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Abstract The effects of Nb doping on the crystal structure, microstructure, and dielectric ferroelectric and piezoelectric

properties of (Bi0.5Na0.5)0.935Ba0.065Ti(1-x)Nb
x
O3-0.01SrZrO3 (BNBTNb-SZ, with x = 0, 0.01 and 0.02) ceramics have been

investigated. X-ray diffraction patterns revealed that all ceramics have a pure perovskite structure with tetragonal symmetry. The

grain size of the ceramics slightly decreased and a change in grain morphology from square to spherical shape was observed

in the Nb-doped samples. The maximum dielectric constant temperature (Tm) increases with increasing amount of Nb; however,

ferroelectric-relaxor transition temperature (TF-R) and maximum dielectric constant (εm) values decrease gradually. Nb addition

disrupted the polarization hysteresis loops of the BNBT-SZ ceramics by leading a reduction in the remnant polarization coercive

field and piezoelectric constant. 
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1. Introduction

Recently, in Bi-based titanates, Bi0.5Na0.5TiO3 (BNT) is
considered as potential lead-free candidate to replace lead
containing ferroelectric ceramics. Although, lead based
complex perovskite ferroelectric ceramics such as
Pb(Zr,Ti)O3 (PZT) possess peculiar dielectric, polarization,
and electromechanical properties. However. environmental
concerns surrounding the use of lead oxide have stimu-
lated extensive research into lead-free relaxor dielectrics.1)

Regarding BNT, it has an ABO3 perovskite structure
with a ferroelectric rhombohedral symmetry (R3C) at
room temperature.2) As temperature increases, the phase
of BNT transforms first from a rhombohedral to a
tetragonal and then into a cubic phase.3,4) The transition
temperatures of rhombohedral-tetragonal phase (TR-T) and
tetragonal-cubic phase (TT-C) are 300 and 540 oC, respect-
ively. BNT shows very high remnant polarization (Pr =

38 μC/cm2), but also has limitations such as high
coercive field (Ec) of around 7.3 kV/mm and a high
conductivity.5-8) To decrease its conductivity and improve

its piezoelectric properties, it has been modified with
various type of perovskite materials, such as BaTiO3

(BT),9-11) BaZrO3 (BZ),12,13) SrTiO3 (ST),14,15) SrZrO3 (SZ),16,17)

(Bi0.5K0.5)TiO3 (BKT),18) NaNbO3 (NN),19,20) and KNbO3

(KN).5) Most of these materials are relaxor ferroelectrics
with diffuse, frequency-dependent dielectric peaks asso-
ciated with interactions of polar nanoregions. However,
the overall performance of these ceramics was still
inferior to PZT.

Nb is considered as an effective dopant in BNT21) and
BNKT22) ceramics to enhance the dielectric and ferro-
electric properties.23-25) Previously SZ-modified (Bi0.5-
Na0.5)0.935Ba0.065TiO3 (BNBT-SrZrO3 (BNBT-SZ) ceramics
demonstrated an improvement in dielectric and piezoe-
lectric performance with a piezoelectric constant (d33) of
197 pC/N. In search of new lead-free materials, the effect
of B-site donor doping of Nb on BNBT-SZ ceramics was
investigated and their crystal structure, microstructure,
ferroelectric, dielectric properties and field-induced strain
properties were studied systemically. It is expected that
partial substitution of Nb for Ti site could be helpful to
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improve the electromechanical response of BNBT-SZ
ceramics. 

2. Experimental Procedure

Piezoelectric ceramics with composition (Bi0.5Na0.5)0.935-
Ba0.065Ti(1-x)Nb

x
O3-0.01SrZrO3 (BNBTNb-SZ, with x = 0,

0.01 and 0.02) were synthesized by a conventional solid-
state reaction (CSSR) technique. Commercially available
reagent grade oxide and carbonate powders of Bi2O3,
Na2CO3, BaCO3, SrCO3, TiO2, ZrO3, and Nb2O5 (99.9 %
Sigma Aldrich Co. St. Louis, MO) were used as starting
materials. The starting materials were weighed according
to the stoichiometric formula and powder mixtures were
ball-milled for 12 h in ethanol with zirconia balls as
milling media. The slurries were subsequently dried and
calcined at 850 oC for 2 h. Disk-shaped ceramic specimens
with a diameter of 10 mm were then prepared by
compacting the granulated powders at 150 MPa. The
pressed discs were sintered at 1160 oC for 2 h in covered
alumina crucibles. 

Silver paste was coated on both faces of the sintered
samples and fired at 650 oC for 0.5 h to form electrodes.
The specimens used to measure the piezoelectric pro-
perties were poled in a silicone oil bath with a dc field of
4 kV/mm for 15 min. All the electrical measurements
were performed after aging for at least 24 h. The crystal
structures were characterized using X-ray diffractometry
(XRD, X’pert MPD 3040, Philips, The Netherlands).
Surface morphology was checked through scanning elec-
tron microscopy (SEM, JP/JSM5200, Japan). The dielectric
constant and loss of the ceramics were measured by an
automatic acquisition system using an impedance analyzer
(Agilent HP4292A, USA) in the temperature range of
25-470 oC. The piezoelectric properties were measured
using a Berlincourt d33 meter (IACAS, ZJ-6B). 

3. Results and Discussions

The XRD patterns obtained from each of the BNBTN-
SZ samples within a 2θ range of 20-60o are shown in
Fig. 1. All BNBTN-SZ ceramics possessed a pure
perovskite structure within the detection limit of XRD,

showing that a stable solid-solution exists. In agreements
with the reported works, pure BNBT-SZ sample (Nb = 0)
exhibits tetragonal symmetry evident from visible peaks
splitting (002)/(200) at ~46o.7,24) No significant changes
or extra phases in the crystallographic structure were
identified in the studied composition range. The overall
effect of Nb-doping on the XRD patterns of BNT
ceramics was the slight shift of intensity peaks towards
lower angles, this peak-shifting behavior increased with
increasing Nb concentration, as can be seen in Fig. 1(b).
This may be due to the replacement of small ions with
the larger Nb5+ ionic radius (0.64 Å) on the B-site for
Ti4+ (0.605 Å) in BNBT-SZ ceramics.26) Similar peaks-
shifting behavior has also been observed in Nb-modified
BNT-based ceramics.11,12) 

The secondary electron SEM images of sintered Nb
doped BNBT-SZ ceramics with x = 0-0.02 are shown in
Fig. 2. It can be seen that samples were well sintered
with dense microstructures. The substitution of Nb re-
sulted in slightly decrease in the average grain size of
BNBT-SZ ceramics, which implies the role of Nb doping
as a grain growth inhibiter. It is important to note that
grain morphology changed from rectangular to round
shape.6,7) Careful analysis of the SEM images revealed
that the sharp corners of rectangular edges in Nb0

Fig. 1. X-ray diffraction patterns of BNBTN-SZ (x = 0-0.02)

ceramics in the 2θ ranges of (a) 30-60
o
 and (a) 45-48

o
.

Fig. 2. SEM micrographs of BNBTN-SZ ceramics (x = 0, 0.01 and 0.02) sintered at 1160
o
C.
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sample were transformed into round shape grains by Nb-
modification. Similar changes in grain morphology have
been observed in the Nb-modified BNT-based ceramics.21,22)

The bulk densities of the ceramics with x = 0, 0.01, and
0.02 were found to be 5.8, 5.84, and 5.86 g cm−3,
respectively, as shown in Fig. 3. The bulk densities
increased with increase in Nb concentrations. The
increase in density with increasing Nb contents, may be
related to the decrease number of pores with the addition
of Nb contents and more fine and homogeneous micro-
graphs were observed (obvious from Fig. 2). The relative
densities of the ceramics are higher than 95 %. This
suggests that all ceramics were well sintered at 1160 oC.

The temperature-dependent dielectric constant (εr) and
loss (tan δ) of poled samples BNBTN-SZ ceramics at a
measurement frequency of 100 kHz are presented in Fig.
4. Nb-modified ceramics revealed two dielectric anomaly
peaks at around 150 oC and 300 oC within the measuring
temperature range. According to recent studies the di-
electric maximum around temperature (Tm) was believed
to be related to the relaxation of tetragonal symmetry
polar nano-regions (PNRs) emerged from rhombohedral
PNRs.5,27) The second anomaly at lower temperature
(recently regarded as FE to relaxor transition point (TF-R),
that is different from depolarization temperature (Td),

28)

in poled samples is due to thermal evaluation of
rhombohedral and tetragonal PNRs. TF-R is reflected in
the frequency independent peak in the dissipation factor,
and Td is measured by thermally stimulated depolarization
currents. It is found that the dielectric constant was
decreased with Nb content. The dielectric maximum of
~6000 in undoped BNBT-SZ (x = 0) ceramics decreases
to ~3800 for x = 0.02 sample and the TF-R decreases from
100 oC to ~80 oC as Nb increased from 0 to 0.02 mol%.

Similar behavior was observed in previously reported
work on BNBT-SZ ceramics.7) The decrease in TF-R may
indicates that the ferroelectric order which is dominant in
unmodified BNBT-SZ is destabilized by the addition of
Nb content. 

Furthermore, with an increase in the Nb concentration,
Tm starts decreasing and the peaks become much broader.
The decrease in Tm with Nb addition might be due to
breaking of macrodomains into nanodomains, which in-
duced a diffused phase transition.5,14,18) It can be clearly
observed from Fig. 4(a) that the peak at the maximum
dielectric constant temperature was gradually broadened
and the corresponding peak value decreased with in-
creasing Nb concentration. The increased diffuseness in
the dielectric permittivity strongly suggests that Nb-
doped BNBT-SZ ceramics could be classified as a relaxor
as reported on other BNT-based ceramics.22,24,27) 

The diffuse phase transition was observed from all
samples, as demonstrated by broadening of dielectric
peak. Hence the nature of diffusivity is examined as
shown in Fig. 4(b). To explain the dielectric behavior
with diffuse phase transition, the value of γ was calculated
using the modified Curie-Weiss law.29)

, 1 ≤ γ ≤ 2 (1)
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Fig. 3. Variation in relative density of BNKTN-ST (x = 0-0.02)

ceramics as a function of Nb content.

Fig. 4. (a) Temperature dependence of dielectric constant and

dielectric loss and (b) plot of diffusivity (γ) of poled BNBTN-SZ

(x = 0, 0.01, and 0.02) ceramics as a function of composition.
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The equation 1/εr = (T-Tm)2 has been shown to be valid
over a wide temperature range instead of the normal
Curie-Weiss law, where Tm is the temperature at which
the dielectric constant reaches maximum and εm is the
maximum dielectric constant, γ the diffusivity for phase
transition (which indicates the degree of dielectric re-
laxation), and c2 the Curie constant. When γ = 1, the
materials with this type phase transition can be called
normal ferroelectrics; when γ = 2, the materials with this
type phase transition can be called relaxor ferroelectrics.
The values of γ and c2 are both materials constants that
depend on the composition and structure of materials.
The γ values as a function of Nb concentrations were
plotted at 1 kHz. The γ was found to be 1.62, 1.88 and
1.92 for x = 0, 0.01, and 0.02, respectively; which con-
firmed the diffuse phase transition in BNBTN-SZ
system.

Fig. 5 shows the compositional-dependent ferroelectric
behavior of BNBTN-SZ ceramics with Nb 0, 0.01 and
0.02 measured at room temperature. Ceramics without
Nb substitution exhibited a pinched type hysteresis loop
with Pr of 36 μC/cm2 and Ec of 1.4 kV/m. As shown in
Fig. 5, Nb substitution exerts significant influence on the
loop shape and polarization values. At x = 0.01, the Pr

drastically decreased from 36 to 12 μC/cm2, and the Ec

decreased from 1.4 to 8 kV/cm.29) As a result, the pinched
type hysteresis curve became slightly slim while the maxi-
mum polarization remained constant which is similar to
our previous results on BNBT-SZ ceramics.7) The slightly
slim P-E hysteresis loops and the destabilization of the
ferroelectric order in BNBTN-SZ ceramics may be
attributed to the possible onset of relaxor phase induced

by the Nb content at ambient temperature.7,23) At higher
Nb concentrations, x = 0.02, both Pr and Ec further de-
creased, indicating the material became electrostrictive
without any apparent switching.23) It is worth to note that
piezoelectric constant (d33) of Nb-modified BNBT-SZ
ceramics followed the similar behavior to that of ferroe-
lectric hysteresis loops. The d33 parameter decreased
from maximum value of 197 to 9 pC/N, respectively for
x = 0 to x = 0.02. The observed trends of Pr and d33 are
in good agreement with previous studies.5-7,22,27) 

4. Conclusion

Lead-free (Bi0.5Na0.5)0.935Ba0.065Ti(1-x)Nb
x
O3-0.01SrZrO3

(x = 0, 0.01 and 0.02) piezoelectric ceramics were suc-
cessfully synthesized by a solid state reaction method.
The results of XRD analysis revealed that all ceramics
have pure perovskite structure with tetragonal symmetry.
The presence of Nb facilitates homogeneous micro-
structure. The grain size of the ceramics slightly decreased
and a change in grain morphology from square to
spherical shape is observed in Nb-doped samples. Tem-
perature dependent dielectric properties revealed relaxor
behavior in all solid solutions. The crystal structural,
dielectric ferroelectric and piezoelectric properties demon-
strated that Nb doping into BNBT-SZ ceramics increased
the degree of relaxation with a significant disruption of
the long-range ferroelectric order.
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