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a b s t r a c t

A citrate sol–gel method was investigated for synthesizing lead-free piezoelectric compositions of
(Bi0.5Na0.5)0.94Ba0.06TiO3 (BNT) and the effect of ball milling on the sintering, microstructure and electrical
properties of BNT ceramics was emphasized. The thermal analysis and X-ray diffraction results show that
crystalline powders with a single perovskite structure can be obtained when calcined at 600 �C for 3 h.
The average particle size of as-calcined powder and electrical properties of sintered samples were obvi-
ously dependent on an additional ball milling. Because of well-dispersed superfine powders (�100 nm),
the BNT ceramics can be well densified at temperature 50 �C lower than that by mixed-oxide method and
conventional sol–gel method and as a result exhibit enhanced electrical properties of a piezoelectric con-
stant d33 � 180 pC/N and a planar electromechanical coupling factor kp � 0.29.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Sodium bismuth titanate (Bi0.5Na0.5)TiO3 (BNT) is a ferroelectric
composition with an ABO3 perovskite structure of A-site complex
occupation that has been widely studied [1]. However, because
of its high coercive field, Ec = 73 kV/cm, and relatively large con-
ductivity, pure BNT is difficult to be poled so that its practical
application is limited. These problems were overcomed by forming
solid solutions with BaTiO3, BiFeO3, NaNbO3, SrTiO3, (K0.5Bi0.5)TiO3,
etc. [2–7]. Among these solid solutions (Bi0.5Na0.5)1�xBaxTiO3 sys-
tem has attracted a great deal of attention owing to the existence
of a rhombohedral–tetragonal morphotropic phase boundary
(MPB) near x = 0.06–0.08, where the materials show significantly
enhanced piezoelectric properties and reduced coercive field. Take-
naka et al. [2] reported that (Bi0.5Na0.5)0.94Ba0.06TiO3 (BNBT6) in the
composition range of MPB has relatively good piezoelectric proper-
ties of d33 = 125 pC/N, k31 = 0.19 and k33 = 0.55. Afterwards, many
attempts were made to further improve the electrical properties
by substituting A-site or B-site atoms with La3+, Nb5+, Mn2+, Co3+,
etc. [8,9,4,10].

Similar to many other electroceramics, BNT based ceramics are
usually produced by conventional mixed-oxide method [5–
9,4,10]. However, a relatively high sintering temperature is needed,
which tends to cause the volatilization of A-site elements [11]. By
comparison, wet chemical methods exhibit many advantages such
as accurate chemical stoichiometry, high composition homogeneity
ll rights reserved.
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and lower crystallization temperature due to the mixing of liquid
precursors on the molecular level. Therefore, it can be realized to
lower the sintering temperature and to further limit the loss of vol-
atile Bi2O3 and Na2O. Several chemical methods, like conventional
sol–gel method [12], hydrothermal method [13,14], mechano-
chemical synthesis [15], sol–gel auto-combustion method [16,17]
and citrate method [18] have been already applied for obtaining so-
dium bismuth titanate based ceramics. Zhao et al. [12] reported a
conventional sol–gel method to synthesize BNBT6 powders, but it
is not an ideal sol–gel process because barium nitrate is insoluble
in acetic acid. As a result, the final composition will be away from
the stoichiometric one. This problem was expected to be improved
by a citrate method. In this study, the citrate method was used to
synthesize the superfine powders and the part of as-synthesized
BNBT6 powder was milled for 8 h, in comparison to the rest that
was not milled. In addition, the effects of ball milling on microstruc-
ture and electrical properties of the ceramics were investigated.

2. Experimental procedures

The raw materials used in this study are CH3COONa�3H2O
(P99.0%), Bi(NO3)3�5H2O (P99.0%), Ba(CH3COO)2 (P99.0%), tetra-
butyl titanate (P98.0%), citric acid (P99.5%), glycol (P99.0%) and
ammonia (25–28%). The molar ratio of citric acid to metal cations
was 1.2:1. The appropriate amount of citric acid was first dissolved
into deionized water. Tetrabutyl titanate diluted in ethanol was
then added slowly while a pH value of 7 was adjusted by dripping
a small amount of ammonia. After being stirred at 80 �C for 1 h, a
yellowish liquid was obtained. Various metal salts and glycol were

http://dx.doi.org/10.1016/j.matdes.2010.04.041
mailto:piezolab@hfut.edu.cn
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


20 40 60 80

*

*

*

O

OOO
O

O

O

O

In
te

ns
ity

 (a
.u

.)

2θ (degree)

500 oC

400 oC

550 oC

600 oC

Perovskite
Bi4Ti3O12

Fig. 2. XRD patterns of BNBT6 powders calcined at different temperatures.
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introduced into the solution, followed by a stirring process for 2 h
to generate a stable transparent sol. Citric acid is a polydentate li-
gand with two carboxyls and a hydroxyl and can easily form stable
and soluble chelate complexes with metal cations in an alkalescent
solution. Glycol with double carboxyls can form ester groups, be-
come network structures by increasing molecular weight of pre-
cursors, and further enhance the stability of solution. The sol was
heated at 100 �C to remove redundant solvent and to form gel. Sub-
sequently, the gel was calcined at 400–600 �C for 3 h to obtain yel-
lowish crystallite powders. Then the powders were milled for 8 h
using planetary milling with zirconia ball in alcohol. The dried
powders were pressed into discs and then sintered at 1070–
1170 �C for 3 h in air. Fired-on silver paste was used as electrodes
for the measurement of the electrical properties of sintered sam-
ples. The ceramics were poled in silicone oil under a dc electric
field of 3–4 kV/mm at 60 �C for 20 min.

Thermo-gravitometry (TG) and differential scanning calorime-
try (DSC) analyses of the as-prepared gel were carried out by using
a simultaneous thermal analyzer (STA409C, Netzsch, Germany).
The calcined powders were characterized by an X-ray diffractome-
ter (XRD, D/Max-RB, Rigaku, Japan) and a transmission electron
microscope (TEM, Model H-800, Hitachi, Japan). The microstruc-
ture of sintered samples was observed using a scanning electron
microscope (SEM, SSX-550, Shimadzu, Japan). The dielectric prop-
erties were measured as a function of temperature by a LCR meter
(Agilent E4980A, USA). The piezoelectric constant d33 was mea-
sured directly on a quasi-static d33 meter (YE2730A, Sinocera, Chi-
na). The electromechanical coupling coefficient kp was measured
by a high precision impedance analyzer (PV70A, Beijing Band
ERA Co. Ltd., China). Polarization hysteresis loops were measured
under an alternating electric field using a ferroelectric measuring
system (Precision LC, Radiant Technologies, Inc., USA).
3. Results and discussion

Fig. 1 shows TG and DSC curves of the BNBT6 gel. A small
weight loss of 4.0% at temperatures up to �165 �C is due to the
evaporation of remaining water, glycol and ammonia. There is a
gentle endothermic peak at �198 �C, which is ascribed to the fu-
sion heat of superfluous citrate acid. The exothermic peaks at
�288 �C and �473 �C are attributed to the thermal decomposition
of citrate acid and citrate complexes, corresponding to weight
losses of 36.6% and 17.3%, respectively. The strong exothermic peak
at 502 �C can be related to the combustion of residual organic com-
ponents, accompanied by a weight loss of 14.5%. No further weight
loss or peaks can be seen thereafter in the TG and DSC curves, indi-
cating that the thermal decomposition of BNBT6 gel is completed
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Fig. 1. TG and DSC curves of the BNBT6 gel.
before 600 �C. In addition, there should be a tiny endothermic peak
in the temperature range of 400–500 �C in the DSC curve because
of the crystallization of BNBT6 amorphous powders. However, this
endothermic peak is invisible, probably because it was counter-
acted by the thermal decomposition of citrate complexes or com-
bustion of residual organic components.

The XRD patterns of BNBT6 gel powders calcined at different
temperatures in the 2h range of 20–80� are shown in Fig. 2. The
powders calcined below 400 �C exhibit typical patterns of amor-
phous phases. When the calcination temperature rises to 500 �C,
the characteristic diffraction peaks of a perovskite structure begin
to appear. A small amount of an intermediate phase (indexed as
Bi4Ti3O12) can be observed when the gel is calcined below 600 �C.
Fig. 3. TEM photograph of the BNBT6 powders calcined at 600 �C for 3 h: (a)
without ball milling and (b) with ball milling.
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However, Bi4Ti3O12 disappears and a single perovskite structure
can be obtained when the gel is calcined at 600 �C. The chelate
complex with metal cations allows molecular level mixing during
the course of forming the sol so the migration distance of various
ions is much shorter than that by a mixed-oxide method during
calcination. Thus, the calcination temperature of BNBT6 gel pow-
ders is approximately 300 �C lower than those prepared by con-
ventional mixed-oxide method.

Fig. 3 displays the TEM photographs of the BNBT6 powder cal-
cined at 600 �C for 3 h. The aggregate phenomenon of powders
without ball milling (Fig. 3a) is serious. After milling, the crystal-
line particles (Fig. 3b) are well dispersed with only a slight degree
of soft agglomeration and the particles are about 100 nm or less in
size. Fig. 4a shows the surface morphology of the BNBT6 ceramics
without ball milling sintered at 1150 �C and Fig. 4b shows that
with ball milling sintered at 1110 �C. Both temperatures corre-
spond to their individual optimum sintering temperatures. It is
clear that the sintering temperature of the ceramics with ball mill-
ing is lower than that without ball milling and the grain size is thus
reduced significantly (�5 lm and �1.5 lm for samples without
ball milling and with ball milling, respectively). The density of
the samples is slightly increased as well owing to an additional
milling process. In addition, it can be also found that the grain mor-
phologies change from a square pillar shape to a polyhedral shape.
These results indicate that the as-prepared powders with ball mill-
ing own a good sintering activity, leading to a relatively low sinter-
ing temperature and an improved densification behavior.

Fig. 5a shows the dielectric properties at 1 kHz between BNBT6
samples with ball milling and without ball milling. Both the dielec-
tric constant at room temperature and dielectric maxima of the
ceramics with ball milling increase compared to those without ball
milling, which should be mostly related to the improved densifica-
Fig. 4. SEM image of BNBT6 ceramics sintered at 1150 and 1110 �C: (a) without ball
milling and (b) with ball milling.
tion behavior. The dielectric properties at different frequencies of
sintered samples prepared with ball milling are shown in Fig. 5b.
It is obvious that there exist ferroelectric, anti-ferroelectric and
paraelectric phases in different temperature ranges, which are in
good agreement with those reported by Takenaka et al. [2,10]. Td

refers to the transition temperature between ferroelectric phase
and anti-ferroelectric phase and Tm represents the temperature
at which the dielectric constant er reaches the maximum. It can
be seen that both er and loss value tan d are strongly frequency
dependent near Td. At Tm, the ceramics exhibit a diffuse phase tran-
sition behavior. These indicate that BNBT6 ceramics are relaxor-
like, which could be associated with the complex occupation of
Ba2+, Na+ and Bi3+ cations at A-sites.

The polarization versus electric field (P–E) hysteresis loops of
BNBT6 ceramics prepared via different processes are shown in
Fig. 6. A comparison of P–E hysteresis loops between samples with
ball milling and without ball milling is shown in Fig. 6a. The rem-
nant polarization Pr of the BNBT6 ceramics increases form 32.1 to
36.1 lC/cm2 and the coercive field Ec decreases from 2.79 to
2.61 kV/mm after ball milling. The sintering temperature of ceram-
ics without ball milling is relatively high, so the oxygen vacancy
can be more seriously generated by the volatilization of bismuth
and thus inhibits the domain movement, which causes a slight
increment of Ec. The relevant reason for the decreased Pr (or satu-
rated polarization) could be related to the changed grain size as
well. The more fraction of grain boundary for samples with small
grain size might reduce the value of electric field loaded on the
grains. Furthermore, the Ec value of BNBT6 ceramics prepared via
a sol–gel route is much lower than that of BNBT6 ceramics made
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Fig. 5. (a) The dielectric properties at 1 kHz between BNBT6 samples with ball
milling and without ball milling and (b) the dielectric properties at different
frequencies for sintered samples prepared with ball milling.
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Fig. 6. P–E hysteresis loops of BNBT6 ceramics prepared via different processes: (a) a comparison of P–E hysteresis loops between samples with ball milling and without ball
milling and (b) for samples prepared with ball milling at various measuring temperatures.

Table 1
Sintering temperature, dielectric and piezoelectric properties of BNBT6 ceramics
prepared with different synthesis methods.

Processing Sintering
temperature
(�C)

d33

(pC/N)
kp tan d eT

33

Mixed-oxide method [2] 1200 125 – 0.013 580
Conventional sol–gel method

[8]
1160 173 0.26 0.039 820

Citrate method with ball
milling [this study]

1110 180 0.29 0.035 870

Citrate method without ball
milling [this study]

1150 168 0.27 0.049 830
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by a mixed-oxide method [19]. The lower Ec tends to facilitate the
domain movement and thereby enhances piezoelectric properties.
Fig. 6b displays the P–E hysteresis loops of BNBT6 ceramics with
ball milling at various measuring temperatures. At room tempera-
ture, BNTBT6 ceramics are typically ferroelectric, while they exhi-
bit double hysteresis loops typical for an anti-ferroelectric phase
with the increase of temperature owing to the rhombohedral ferro-
electric to tetragonal anti-ferroelectric phase transition. In addi-
tion, it can be seen that anti-ferroelectric phases exhibit higher
forward switching electric field with increasing the measuring
temperature because of enhanced stability of anti-ferroelectric
phases. Therefore, P–E loops at various temperatures demonstrate
that the transition from ferroelectric to anti-ferroelectric phases
exists at Td as mentioned in Fig. 5b. Unfortunately, the existence
of Td could limit the application of this piezoelectric composition
because of the depolarization above Td. It was also indicated that
the Td value can shifted downward by a few dopants [8,9,4,10].
How the Td value can be significantly increased has been a key is-
sue of this composition for the final application.

Table 1 shows a comparison of sintering temperature, dielectric
and piezoelectric properties of BNBT6 ceramics prepared using dif-
ferent synthesis methods. It is clear that the piezoelectric and
dielectric properties obtained in this study are superior to those
prepared by mixed-oxide and traditional sol–gel methods. In addi-
tion, after ball milling the sintering temperature is lowered by
50 �C or more. The ceramics prepared by the citrate method exhibit
excellent piezoelectric properties of d33 = �180 pC/N, which could
be related to the high chemical homogeneity and a dense fine
microstructure. The precipitation of barium nitrate in the tradi-
tional sol–gel method was solved successfully by the citrate meth-
od and a real molecular-level complete mixing can be achieved.
Furthermore, the sintering temperature can be lowered down to
1110 �C as a result of the high sintering activity from superfine
powders.
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4. Conclusions

A citrate wet chemical processing route was investigated in or-
der to synthesize BNBT6 superfine powders. The effect of ball mill-
ing on the sintering, microstructure and electrical properties of
BNT ceramics was emphasized. The gel can be transformed into
crystalline powders with a pure perovskite structure after heat
treatment at 600 �C for 3 h and the particle size of the powder
through an additional ball milling is about 100 nm. The ceramics
have a dense fine microstructure and excellent piezoelectric and
dielectric properties when sintered at a relatively low temperature
compared with those prepared by mixed-oxide method or tradi-
tional sol–gel method.
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