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Abstract. A new group of NBT-based lead-free piezoelectric ceramics, Na1/2Bi1/2TiO3–Na1/2Bi1/2(Zn1/3Nb2/3)O3, 

was synthesized using the two-stage calcination method and depolarization temperatures and piezoelectric 

properties were also investigated. The XRD analysis showed that the ceramics system had a morphotropic 

phase boundary (MPB) between the rhombohedral and the tetragonal structure. The highest piezoelectric 

properties of d33 = 97 pC/N and kt = 0⋅46 were obtained near MPB compositions. Furthermore, the depolariza-

tion temperatures near MPB compositions were slightly decreased and the lowest Td was maintained at 210°C. 
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1. Introduction 

Increasing interest concerning the environmental pro-

blems of Pb(Zr, Ti)O3(PZT)-based ceramics has led to the 

demand of lead-free ferroelectric ceramics in electronic 

applications (Shieh et al 2007). Therefore, potassium 

bismuth titanate (K1/2Bi1/2TiO3, KBT) (Yoshii et al 2006), 

sodium bismuth titanate (Na1/2Bi1/2TiO3, NBT) (Smolen-

ski et al 1961) and barium titanate (BaTiO3, BT) (Take-

naka 1989) based solid solution with perovskite structures 

have been extensively studied. Recently, it has been found 

that ceramics based on Na1/2Bi1/2TiO3 are good candidates 

for lead-free piezoelectric materials as NBT based ceramics 

show a strong ferroelectricity and high Curie temperature 

(Smolenski et al 1961). However, the piezoelectric proper-

ties of NBT based ceramics are not enough for most practi-

cal uses. 

 At present, two methods can be used to improve the 

piezoelectric properties of NBT based ceramics: one is to 

find new compositions and the other is to use new pro-

cessing method to improve the piezoelectric properties 

(Cho et al 2003). In PZT based ceramics, the B-site com-

plex piezoelectric ceramics such as Pb(Zn1/3Nb2/3)O3–

Pb(Zr,Ti)O3 (Vittayakorn et al 2004), Pb(Mg1/3Nb2/3)O3–

Pb(Zr,Ti)O3 (Abe et al 1999), Pb(Ni1/3Nb2/3)O3–Pb(Zr, 

Ti)O3 (Yeongho et al 2007) have excellent piezoelectric 

properties and two-stage calcination method was for-

merly used to prepare the B-site complex ceramics to 

avoid the existence of pyrochlore phase in perovskite 

phase (Cho et al 2003). Therefore, we adopt the strategy 

in NBT ceramics in the present work, the B-site substitu-

tion of Ti
4+
 by complex ions of (Zn1/3Nb2/3)

4+
 and two-

stage calcination method were first used to improve the 

piezoelectric properties of NBT ceramics. In addition, 

NBT ceramics undergo a low temperature phase transi-

tion from ferroelectric to antiferroelectric phase at Td (Hi-

ruma et al 2006). Special attention should also be paid to 

Td for practical use because NBT ceramics will be depo-

larized above Td. Therefore, (1–x)Na1/2Bi1/2TiO3–xNa1/2Bi1/2 
(Zn1/3Nb2/3)O3 (abbreviated as NBT–NBZNx) ceramics 

were synthesized by two-stage calcination method and 

depolarization temperature and piezoelectric properties 

were investigated in the present study. 

2. Experimental 

High purity Bi2O3, Na2CO3, TiO2, ZnO and Nb2O5 (purity 

over 99⋅5%) powders were used as starting materials. Our 

preliminary experiments found that NBT–NBZNx cera-

mics were not well synthesized by mixing and calcinating 

all these above powders as used in the conventional oxide 

mixing process. Therefore, the NBT–NBZNx ceramics 

were prepared by two-stage calcination method, in which 

ZnO and Nb2O5 powders were first calcined at 1100°C for 

4 h which formed ZnNb2O6, then ZnNb2O6 was blended 

with other powders and was calcined at 900°C for 2 h. 
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After calcinations, the mixture was ball-milled for 24 h, 

dried and granulated with PVA as a binder. The granu-

lated powders were then pressed into a disc having a dia-

meter of 18 mm and thickness of 1⋅2 mm. The compacted 

discs were sintered at 1190°C for 2 h in air. Silver paste 

was fired on both faces of the disc at 650°C for 30 min as 

electrodes. The specimens for measurement of piezoelec-

tric properties were poled in silicon oil at 80°C under 

4 kV/mm for 15 min. After 24 h, piezoelectric properties 

were measured using an impedance analyser (Agilent 

4294A) by resonant and anti-resonant method, micro-

structure and crystal structure were measured by SEM 

(JSM-5610LV) and X-ray diffractometer (Bruker D8-

Advance), respectively. Piezoelectric constant, d33, was 

measured with a d33 meter (ZJ-3A). 

 X-ray diffraction patterns shown in figure 1 indicate 

that a single phase of ZnNb2O6 and a pure perovskite struc-

ture solid solution of NBT–NBZNx ceramics are synthe-

sized. 

3. Results and discussion 

Figure 2 shows the XRD patterns of NBT–NBZNx cera-

mics in the 2θ range of 39–48°. The XRD pattern of 

NBT–NBZN0 has a single reflection {200} owing to its 

rhombohedral symmetry. On the other hand, the XRD 

pattern of NBT–NBZN0⋅05 has a splitting {200} reflec-

tion of (200) and (002), indicating its tetragonal symmetry. 

More NBZN addition leads to wider separation of (200) 

and (002) peaks, which suggests the tetragonality of the 

increased lattice. These results reveal that a morphotropic 

phase boundary (MPB) between rhombohedral and 

tetragonal structure exists in the NBT–NBZNx system. 

 
 

 

Figure 1. The XRD patterns of ZnNb2O6 powder and NBT–
NBZNx ceramics. 

 Figure 3 shows a typical microstructure of NBT–

NBZNx ceramics. The SEM observation confirms that the 

NBT–NBZNx ceramics are densely sintered. Further-

more, all NBT–NBZNx samples have high density vary-

ing from 5⋅60 g/cm
3
–5⋅76 g/cm

3
, which is more than 93% 

of the theoretical density. In preliminary experiments, we 

found that the samples were not well-sintered if NBT–

NBZNx powder was fabricated by direct blending with all 

the corresponding oxides or carbonates. Therefore, dense 

NBT–NBZNx ceramics were obtained through a modified 

preparation process using a two-stage calcination method. 

 Figure 4 shows the piezoelectric constant, d33 and the 

thickness electromechanical coupling factor, kt, of the 

NBT–NBZNx ceramics as a function of x. The piezoelectric 

 

 

 

Figure 2. XRD patterns of NBT–NBZNx ceramics in 2θ 
range of 39–48°. 

 

 

 

Figure 3. SEM micrograph of NBT–NBZN0⋅015 ceramic 
sintered at 1190°C for 2 h. 
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constant, d33 and the thickness electromechanical cou-

pling factor, kt, first increased, then decreased as x in-

creased, and showed a maximum value of d33 = 97 pC/N 

and kt = 0⋅46 at x = 0⋅010 and 0⋅020, respectively. 

 The above piezoelectric properties change of the NBT–

NBZNx ceramics demonstrate that the compositions near 

the MPB have relatively high piezoelectric and electro-

mechanical activities. These high piezoelectric and elec-

tromechanical activities can be attributed to an increase 

in the number of possible spontaneous polarization direc-

tions for the compositions near MPB due to the coexis-

tence of rhombohedral and tetragonal phases. 

 Figure 5 shows the temperature dependence of piezo-

electric constants, d33, of NBT–NBZNx ceramics. The 

depolarization temperatures, Td, of the MPB composi-

tions were slightly decreased and the lowest Td main-

tained at 210°C. The results were not consistent with that 

of NBT–BT (Bao-Jin 2002) and NBT–KBT (Yoshii 

2006) system of lead-free piezoelectric ceramics, whose 

depolarization temperature, Td, rapidly dropped near MPB 

compositions. This is in favour of their possible applica-

tion as lead-free piezoelectric ceramics. 

 Figure 6 shows the depolarization temperature, Td and 

the Curie temperature, TC, as a function of x in NBT– 

 

 

Figure 4. Piezoelectric constant, d33 and thickness electro-
mechanical coupling factor, kt, of NBT–NBZNx ceramics as a 
function of x. 

 

 

Figure 5. Temperature dependence of piezoelectric constant, 
d33, of NBT–NBZNx ceramics. 

 

Figure 6. Depolarization temperature, Td, and Curie tempera-
ture, Tc, of NBT–NBZNx ceramics as a function of x. 

 

NBZNx ceramics. It can be found that both Td and TC 

were slightly decreased near MPB compositions. 

4. Conclusions 

Lead-free piezoelectric ceramics (1–x)Na1/2Bi1/2TiO3–

xNa1/2Bi1/2(Zn1/3Nb2/3)O3 have been successfully fabri-

cated by the two-stage calcination method. X-ray diffra-

ction showed that NBT–NBZNx ceramics system had a 

morphotropic phase boundary (MPB) between the rhom-

bohedral and the tetragonal structure. The compositions 

near the MPB showed excellent piezoelectric properties. 

The maximum value of the piezoelectric constant, 

d33 = 97 pC/N and the thickness electromechanical cou-

pling factor, kt = 0⋅46, were obtained at x = 0⋅010 and 

0⋅020, respectively. The depolarization temperatures near 

the MPB compositions were slightly decreased and the 

lowest Td maintained at 210°C. This is in favour of their 

possible application as lead-free piezoelectric ceramics. 
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