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Abstract

(1 —x)(Big 4871 Nag 4571 Lag.0172Ti03) — x(BaZrg ¢5sTig 95s03) ceramics (abbreviated (1—x)BNLT—xBZT) where 0.1 <x<0.3 were
fabricated by the combustion technique using glycine as fuel. BNLT and BZT powders were calcined at temperatures of 825 °C for
4 h and 925 °C for 6 h, respectively. After that they were mixed with the different compositions. It was found that the optimum sintering
temperature of (1 —x)BNLT —xBZT ceramic was obtained at 1125 °C for 2 h. This ceramic had the highest density. The structure of the
(1—x)BNLT —xBZT ceramics exhibited the co-existence of tetragonal and rhombohedral phases with x <0.1. The tetragonality
increases with the increase of x content. The average grain size, the density and the Curie temperatures decrease with increasing x
content. The maximum dielectric constant and the highest P, were at about 4850 and 12.7 uC/cm?, respectively, and were obtained by

the 0.85BNLT —0.15BZT sample.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Bi0.487lNa0.4871LaO.0172TiO3 (abbreViated as BNLT) is a
kind of lead-free piezoelectric material which is a ferro-
electric with a rhombohedral perovskite structure at room
temperature [1]. BNLT ceramic exhibits a good dielectric
constant at room temperature (515) [1] and a high piezo-
electric coefficient ds3 (120 pC/N) [1]. Consequently, this
ceramic is appropriate for application as the sensors,
actuators and transducers [2]. Ba(Zrg o5T10g.95)O3 ceramic
(abbreviated as BZT) is one of the most studied piezo-
electric materials due to its great piezoelectric properties
(236 pC/N) with an orthorhombic perovskite structure
at room temperature. It also exhibits a high dielectric
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constant (14,000) and low loss characteristic (0.05) at Curie
temperature of 120 °C [3]. This ceramic has became widely
attractive for use as multilayer ceramics capacitors and
piezoelectric sensors/actuators [2].

To improve the electrical properties of lead-free piezo-
electric materials, a new system of (1—x)Big4g71Nag.g71
Lao,m72Ti03—xBaZr0,05Ti0_9503 ((1 —X)BNLT—XBZT) ata
composition of around 0 < x < 1 step 0.2 was proposed by
Kantha et al. [3]. The (I —x)BNLT —xBZT ceramics were
prepared by a two step mixed oxide method for synthe-
sized the BNLT and BZT powders then sintered at
temperatures between 1125 and 1400 °C for 2h. The
structure of the (1—x)BNLT—xBZT ceramics changed
from a rhombohedral phase to a tetragonal phase
when > 0.2. For the (1 —x) BNLT-xBZT ceramic x <0.2,
the dielectric permittivity (¢;) curve exhibited two peaks.
The first curve was the phase transition temperature (77,),
corresponding to a ferroelectric rhombohrdral phase
which transformed into a ferroelectric tetragonal phase.
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The second curve is Curie temperature (7,) and it is related
to the transition from a ferroelectric tetragonal phase to a
paraelectric cubic phase [3]. A broad dielectric peak was
observed to increase from the & curves with x con-
tent > 0.4. The ¢, measured at room temperature increased
from 675 to 1575 with the increased of x content from 0 to
0.2. Upon further increasing x, the &. decreased. Appro-
priate ferroelectric properties is observed in the composi-
tion of x=0.2. Many changes in the phase formation,
phase transition and electrical properties of (1 —x)BNLT-
xBZT ceramics were observed at around the composition
of x =0.2.

In recent years, our previous work has successfully
fabricated lead-free ferroelectric ceramics such as: (Bi
Na)TiO; [4], BaTiO; [5], BaZrO; [6], Ba(Ti Zr )O3 [7],
(Bi Na)TiOs—(Bi K)TiO; [4] via the combustion technique.
The technique is simple. It has a low cost and it produces
high quality ultra fine powders [8]. The ceramics fabricated
by this technique possesses a high density and has good
electrical properties [4—8]. Therefore, in the present work,
the fabrication of the (1 —x)BNLT-xBZT ceramics were
prepared by the combustion technique, where a range of x
values was chosen between 0.1 and 0.3 (mole step 0.05 was
performed). The effects of sintering temperature on phase
formation, microstructure of BNLT-BZT ceramics were
investigated. The influence of x content on the crystal
structure and the microstructure were studied. Special
emphasis was focused on phase formation and the elec-
trical properties of the composition between the BNLT
and BZT systems in order to enhance these ceramics.

2. Experimental

The sample, (1 —x)(Big.s71Nag.4s71La.0172Ti03) —x
(BaZrg 05Tip9503), (abbreviated as (1 —x)BNLT—xBZT)
where 0.1 <x<0.3, was prepared by the combustion
technique using glycine as fuel. To synthesize Big4g7
Nag.4s71Lag 0172 TiO3 (BNLT) powder, reagent grade oxide
and carbonate powders of Bi,O3; (99%), Na,CO; (99%),
La,O5; (99%) and TiO, (99%) were used as starting
materials. The compositions of the raw materials were
weighed and mixed by a ball-milling method for 24 h in
absolute ethanol. The mixed powder was dried and ground
using an agate mortar and then sieved into a fine powders.
The mixed powder and glycine were mixed with a ratio of
1:2 in an agate mortar and calcined at 825 °C for 4 h. To
synthesize the BaZrgosTip9s03 (BZT) powder; BaCO;
(99%), ZrO;, (99%) and TiO, (99%) were used as raw
materials. The processing of the BZT was similar to that of
the BNLT powders but the uncalcined BZT powders were
calcined at the temperatures of 925 °C for 6 h. The two
calcined powders were a mixture of different compositions
(0.1 <x<0.3) and reground by the ball-milling method
for 24 h. The mixtures were dried and sieved and then were
made into pellets 15 mm in diameter using uniaxial press-
ing in a stainless steel mold. The pellets were sintered
between 1050 °C and 1200 °C in an electric furnace at air

atmosphere under controlled heating and a cooling rate of
5 °C/min with a soak time of 2 h. X-ray diffraction (XRD)
was employed to identify the phase formed and the
optimum temperature for (1 —x)BNLT —xBZT ceramics.
The sintered ceramics morphologies were imaged using
scanning electron microscopy (SEM). The density of the
sintered ceramics was measured by the Archimedes
method. The average grain size was determined by a mean
linear intercept method. The dielectric constant was
observed by a LCR meter. The ferroelectric hysteresis
(P-E) loops were characterized by using a computer
controlled modified Sawyer—Tower circuit.

3. Results and discussion

The X-ray diffraction patterns of the 0.§BNLT—0.2BZT
ceramics sintered at 1050-1200 °C for 2 h are shown in
Fig. 1. All patterns of the sintered samples exhibited the
tetragonal perovskite phase which matched with JCPDS
file no. 03-0725 below 1200 °C. At the sintered temperature
of 1200 °C, the second phase of Bi,Ti,O; occurred. This
result may be caused by the evaporation of Na,O and
Bi,O;, which has a low melting point [9].

The SEM micrographs of the 0.8BNLT-0.2BZT ceramic
surface sintered between 1100 and 1200 °C are presented in
Fig. 2. The grain morphology exhibited an almost sphe-
rical morphology at low sintering temperature and changes
to a polygonal morphology when the sintering temperature
increased. At a low sintering temperature (below 1100 °C),
the ceramics contained small and loosely bonded grains
(Fig. 2(a)). The grain size increased and the porosity
decreased when the sample was sintered at temperatures
higher than 1100 °C (Fig. 2(b) and (c)). At a sintering
temperature of 1200 °C, the ceramic exhibited a rugged
surface and the a high porosity, as shown in Fig. 2(d). The
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Fig. 1. XRD patterns of 0.8BNLT-0.2BZT ceramics sintered at various
temperatures; (@) Bi, Ti,O5.
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Fig. 2. The SEM micrographs of 0.8BNLT-0.2BZT surface pellet sintered at: (a) 1100, (b) 1125, (c) 1150 and (d) 1200 °C for 2 h.
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Fig. 3. XRD patterns of (1 —x)BNLT-xBZT powders where 0.1 <x < 0.3 sintered at 1125 °C for 2 h: (a) at high scanning rate and (b) at very low

scanning rate.

occurrence of a rugged surface and a high porosity at high
sintering temperatures indicated that the grain began to
melt. This was caused by the evaporation of Na,O and
Bi,0O; at high sintering temperatures [9]. The microstruc-
ture is consistent with the XRD results. The average grain
size increased from 0.48 to 1.33 um when sintering tem-
perature increased from 1100 °C to 1200 °C. The density of
the 0.8BNLT-0.2BZT ceramics was increased from 5.57 to
5.79 g/em® when the sintering temperatures increased up to
1125 °C, whereas the density decreased. The density results
were consistent with a microstructure investigation. The
optimum conditions for 0.8BNLT-0.2BZT was obtained
at a sintering temperature of 1125 °C for 2 h.

To study the effect of x content on phase formation,
microstructure and dielectric properties of (1 —x)(Big4g7
Na0.4871La0,0172TiO3)—x(BaZro_osTio_gsOg,) ceramics, the
two powders were mixed in ratios of 0.1 <x<0.3 and
then made into pellets and sintered at 1125 °C for 2 h. The
X-ray results of (1—x)BNLT—xBZT with 0.1 <x<0.3

are shown Fig. 3. All the samples exhibited the single
perovskite phase (Fig. 3(a)).

The X-ray diffraction patterns of these ceramics also
showed a phase change from rhombohedral to tetragonal,
with increasing x content. The difference between these
two structures can be seen clearly from Fig. 3(b) which
represents the X-ray peaks at 20 range between 43° and 48°
that measured using a low scanning rate. The peak of
(200) is observed in the diffraction pattern for pure
BNLT, indicating that this is rhombohedral structures.
When adding BZT of 0.1 < x < 0.3, the peak of (2 0 0) split
into two peaks of (002)/(200) and the peaks shifted
slightly toward low angles. The peak of ceramics for
x=0.1 is slightly asymmetrical, featured with inappreciable
split of the (200) and (00 2) peaks, indicating the co-
existence structures between rhombohedral and tetragonal
phases. Doping of x > 0.15 leads to the apparent separa-
tion between (200) and (002) peaks, indicating an
increase in the tetragonality of the ceramics. In the district
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Fig. 4. The SEM micrographs of (1 —x)BNLT-xBZT ceramics where x=(a) 0.1 and (b) 0.3 sintered at 1125 °C for 2 h.
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Fig. 5. Temperature dependence of dielectric constant and dielectric loss of (1 —x)BNLT-xBZT sintered at 1125 °C for 2 h where x=(a) 0.1 (b) 0.15, (c)

0.2 and (d) 0.25.

of the tetragonal structure, the lattice parameters a and ¢
of the (1—x)BNLT —xBZT system are listed in Table 1.
The lattice parameters ¢ and ¢ increased gradually with
increasing x content. The c¢/a ratio increased with increas-
ing x up to 0.2, and then it decreased (Table 1).

Fig. 4 illustrates the SEM photomicrograph of
(1—x)BNLT—xBZT ceramics with x=0.1 and 0.3
(Fig. 4(a) and (b)). It can be observed that the grain
morphology of the ceramics exhibited an almost spherical
morphology combined with a polygonal morphology. The
porosity was found on the surface of all the samples. The
porosity increased while the grain size decreased when the
content of x increased (Table 1). The reduction in grain

Polarization (uC/cm?)

Electric field (kV/cm)

Fig. 6. P—E hysteresis loops of (1 —x)BNLT-xBZT ceramics measured at
electric field of 30 kV.
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Table 1
Lattice parameters, c/a, average grain size, density, T}, T¢, dielectric properties and ferroelectric properties of (1 —x)BNLT-xBZT ceramics.
x Lattice Parameters (A) cla Average grain  Density T, T, gat  tand g oat  tanod Y P, E.

size (um) (glem®) (°C) (°C) T, at T, T. at T, (uC/em?  (kV/cm)
a ¢

0.1 3913 3.956 1.0109 1.67 5.82 124 250 3630 0.036 4425 0.0011 1.61 8.3 16.1
0.15 3917 3.965 1.0122  1.64 5.80 128 240 4450 0.047 4850 0.0067 195 12.7 18.6
0.2 3.919 3.984 1.0165 1.60 5.79 150 225 4260 0.021 4550 0.0072 1.98 8.6 14.7
025 3924 3.988 1.0163  1.55 5.78 - 190 - - 4125 0.0088 1.82 7.1 10.7
0.3 3.934 3.994 1.0152  1.53 577 - 175 - - 3775 0.0368 1.70 4.3 8.4

size may be due to the difference the ionic radius and
valency of A-site cations of Bi’" (131 pm) and Ba®™
(156 pm) which plays an important role in the grain
growth mechanism. This is because beyond the solubility
limit of BZT it may accumulate at the grain boundary.
This would result in the inhibition of grain growth [10].
The density of the (1—x)BNLT—xBZT ceramics mea-
sured by the Archimedies method is listed in Table 1. The
density of the ceramics decreased when the content of x
increased.

The temperature dependence of dielectric permittivity
(e;) and dielectric loss of the (1 —x)BNLT —xBZT ceramics
as a function of x at 1 kHz are shown in Fig. 5(a)—(d). For
the 0.1 <x<2.0 samples, the ¢ peak exhibited two
dielectric anomalies at 7}, (low temperature) and 7. (high
temperature) (Fig. 5(a)-(c)). The T}, is the phase transition
temperature, corresponding to a ferroelectric rhombohr-
dral phase which transforms to a ferroelectric tetragonal
phase, while, T, is Curie temperature and relates the
transition from a ferroelectric tetragonal phase to a para-
electric cubic phase [3,10]. For x >0.25 (Fig. 5(d)), the
dielectric constant curves exhibited a broad dielectric peak.
The transition temperature at 7}, exhibited an unclear
phase transformation. The 7, increases and the T
decreases with increasing amount of x, as shown in
Table 1. The dielectric constant at 7}, and T, increased
when the content of x was increased up to 0.15 and then
dropped. The dielectric loss at T, and T, are illustrated in
Table 1. The maximum dielectric constant at 7T, was
observed from the sintered sample with x=0.15. For the
sample with the composition of x=0.2, the dielectric
properties of the sample prepared by the combustion
method was higher than that found using the solid-state
reaction method [3]. This indicated that the combustion
technique is a simple method to prepare high quality
(1—x)BNLT —xBZT ceramics. The diffuseness constant
(y) which is used for explaining the diffuseness of the
ferroelectric phase transition, follows a modified Curie—
Weiss law [11]. The parameter y indicates the character of
the phase transition: for y=1, a normal Curie-Weiss law
and for y=2, a complete diffuse phase transition [11]. The
values of y increased from 1.61 to 1.98 when x content
increased from 0.1 to 0.2. For the sample with x > 2.5, the
values of y decreased, as shown in Table 1. Generally, the
broadness or diffusiveness occurs mainly due to the change

in composition and the disordered structure in the arrange-
ment of cation in one or more crystallographic site of the
structure [11]. From the compositions studied the values of
y are found to be more than 1.6. This indicates that the
transitions are of a diffuse type and the materials are
highly disordered [11].

The polarization (P—FE) hysteresis loops of the (1—x)
BNLT —xBZT ceramics with 0.1 < x < 0.3 were measured
at a maximum electric field of 30 kV/cm is illustrated in
Fig. 6. It is evident that the shape of the P—F loops exibited
a slim loop for all compositions. The remnant polarization
(P;) and the coercive field (E.) of (1—x)BNLT—xBZT
increased with the increased of x content up to 0.15. Then,
they decreased with a higher content of x as shown in
Table 1.

4. Conclusions

A high quality (1—x)BNLT-xBZT ceramic in the
composition of 0.1 <x<0.3 is obtained successfully by
the combustion method. The sintering temperatures and x
content directly affect phase formation, microstructure and
the physical properties of the ceramics. The grain size
increases with increasing sintered temperatures. The high-
est density of ceramics was discovered in the sample
sintered at 1125 °C for 2 h. The ceramics exhibited both
the rhombohedral and tetragonal phases if x content < 0.1
and the tetragonality increases with the increased of x
content. The average gain size, the density and Curie
temperature of the ceramic decrease, as the x content
increasing. The phase transition from rhombohedral to
tetragonal appeared in the dielectric curve where
0.1 <x<0.2. The maximum dielectric constant at Curie
and the highest P, were obtained in sample with x=0.15.
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