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Abstract New lead-free piezoelectric ceramics 0.96[{Bi0.5 (Na0.84 K0.16)0.5}1-xLax(Ti1-y Nby)O3]-0.04SrTiO3 (BNKT-ST-LN,

where x = y = 0.00 ≤ (x = y) ≤ 0.015) were synthesized using the conventional solid-state reaction method. Their crystal

structure, microstructure, and electrical properties were investigated as a function of the La and Nb (LN) content. The X-ray

diffraction patterns revealed the formation of a single-phase perovskite structure for all the LN-modified BNKT-ST ceramics

in this study. The temperature dependence of the dielectric curves showed that the maximum dielectric constant temperature

(Tm) shifted towards lower temperatures and the curves became more diffuse with an increasing LN content. At the optimum

composition (LN 0.005), a maximum value of remnant polarization (33 C/cm2) with a relatively low coercive field (22 kV/cm)

and high piezoelectric constant (215 pC/N) was observed. These results indicate that the LN co-modified BNKT-ST ceramic

system is a promising candidate for lead-free piezoelectric materials.
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1. Introduction

Lead zirconate titanate (PZT) ceramics are widely used

in sensors and micro-electromechanical devices due to

their excellent piezoelectric properties. However, due to

growing environmental issues, their use is restricted for

many commercial applications.1-4) Hence, to discover

environmentally benign replacements for commercial Pb-

based piezoceramics, extensive efforts have been made to

find new lead-free materials with properties comparable

to those of lead-based systems. Recently, research has

been focused on lead-free systems with a perovskite

structure, especially, compositions based on bismuth

sodium titanate, Bi0.5Na0.5TiO3(BNT).

BNT (a well-known perovskite material) with rhomb-

ohedral symmetry, is one of the most promising lead-free

piezoelectric ceramic because of its strong ferroelectric

behavior at room temperature.4) However, poling of pure

BNT is difficult due to its high conductivity. To improve

its piezoelectric properties, it has been modified with

other ABO3-type perovskite materials, such as BaTiO3

(BT),5) SrTiO3(ST),6) (Bi0.5K0.5)TiO3(BKT),7) and Bi0.5-

Na0.5TiO3-BaTiO3-K0.5Na0.5NbO3(BNT-BT-KNN).8) Among

these modified ceramics, the binary BNT-BKT system is

most appealing because of its high electromechanical

properties and morphotrophic phase boundary (MPB)

similar to that of the PZT system. However, the piezo-

electric properties of BNT-based are not suitable for

practical applications. Many researchers have endeavored

to modify BNT-BKT ceramic by single A-site or B-site

ion replacement.4,9-14) However, a few studies have been

found on simultaneous A-site and B-site ion replacement

in BNT-BKT ceramics.15,16) Moverover, Strontium titanate

(SrTiO3) is a well-known centrosymmetric paraelectric

perovskite material and has been reported to improve

piezoelectric properties of BNT-based ceramics.12,13,17)

Therefore, the effects of A- and B-site concurrent doping

in BNT-BKT-ST ceramics will be interesting for tailoring
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the electromechanical properties.

In this study, a new lead-free solid solution 0.96[{Bi0.5

(Na0.84 K0.16)0.5}1-xLax(Ti1-y Nby)O3]-0.04SrTiO3 (BNKT-

ST-LN, where x = y = 0.00-0.015) was developed by

partially substituting La3+ in the A-site and Nb5+ in the B-

site of BNKT-ST ceramics through conventional solid

state reaction method. The crystal structure, microstructure,

ferroelectric, dielectric, and piezoelectric properties were

systemically investigated.

2. Experimental Method

0.96[{Bi0.5(Na0.84 K0.16)0.5}1-xLax(Ti1-y Nby)O3]-0.04SrTiO3

(BNKT-ST-LN, where x = y = 0.00-0.015) ceramics were

fabricated using the conventional ceramic fabrication

technique. Commercially available reagent-grade Bi2O3,

Na2CO3, TiO2, K2CO3, SrCO3, La2O3 and Nb2O5 (99.9 %

Sigma Aldrich Co. St. Louis, MO) were used as the

starting raw materials. The powders were first dried in an

oven at 100 oC for 24 h. The dried powders were then

weighed according to the stoichiometric formula and

ball-milled with zirconia media for 24 h in ethanol. The

dried slurries were calcined at 850 oC for 2 h and ball-

milled again to dissociate the agglomerates. After further

drying, the powders were pulverized, passed through a

sieve with a 150 mesh, and mixed with an aqueous

polyvinyl alcohol (PVA) solution as a binder for granu-

lation. The granulated powders were subsequently pressed

into green disks of diameter 10 mm at 98 MPa. The

green bodies were embedded in a powder of the same

composition to minimize the evaporation of the volatile

elements (Bi, Na); all the compositions were then

sintered at 1160 oC for 2 h in air.

The crystal structure of the sintered samples was

characterized using an X-ray diffractometer ((XRD:

Miniflex II Rigaku). The microstructures of as-sintered

samples were examined using a scanning electron micro-

scope (SEM: JP/JSM5200, Japan). To measure the electrical

properties, silver paste was coated on both polished faces

of the sintered samples and fired at 650 oC for 0.5 h to

form electrodes. The specimens for measuring the piezo-

electric properties were poled in a silicone oil bath under

a dc field of 5 kV/mm for 20 min. The piezoelectric

properties were measured after aging for 24 h. The

piezoelectric constant was measured using a Berlincourt

d33 meter (IACAS, ZJ-6B). The dielectric constant and

loss of the poled sample were measured using an

automatic acquisition system with an impedance analyzer

(Agilent HP4292A, USA) in the temperature range of 25-

500 oC. The ferroelectric hysteresis loops were measured

using a Precision Premier II device (Radiant Technology,

Inc.). 

3. Results and Discussion

Fig. 1 shows X-ray diffraction patterns of the BNKT-

ST-LN ceramics in the 2θ range of 20o-70o. All samples

exhibit a single-phase perovskite structure without any

traces of secondary phases. This indicates that La and Nb

(LN) ions were successfully incorporated into the lattice

of the BNKT-ST matrix. Pure BNKT-ST sample (LN

0.00) exhibits coexistence of rhombohedral and tetragonal

symmetry evident from visible peaks splitting (111)/(1 1)

and (002)/(200) at 40o and 46o, respectively. However, it

is noted that the (111)/(1 1) split peaks of the rhom-

bohedral phase transformed into a single (111) peak and

(002)/(200) split peaks of the tetragonal phase trans-

formed into a single (200) peak with the increase in LN

contents, which indicates that the crystal structure of LN

modified BNKT-ST ceramics transformed from the co-

existence of rhombohedral and tetragonal into a pseudo

cubic phase. Similar structural characteristics were also

observed in previously studied BNKT-based ceramics.13,16)

Fig. 2 shows the surface grain morphologies of as-

sintered LN-modified BNKT-ST ceramics. The grains of

the BNKT ceramics had a dense structure, similar to that

of typical BNKT ceramics. The co-substitution of LN

seemed little influence on the morphology of BNKT-ST

ceramics; however, the average grain size slightly in-

creased with increasing LN content. The results are

consistent with previous work on Nb-doped BNKT-BST

and La-doped BNKT ceramics.11,14)

The temperature-dependent dielectric constant (εr) and

loss (tan δ) of poled samples LN modified BNKT-ST

ceramics at a measurement frequency of 100 kHz are

presented in Fig. 3. As can be seen from Fig. 3, two

dielectric anomalies, the maximum dielectric constant

temperature (Tm) peak observed around 280 oC and the

1

1

Fig. 1. X-ray diffraction patterns of LN-doped BNKT-ST ceramics.
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depolarization temperature (Td) curve appeared around

100 oC. The dielectric peaks at Tm gradually broadened

and εm decreased with increasing LN concentration. The

loss curves showed a sharp Td peak for pure BNKT-ST

ceramic, however the peaks were diffused for LN-sub-

stituted BNKT-ST ceramics. The sharp peak in the loss

curves of the pure BNKT-ST ceramic may be ascribe to

formation of macrodomains in its poled sample.4) How-

ever, the diffused character in the LN co-modified

BNKT-ST ceramics is due to simultaneous substitutions

of La and Nb ions on A- and B-site respectively, which

are the sources of random fields that break the long-range

order of BNKT-ST and stabilize the polar nanoregions at

low temperature and zero field in a way similar to that

proposed for other BNT-based ceramics.4,5,17-19) Therefore,

the observed diffuse and/or relaxor behavior could be

attributed to the disordering of the A-site and B-site

cations and the compositional fluctuation in the present

work.

The ferroelectric properties of LN-doped BNKT-ST

ceramics are described by the P-E hysteresis loops, as

shown in Fig. 4(a). The P-E hysteresis loops demonstrate

that ceramics with LN 0.00 and LN 0.005 exhibit a well-

saturated ferroelectric behavior, which is in good agree-

ment with previous work.9-17) However, with further

increase in the LN content, LN > 0.005, the P-E loops of

the ceramics become constricted, and the ceramics exhibit

some characteristics of a relaxor state.9,10,13,15-18) This

result indicates that excessive LN content considerably

weakens the ferroelectricity of the ceramics. The charac-

teristic values of the remnant polarization (Pr), maximum

polarization (Pmax), and coercive field Ec are presented in

Fig. 4(b). Pr slightly increased from 26 μC/cm2 to 33 μC/

cm2 for LN 0.00 and LN 0.005, respectively, and then

decreased with further increase in the LN contents. The

Fig. 2. SEM micrographs of BNKT-ST ceramics with different LN content.

Fig. 3. Temperature dependence of the dielectric constant and loss

of poled LN-doped BNKT- ST ceramics.
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effective Ec decreased steeply from 30 kV/cm to 4 kV/cm

as LN increased from 0.00 to 0.015. The significant

reduction in the polarization response and the distinct

changes in the P-E loop with increasing LN contents

suggest that LN induces a phase transition in BNKT-ST

ceramics from normal ferroelectric to diffuse and/or

relaxor phase. Similar phenomenon has been observed in

previous reports on BNT-based ceramics.17-22)

Fig. 5 shows the piezoelectric constant (d33) of the LN-

doped BNKT-ST ceramics. The d33 parameter increases

up to LN 0.005 with a maximum value of d33 = 215 pC/

N. The obtained value of d33 for La and Nb co-doped

BNKT-ST system is significantly higher than La-doped

BNKT (d33 = 172 pC/N) and Nb-doped BNKT (d33 = 152

pC/N) ceramics.14,23) This enhancement might be related

to the increased random fields with the conversion of

nano-domains to FE domains and the increase in intrinsic

piezoelectric strain at unit cell level for this composition

(LN 0.005). Further increase in LN concentration resulted

in a significant reduction in d33 values, which can be

attributed to the weakened ferroelectric properties of the

sample. The observed trends of d33 is in good agreement

with the polarization hysteresis loops in Fig. 4(a), similar

behavior is also reported in other BNKT-based ce-

ramics.4,14) The substantial increase in d33 at LN 0.005 is

attributed to a large Pr and a lower Ec. This is because a

lower Ec enables the ceramics to be more easily poled,

while a large Pr and Pm favors piezoelectricity. Therefore,

such improvement in piezoelectricity can be attributed to

the enhancement of remnant polarization and reduction in

coercive field.

4. Conclusion

The influence of La and Nb co-substitution on crystal

structure, microstructure, dielectric, ferroelectric, and piezo-

electric properties of BNKT-ST ceramics was investigated.

The crystal structure of LN-doped BNKT-ST shows a

phase transformation from the coexistence of rhomb-

ohedral and tetragonal to pseudocubic symmetry. The

Fig. 4. Room temperature ferroelectric properties (a) P-E loops of LN-doped BNKT-ST ceramics (b) Characteristics values of LN-doped

BNKT-ST ceramics.

Fig. 5. Piezoelectric constant (d33) of LN-doped BNKT-ST ceramics.

Table 1. Physical and electrical properties of LN-doped BNKT-ST ceramics sintered at 1160 oC.

BNKT-ST-LN (x) Density (g/cm
3
) Ec (kV/cm) P

r
 (μC/cm

2
) P

m
 (μC/cm

2
) εr tan δ (%) d33 (pC/N)

0.00 5.78  30  26  34  703  4.5  165

0.005 5.80  22  33  38  1455  7.0  215

0.010 5.81  6  7  29  1462  7.1  24

0.015 5.79  4  3  21  1464  7.2  10
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temperature dependence of dielectric properties showed

that the depolarization temperature (Td) shifted towards

lower temperatures and that the degree of diffuseness of

the phase transition around Td and Tm became more

obvious with the addition of LN. Deformed P-E hysteresis

loop at LN 0.010 concentration was observed, suggesting

the coexistence of ferroelectric and relaxor phases for

modified BNKT-ST ceramic. A maximum value of

remnant polarization (33 μC/cm2) and high piezoelectric

constant (215 pC/N) were observed at LN 0.005 com-

position, which is significantly higher than individually

La-doped BNKT and Nb-doped BNKT ceramics. 
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