
In the past few decades, the production of piezoelectric

and dielectric materials has considerably increased

world-wide especially in the electronic ceramic indus-

tries. However, most of the important commercial

ceramics, consist of lead-based compounds such as

Pb(Zr,Ti)O3 (PZT), PbTiO3 (PT) and Pb(Mg1/3Nb2/3)O3

(PMN) which normally require sintering temperature

about 1200–1250 �C. At these temperatures, vaporiza-

tion of lead tends to occur at unknown rate and is

considered to be one of the most important environ-

mental pollutants. Therefore, a number of researchers

have attempted to find new lead-free or low-lead-

content ferroelectrics having similar properties to

those found in the lead based materials.

Bismuth sodium titanate (Bi0.5Na0.5)TiO3 or BNT is

known to be one of the promising candidates for lead-

free materials. It is ferroelectric at room temperature,

having the perovskite structure with a formula ABO3

where Bi and Na situate at A site [1]. It also has a

rhombohedral crystal structure [2]. The BNT com-

pound has an anomaly phase transformation of ferro-

electric rhombohedral to antiferroelectric tetragonal at

about 220 �C and to paraelectric tetragonal phase at

Tc = 320 �C [3]. The tetragonal phase above 320 �C

finally changes to cubic phase above 520 �C [4]. At

320 �C, the dielectric constant is highest and temper-

ature dependence of the BNT ceramics shows a dif-

fused behaviour with strong ferroelectricity similar to

relaxor-type ferroelectrics [5, 6]. Therefore, BNT

seems to be a potentially good candidate as lead-free

ceramics for many applications such as dielectric, pie-

zoelectric and pyroelectric applications [7, 8].

The piezoelectric properties such as piezoelectric

constant (d33) and electromechanical coupling factors

(k33 and k31) of the BNT ceramic are still below those

of the high-lead-content piezoelectrics especially

commercial PZT. Hence, many attempts to improve

the piezoelectric and dielectric properties of BNT have

been carried out. Kuharuangrong and Schulze [9]

reported that Pb-doped BNT ceramics showed a uni-

form small grain structure with high density. Subse-

quently, they obtained high dielectric constant.

However, the studies of optimum processing parame-

ters for the fabrication of BNT ceramics having opti-

mum dielectric properties have scarcely been done.

Consequently, the possibility of improving such prop-

erties via optimization of processing parameters might

be an easy and economical way. According to

Kashcheev and Zemlyanoi [10], powder processing via

vibro-milling could stimulate a higher grain activity

[10] and the onset of sintering was observed to occur at

lower temperature. Therefore, in this work, vibro-mill

was employed to produce BNT powders. In addition

the effects of sintering temperatures, density, phase

formation as well as microstructural evolution of

ceramics have been carefully studied in order to find

the optimum processing conditions for forming highly

dense BNT ceramics.

The BNT (Bi0.5Na0.5TiO3) powder of stoichiometric

composition was prepared using a vibro-milling tech-

nique. Bi2O3 (Fluka, ‡ 98.0 % purity), Na2CO3

(Aldrich, ‡99.5% purity) and TiO2 (Aldrich, ‡99.5%

purity) powders were used as starting materials. The

oxide powders were milled via a McCrone vibro-mill
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using a common plastic container for 30 min and 1 h

with zirconia balls in ethanol and dried at 120 �C for

12 h. The powder mixtures were calcined at tempera-

tures between 500 and 1100 �C for 1 h with heating/

cooling rate of 5 �C min)1 in air. After that, all cal-

cined powders were investigated by X-ray diffraction

techniques in order to identify the crystalline phase

existing in the calcined powder.

Powders containing 3 % poly-vinyl alcohol (PVA)

were pressed into discs of 10 mm in diameter and

2 mm in thickness. They were sintered at 1100, 1150

and 1175 �C for 2 h in an air atmosphere. The density

of each sample was measured by the Archimedes

method. The relative densities were calculated as a

percentage of the theoretical densities. Microstructures

of these samples and the calcined BNT powders were

observed using a scanning electron microscope (JEOL,

JSM-840A). An average grain size was obtained using

a mean linear intercept method. Both surfaces of the

sintered ceramic discs were polished and painted with

silver-paste. The electrical measurements such as

dielectric constant (er) and loss tangent (tand) were

measured at 1 kHz using an LCZ meter (HP 4276A).

For comparison, BNT ceramics prepared from con-

ventional ball-milled powders were also carried out.

The calcining and sintering temperatures were 700 and

1100 �C, respectively. The microstructural evolution as

well as other properties of these ceramics are also

investigated.

The X-ray diffractograms of calcined BNT powders

prepared via vibro-milling method are shown in Fig. 1.

The single BNT phase started to show up at 700 �C and

above. Every XRD peak could be attributed to

rhombohedral perovskite-BNT phase, consistent with

JCPDS file number 36–0340. This temperature was

slightly higher than that reported by Hao et al. [11]

who could obtain phase-pure BNT powder at 600 �C.

This may be due to the differences in the synthesis

method since Hao et al. [11] employed the stearic acid

gel method to synthesize the Bi0.5Na0.5TiO3 nano

crystalline powders. The X-ray diffractogram of the

calcined powders prepared using a conventional ball

mill and the ceramics sintered at 1100 �C showed no

significant difference to that shown in Fig. 1.

Scanning electron micrographs of BNT powders

obtained via vibro-mill and conventional ball-mill

techniques, calcined at 700 �C for 1 h are shown in

Fig. 2. The average particle size of BNT powders

estimated from both SEM micrographs were almost

the same (0.2–0.4 lm). However, our results are com-

parable to that of Pookmanee et al. [12] despite the

fact that they obtained the BNT powders through

hydrothermal route.

Micrographs of BNT ceramics sintered at 1100, 1150

and 1175 �C prepared from vibro-milled powders are

shown in Fig. 3(a–c). It can be seen that as the sintering

temperature was increased, the grain size also increased

remarkably. At 1175 �C, exaggerated grain growth oc-

curred. A micrograph of ceramic sintered at 1100 �C

using conventional ball-milled powders is shown in

Fig. 3(d) for comparison. It can be seen that grain sizes

of BNT ceramics obtained from vibro-milled powders

are much smaller than that prepared from conventional

ball-milled powders. SEM analysis confirmed that all

BNT ceramics were sintered to a highly dense state.

Some physical properties of BNT ceramics were sum-

marized in Table 1. together with that of Kuharuang-

rong and Schulze [9], Pookmanee et al. [12] and Peng

et al. [13]. It can be seen that the densities of ceramics

sintered at 1100, 1150 and 1175 �C were almost the

same, about 95% of the theoretical density (5.99 g/

cm3), which was in the similar range of that found in

Herabut and Safari [13] of between 93% and 95% and

Nagata and Takenaka [14] of more than 90%. Fur-

thermore, these density values were significantly higher

than that obtained from the conventional ball-mill, i.e.

~85% in our result and 88% from Peng et al. case [15].

In Table 1, the dielectric constants at room temper-

ature (er) and at TC (er max) of the BNT ceramics, pre-

pared from vibro-milled powders, show a relatively

higher value than that of Kuharuangrong and Schulze

[9]. This may correspond to the effect of smaller grain

size ceramics causing higher values of the dielectric

constants as previously reported by Kinoshita and

Yamaji [16]. Similar results were obtained in our

experiment when the ceramics obtained by two

techniques were compared at the same sintering

Fig. 1 XRD patterns of BNT powder milled via vibro-milling
calcined at various temperatures for 1 h with heating/cooling
rates of 10 �C/min
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temperature. BNT ceramics from vibro-milled powders

had an average grain size of 1.25 lm with er of 773 while

ceramics from ball-milled powders had a grain size of

5.22 lm with er of 613. However, the ceramics (vibro-

mill) sintered at different temperatures gave no trend

for the dielectric constant at room temperature but the

clearer trend was found for the er max at 1 kHz as the

er max value increased with decreasing grain size. It

seems that sintering temperatures affected both the

grain size and dielectric properties simultaneously.

The plots of er as a function of temperature for BNT

ceramics prepared using various processing conditions

are shown in Fig 4. The maximum er increases as the

sintering temperature increases. The Curie tempera-

ture was slightly reduced when the grain size

decreased. Similar trend was observed in BaTiO3

ceramics [16]. Similar change of phase (antiferroelec-

tric to paraelectric) which yields the maximum dielec-

tric constant at TC was also reported in lead based

compound such as lead barium zirconate [17].

In conclusions, BNT compounds were successfully

synthesized using powder mixture obtained via rapid

vibro-milling method. Calcination was carried out at

500–1000 �C for vibro-milled powders and 700 �C for

Fig. 2 SEM micrographs of BNT powder calcined at 700 �C for 1 h with vibro-milling technique prepared through (a) rapid vibro-mill
and (b) conventional ball-mill

Fig. 3 SEM micrographs of BNT ceramics at different sintering temperatures (a) 1100 �C /2 h (b) 1150 �C/2 h and (c) 1175 �C /2 h
(via vibro-milling) and (d) 1100 �C /2 h (via conventional ball-milling)
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ball-milled powder. The average particle sizes of BNT

powders obtained from both milling methods, calcined

at 700 �C showed no significant difference and were in

the range of 0.2–0.4 lm. The average densities of

ceramics obtained from vibro-milled powders were

about 95% of the theoretical density and were higher

than that obtained from ceramics prepared from ball-

milled powder (i.e. ~85%). The dielectric properties of

the former were also higher than the latter. The results

in this investigation suggest that vibro-milling tech-

nique is an efficient way to produce high quality BNT

powders and ceramics.
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Table 1 Relative density
compared to the theoretical
density, grain size, er max and
Tc of the BNT
ceramicsaprepared in this
work

Milling
technique

Sintering
temperature
(�C)

Relative
Density
(%)

Grain
Size
(lm)

er at
room
temp.

tand (%)
at room
temp.

er max at
1 kHz

Tc

(�C)

Ball-millinga 1100 85 5.22 613 2.0 2200 320
Vibro-millinga 1100 95 1.25 773 1.5 3050 310

1150 95 2.55 770 1.7 3400 310
1175 94 2.85 736 2.0 4200 320

Kuharuangrong and
Schulze [9]

1175 96 8.0 700 – 2700 320

Pookmanee [12] 1175 96 – – – – –
Herabut and Safari [13] 1050 95 3.8 240 1.1 – –
Nagata and Takenaka

[14]
1200 >90 – – – – –

Peng et al. [15] 1180 88 – ~700 1.75 3700 320

Fig. 4 Dielectric constants for various sintering temperatures of
BNT ceramics
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