit-
tivity, at several frequencies, for the BNT (a) and BNT–5BT 
(b) samples. Very broad peaks are observed in the dielectric 
response, over the whole analyzed temperature range, with a 
strong frequency dispersion for both studied compositions, 
which indeed seems to be enhanced for the BT-modified sam-
ple. This behavior has been associated to the coexistence of 
different cations (Na+, Bi3+, Ba2+), showing different valences 
as well as electronic configuration, in the same dodecahedral 
crystallographic site of the perovskite structure.14,40 

It can also be noted that the temperature of the maximum 
real dielectric permittivity (Tm) decreases with the incorpora-
tion of the Ba2+ cation into the BNT structure. For instance, 
at the same frequency, the Tm value reveals to be lower for 
the BNT–5BT composition than that for the BNT sample, 
which could be ascribed to the inclusion of the BT content 
into the BNT perovskite structure. This mechanism seems to 
promote a coexistence of two crystalline phases (rhombohe-
dral and tetragonal) and confirms the previously discussed 
results from Raman spectroscopy. An important influence of 
the electrical conductivity can also be observed in the higher 
temperature region for both dielectric parameters (ε′ and ε′′), 
in particular in the low frequency region. Furthermore, for 
the BNT–5BT composition, it has also been observed that 
the temperature for the corresponding maxima of ε′ and ε′′ 
(Tm and Tmε′, respectively) appears at different values, which, 
together with the obtained strong frequency dispersion, could 
be associated to a relaxor ferroelectric behavior. In this con-
text, the coexistence of different cations (Na+, Bi3+, Ba2+) 
at the same crystallographic site leads to a compositional 

disorder in such a ferroic A-site, thus affecting the long-
range polar order. Accordingly, a relaxor-like behavior could 
be observed. Previous researches have reported that for BT 
concentrations (x) in the range of 0.06–0.11 a tetragonal 
(P4bm space group) AFE phase, showing a relaxor charac-
teristic in the dielectric response, can coexist with a rhom-
bohedral (R3c space group) ferroelectric phase.41 Therefore, 
since the BNT–5BT studied composition is very close to the 
MPB, the observed behaviors in the dielectric response could 
also be attributed to the coexistence of both rhombohedral 
and tetragonal phases, thus leading to a possible relaxor-like 
behavior for the doped sample. It is important to point out 
that, in order to get more insights on the physical proper-
ties of the studied system (pure and modified composition), 
additional analyses, including ferroelectric response and the 
relaxation mechanisms that promoted the observed frequency 
dielectric dispersion, are in progress and results will be pre-
sented and better discussed in further works.

4.  Conclusion

The structural, microstructural and dielectric properties 
were investigated in the lead-free pure BNT and BNT–BT 
solid solution. The obtained results from XRD and Raman 
spectroscopy revealed well-crystallized ceramics, without 
significant contribution of secondaries phases. The inclu-
sion of BT on the pure BNT system promoted remarkable 
structural changes, which can be ascribed to the cationic sub-
stitution into the A-site of the perovskite structure. High den-
sity ceramics, with well-defined grains and very low porosity 
offers excellent perspectives for using the BNT–5BT in prac-
tical application for electronic devices. Results on the dielec-
tric response revealed a relaxor-like behavior, which could be 
ascribed to the compositional disorder arisen by the coexis-
tence of different cations (Na+, Bi3+, Ba2+) at the same crys-
tallographic site, thus affecting the long-range polar order.
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