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Synthesis and Characterization of
(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 Solid Solution
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The new lead-free (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 compounds with x = 0.01, 0.02, and
0.03 have been synthesized by conventional solid-state ceramic-fabrication technique.
Systematic investigations on the dielectric, ferroelectric and piezoelectric properties of
both poled and unpoled samples have been carried out. It was revealed that the dielectric
and piezoelectric properties are improved by the addition of an appropriate amount of
Al6Bi2O12. Comparisons of these properties between poled and unpoled samples are
presented. It is found that Curie temperatures and remnant polarization are increased
after poling. The coercive field is, however, decreased after poling.

Keywords (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 solid solution; dielectric; ferroelectric;
piezoelectric

DOI: 10.1063/1.2967335

1. Introduction

Due to its excellent ferroelectric properties, Lead zirconium titanate (PZT) ceramics with
distorted perovskite structure have been widely used in devices such as transducers, sensors,
and actuators [1, 2]. However, the toxicity of lead in PZT raises a serious environmental
concern. Therefore, it is essential to seek environment-respectfully ferroelectric ceramics
which maintain high performance of ferroelectric behaviors comparable or superior to PZT.
Non-lead ferroelectric material becomes more and more desirable. Many studies on these
type of lead-free ferroelectric materials have widely been made [3–11]. In recent years,
experimental studies on (Na0.5Bi0.5)TiO3 (NBT) have been performed extensively. NBT
is rhombohedral perovskite lead-free ferroelectrics below about 200◦C. It will transform
from ferroelectric phase to anti-ferroelectric phase at about this temperature point. When
the temperature is increased to 320◦C, NBT goes into paraelectric phase. Because of its
large remnant polarization (Pr = 38µC/cm2), NBT is a promising lead-free piezoelectric
ceramic. However, its high coercive field (Ec = 73 kV/cm) and high conductivity limit its
applications. Many efforts have been made in order to improve the performance of NBT
by forming NBT-based solid solutions [12–16].
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Theoretical studies predict that materials with general formula BiMO3 (M is transition
metals) are capable to exhibit high ferroelectricity and magnetism. A large ferroelectric
polarization was reported [17] in thin films of BiFeO3. Among these materials, bismuth
aluminate BiAlO3 (BAO) and bismuth gallium BiGaO3 (BGO) have been predicted to be
promising candidates for lead-free ferroelectric materials because of their large ferroelectric
polarization and piezoelectricity by theoretical calculations [18]. However, BiMO3 have
to be prepared at high pressure and high temperature conditions except BiFeO3 [19].
Therefore, many studies have been made in which BiMO3 have been used as an addition
to improve the performance of NBT in the form of solid solution. Experimental studies of
NBT-BiMO3 (NBT-BM) have been carried out. The results implied that NBT-BM could
be excellent lead-free candidates for ferroelectric material. The solid solution is a ceramics
with polar rhombohedral symmetry and it has a Curie temperature (TC) around 270–310◦C
[20, 21]. Yu et al. have synthesized and studied NBT-BiAlO3 solid solution [20]. In this
paper, using Al6Bi2O12 as one of starting materials, new solid solution NBT-Al6Bi2O12

is synthesized by conventional solid-state reaction method which has a slightly different
process from Yu et al.’s work [20]. The temperature dependence of dielectric constants
of the solid solutions have been measured and the polarization-electric field hysteresis
behaviors and the piezoelectric properties have been investigated at room temperature for
poled and unpoled samples, respectively.

2. Experimental

Reagent-grade Na2CO3, Bi2O3, and TiO2 compositions were used to form the precursor
(Na0.5Bi0.5)TiO3 (NBT). They are first mixed stoichiometrically according to the formula,
(Na0.5Bi0.5)TiO3 and ball-milled. The mixture was calcined at 800◦C and the NBT is formed.
The NBT powder and Al6Bi2O12 powder were then mixed stoichiometrically according to
the compositional formula (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.01, 0.02, 0.03 and
ball-milled with polyvinyl alcohol as a binder for 4h. Then, the compositions were pressed
into pellets of 10mm in diameter and 0.5–0.6mm in thickness using a hydraulic press.
The pelletized samples were placed in a sealed crucible and finally sintered at 1100◦C
for 12h in a programmable furnace. This preparation procedure is slightly different from
the one adopted in the reference work [20] and the present method was still to obtain
the perovskite phase. The powders were characterized by X-ray diffraction (XRD) using
Rigaku x-ray diffractometer with Cu Kα radiation source for crystal structure analysis. The
sintered pellets were polished and silver paste was applied to the surfaces of the pellets
as the electrodes. The samples were poled in a silicone oil bath at 80◦C by applying dc
electric field of 50kV/cm for 30 min. The dielectric constant and loss for poled and unpoled
samples were measured using a HP Model 4284A LCR meter at the temperature range from
40◦C to 600◦C in the frequency range from 100 Hz to 1 MHz. Polarizations versus applied
electric field (hysteresis) measurements for poled and unpoled samples were performed
with a Radiant RT66 at room temperature. The Piezoelectric properties of the poled and
unpoled samples were measured using a ZYGO laser interferometer.

3. Results and Discussion

Figure 1 shows the XRD patterns of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.02.
The XRD patterns reveal that all (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.01, 0.02,
0.03 have a rhombohedral perovskite structure. It can also be seen that a small peak at
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194 Y. Zhen et al.

Figure 1. XRD pattern of the (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 solid solution (x = 0.02) at room
temperature.

Two theta equal to roughly 28o. This indicates the existence of an impurity phase possibly
due to the formation of a small amount of bismuth-deficient Bi2Al4O9-type secondary
phases. Approximately, the impurity is 5%. This impurity can also be observed in Bismuth
Aluminate prepared using a high pressure method [19].

The temperature dependences of the dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 for unpoled and poled samples at 100Hz are shown in Figs. 2 and 3 respectively.
Figs. 4 and 5 show that transition temperature and peak values of the dielectric constants
of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 versus the different concentration of Al6Bi2O12 x for
unpoled and poled samples, respectively. From Fig. 2, it can be seen that broadness of
the dielectric peak increases with increasing x for unpoled sample. It may indicates that
the concentration rate x may affect the type of ferroelectric transition from regular one

Figure 2. Temperature-dependence of the dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12

(x = 0.01, 0.02, and 0.03) at 100 Hz before poling (lines for guiding the eyes only).
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Figure 3. Temperature-dependence of the dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12

(x = 0.01, 0.02, and 0.03) at 100 Hz after poling (lines for guiding the eyes only).

to relaxor. And there are two dielectric peaks for unpoled sample with x = 0.03. It may
imply that there are two phase transitions, i.e. from ferroelectric to antiferroelectric at about
350◦C and from antiferroelectric to paraelectric at about 500◦C in this unpoled sample
(x = 0.03). From Fig. 3, it can be seen that dielectric constant increases through entirely
measurement temperature range at 100Hz for poled sample with x = 0.03. Transition tem-
perature might correspond to the decomposition temperature of rhombohedral phase. It
implies that transition from ferroelectric phase to antiferroelectric phase isn’t completed
before 400◦C. It may indicate that poling can enlarge the ferroelectric temperature region,
that is, increase the ferroelectric phase transition temperature. It can, in turn, significantly
enhance the application potential. From Figs. 2, and 3, we see that the dielectric constant

Figure 4. concentration x-dependence of transition temperature Tc of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 at 100 Hz (lines for guiding the eyes only).
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196 Y. Zhen et al.

Figure 5. Concentration x-dependence of maximum dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 at 100 Hz (lines for guiding the eyes only).

peak at 100Hz for pole sample with x = 0.01 is broader than the one for unpoled sample.
However, we have yet no interpretation for this finding. It also found that Tc slightly shifts
to lower temperature and the peak values of dielectric constant around 320◦C–400◦C at
100 Hz increase with increasing x shown in Figs. 4 and 5.

Figures 6 and 7 show the temperature-dependence of the dielectric response of (1-
x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.01) at various frequencies in the temperature range
from 45◦C–600◦C for unpoled and poled samples, respectively. The dielectric constants
have a well-defined maximum around 350◦C for poled samples. The dielectric constant
peaks increase and shift to a higher temperature for poled sample compared with these

Figure 6. Temperature-dependence of the dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12

(x = 0.01) before poling (lines for guiding the eyes only).
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(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 Solid Solution 197

Figure 7. Temperature-dependence of the dielectric constant of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12

(x = 0.01) after poling (lines for guiding the eyes only).

for unpoled sample (around 325◦C. Furthermore, the dielectric constants decrease with
increasing frequencies over the entire range of temperature employed.

Figures 8 and 9 show the temperature dependence of the dielectric loss of (1-
x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.01, 0.02 and 0.03) for unpoled and poled samples,

Figure 8. Temperature-dependence of the dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x =
0.01, 0.02, and 0.03) at 100 Hz before poling (lines for guiding the eyes only).
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198 Y. Zhen et al.

Figure 9. Temperature-dependence of the dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x =
0.01, 0.02, and 0.03) at 100 Hz after poling (lines for guiding the eyes only).

respectively. Fig. 10 shows concentration of Al6Bi2O12 x-dependence of dielectric loss at
75◦C and 100Hz. At higher temperature above 500◦C for unpoled sample it can be seen in
Fig. 8 that increasing the content of Al6Bi2O12 will lower the dielectric loss and it indicates
that the addition of Al6Bi2O12 provides an effective barrier to suppress the movement of
mobile ions in (Na0.5Bi0.5)TiO3 for unpoled samples [23, 24]. For poled samples in Fig. 9,

Figure 10. Concentration x-dependence of dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 At
75◦C and 100 Hz (lines for guiding the eyes only).
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(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 Solid Solution 199

Figure 11. Temperature-dependence of dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x =
0.01) at different frequencies before poling (lines for guiding the eyes only).

(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.03 exhibits a large dielectric loss before tran-
sition temperature and it implies that poling will increase the movement of mobile ions. Fig.
10, shows the concentration x-dependence of the dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 (x = 0.01, 0.02, and 0.03) poled and unpoled at 75◦C and 100Hz. For the
samples with x = 0.01 and 0.03 seam to have lower dielectric loss and poling increases the
dielectric loss. For the sample with x = 0.02, the dielectric loss seems enlarged, but poling
reduces the dielectric loss.

Figures 11 and 12 show the temperature-dependence of dielectric loss of (1-
x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.01) at various frequencies in the temperature range
45◦C–600◦C for poled and unpoled samples. As is shown that dielectric loss increases
with lowering frequency. It also can be seen that poled samples exhibit a larger dielectric
loss than unpoled ones at low temperature. Large dielectric loss is mainly associated with
the extrinsic factor such as mobile ions on the domain boundary. Our results indicate that
poling will increase the movement of these mobile ions.

Figures 13 and 14 show polarization-electric field curve of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 (x = 0.01, 0.02 and 0.03) at room temperature for unpoled and poled samples
respectively. From these two figures, it is shown that all of the samples exhibits well
developed polarization electric field hysteresis loops, but the shapes of the hysteresis loops
change with x very significantly. Figures 15–17 demonstrate concentration of Al6Bi2O12 x-
dependences of saturation polarization, remnant polarization and coercive field for unpoled
and poled samples, respectively. From Figs. 15 and 16, it can be seen that poled samples
exhibit a larger saturation polarization and remnant polarization. The saturate and remnant
polarization seams to reach the optimum 16.90µC/cm2 and 10.66µC/cm2 respectively,
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200 Y. Zhen et al.

Figure 12. Temperature-dependence of dielectric loss of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x =
0.01) at different frequencies after poling (lines for guiding the eyes only).

when x = 0.02. For poled samples with x = 0.02, they are 20.41µC/cm2 and 15.05µC/cm2,
respectively. From Fig. 17, for unpoled samples, the coercive field decreases with increasing
x. For poled samples, the lower coercive field Ec appears at x = 0.02. The decrease in the
Ec is associated with random field around dipolar defects which lower the activation barrier
required for the nucleation of domains [22]. The increase of the coercive field with the
increasing x from 0.02 to 0.03 for poled sample could be possibly explained by the reason

Figure 13. Ferroelectric hysteresis of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.01, 0.02 and 0.03)
at room temperature before poling.
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(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 Solid Solution 201

Figure 14. Ferroelectric hysteresis of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.0, 0.01, 0.02, and
0.03) at room temperature after poling.

that poling increases the movement of mobile ions and affects the combination of oxygen
vacancies with Al3+ions on the B site. This leads to the reduction of chance for formation
of dipolar defects.

Figures 18 and 19 show the response of strain to the electric field for unpoled and poled
sample of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.02) respectively. It is clearly shown in

Figure 15. Concentration dependence of saturation polarization of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12

At room temperature (lines for guiding the eyes only).
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202 Y. Zhen et al.

Figure 16. Concentration x-dependence of remnant polarization of (1-x)(Na0.5Bi0.5)TiO3-
xAl6Bi2O12 at room temperature (lines for guiding the eyes only).

Fig. 18 that (1-x)NBT-xAl6Bi2O12 (x = 0.02) is a typical electrostrictive material before
poling and it is shown in Fig. 19 that it has a strong piezoelectric behavior after poling. The
piezoelectric constant d33 increases from 20pC/N for unpoled sample to 400pC/N for poled
one with x = 0.02. NBT-Al6Bi2O12 ceramics exhibit improved piezoelectric properties
compared with the pure NBT and NBT-BiAlO3 [20]. The piezoelectric constant d33 of the

Figure 17. Concentration x-dependence of coercive field of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 At
room temperature (lines for guiding the eyes only).
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Figure 18. Strain vs. applied electric field for (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.02) at room
temperature before poling. (lines for guiding the eyes only).

pure NBT ceramics has been investigated and it is reported to be 77pC/N [22] for poled
samples. Our results is as high as 400pC/N for poled (1-x)NBT-xAl6Bi2O12 with x =
0.02. Figure 20 shows d33 of poled (1-x)NBT-xAl6Bi2O12 (x = 0.01,0.02,0.03) samples.

From this figure, it can be seen that piezoelectric constant d33 decreases with increasing
concentration of Al6Bi2O12 x. The improved piezoelectric properties are believed to be
associated with the decreased conductivity. Figure 20 indicates the addition of Al6Bi2O12

will increase mobility of ions which, in turn, causes the increase of energy loss. It is a
setback. There is work to do to overcome this problem.

Figure 19. Strain vs. applied electric field for (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 (x = 0.02) at room
temperature after poling (lines for guiding the eyes only).
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204 Y. Zhen et al.

Figure 20. Concentration x-dependence of d33 of (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 for poled sam-
ples (lines for guiding the eyes only).

4. Conclusions

(1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.01, 0.02, 0.03 has been synthesized by con-
ventional solid-state reaction sintering method. (Na0.5Bi0.5)TiO3-Al6Bi2O12 solid solution
exhibit improved ferroelectric and piezoelectric properties compared with the NBT-BiAlO3

solid solution. The poled (1-x)(Na0.5Bi0.5)TiO3-xAl6Bi2O12 with x = 0.01,0.02,0.03
demonstrate higher remnant polarization but lower coercive field compared with sam-
ples before poling. Certain amount of addition of Al6Bi2O12 will enhance the performance
of (Na0.5Bi0.5)TiO3 and poling will improve the dielectric and piezoelectric properties of
ceramics. However, poling may increase the dielectric loss and the improvement is needed
in this regard.
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