CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Ceramics International 40 (2014) 4251-4256

CERAMICS
INTERNATIONAL

www.elsevier.com/locate/ceramint

Structural and electrical properties of BZT-added BNLT ceramics

P. Kantha®, N. Pisitpipathsin®, K. Pengpat”, S. Eitssayeam", S. Pojprapai™*

4School of Ceramic Engineering, Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
*Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Received 7 August 2013; accepted 21 August 2013
Available online 29 August 2013

Abstract

Lead free piezoelectric ceramics (1 —x)BNLT —xBZT with x=0.00, 0.06, 0.09 and 0.12 were prepared using a two-step mixed oxide method.
Dielectric, ferroelectric and piezoelectric properties of the ceramics were improved by the addition of the BZT. XRD results show tetragonal
symmetry structure of the BNLT-BZT ceramics. It was found that the tetragonality increases with increasing BZT content. The optimum
composition is x=0.09, where the maximum values of the piezoelectric constant ds; (~126 pC/N) and dielectric constant (~2400) were
obtained at room temperature. This BNLT-BZT system can be a promising candidate for lead-free piezoelectric ceramics.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based piezoelectric materials are a source of pollution
in electronic industrial applications and mostly come from the
production of Pb(Zr,Ti)O3 (PZT), PbTiO3 (PT) and Pb(Mg,,
3Nb,3)03 (PMN) compounds. Many researchers have focused
on finding alternative piezoelectric materials containing no
lead [1-6]. Bismuth sodium titanate (BNT: (BiysNag5)TiO3)
based materials have been of particular interest in the field of
piezoelectric materials and devices for the past few decades
[7-9]. BNT crystals have a perovskite structure with rhombo-
hedral symmetry at room temperature and two phase transi-
tions at 7, (~220 °C) and T,, (~320 °C) where ferroelectric
(FE) rhombohedral changes to antiferroelectric (AF) tetrago-
nal, and AF tetragonal changes to paraelectric (PA) cubic,
respectively. However, the drawback of BNT ceramics is the
difficulty in poling due to high conductivity. This may be
attributed to mobile ions (Na™, Bi**) which diffuse easily in
the material when an electric field is applied during the poling
process, especially at elevated temperatures. Consequently, the
dipole moments cannot be completely aligned along the
direction of the applied electric field. This results in less the
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polarization of the material and poor piezoelectric and ferro-
electric properties. This problem can be solved by doping
A-site and B-site cations in BNT crystals. Recently, many
works showed the improvement of piezoelectric and ferro-
electric properties due to the effect of dopants in BNT-based
materials such as BNLT [10], BNT-BT [11-13], BNT-BZT
[14,15], BNT-KN [1,16] and BNT-BT-KNN [17]. In addition
to BNT-based ceramics, barium zirconium titanate (BaZr,.
Ti; _,O3: BZT) solid solution has been investigated to develop
high-quality lead-free ceramics because of its high dielectric
constant and low loss [18]. The substitution of Z** jons by
the Ti*" ions in BaTiO; significantly improves the overall
electrical properties of the material due to its better chemical
stability [19]. It is known that the ferroelectric phase transition
temperature of BZT changes with Zr* ™ content. If x content is
more than 10 mol%, BZT ceramics exhibit relaxor behavior
[20] while the x content is less than 10 mol%, the BZT
ceramics exhibit normal ferroelectric behavior [21]. Recently,
Yu et al. reported that Ba(Zry o5Tip95)O5 exhibited relatively
high piezoelectric and ferroelectric properties (e.g. 236 pC/N)
compared to other lead-free ferroelectric materials [22]. In this
present work, we aim to study the ferroelectric, piezoelectric
and dielectric properties of (1 —x)BNLT —xBZT with x=0.00,
0.06, 0.09 and 0.12. To improve the electrical properties of
BNLT-BZT ceramics, the ceramics were prepared by using
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the two-step mixed oxide method. The comparison between
electrical properties of BNLT-BZT and that of BNT-BZT
obtained from previous works was reported.

2. Experimental

The starting chemicals for producing the (1—x)(Bigas7
Nag4g71Lao0172TiO3: BNLT) —x(BaZrg 05 Tio.05s03: BZT) cera-
mics, where x=0.0, 0.06, 0.09 and 0.12, were high purity
(>99.0%) powders of bismuth oxide: Bi,O3 (Fluka), sodium
carbonate: Na,COj3 (Riedel-de Haén), lanthanum oxide: La,O;
(Fluka), titanium dioxide: TiO, (Riedel-de Haén), barium carbo-
nate: BaCO; (Fluka) and zirconium dioxide: ZrO, (Riedel-de
Haén). BNLT and BZT powders were prepared separately by
calcination at 900 °C and 1250 °C for 2 h, respectively and they
were then mixed corresponding to the above formula using the
ball-milling method for 24 h with ethanol as a milling media. The
dried powders were then sieved to prepare pellets of 10 mm in
diameter, which were subsequently sintered between 1075 °C and
1500 °C in an electric furnace and air atmosphere under
controlled heating and cooling rates of 5 °C /min for 4 h. Phase
identification and microstructure of the resulting ceramics were
performed by using an X-ray diffractometer (XRD: Philip X'pert)
with Cu K, radiation and scanning electron microscope (SEM,
JEOL JSM5910LV). The mean linear intercept method was used
to determine the grain size of each sintered sample. Two circular
surfaces of the sintered ceramics were polished and coated with
silver paste as electrodes. The room temperature dielectric
constant (g,) and dielectric loss (tan §) of the ceramics were
measured at 1-100 kHz using an LCZ meter (HP4276A). After
the samples were poled for 15 min at 3.0 and 4.0 kV/mm, the
piezoelectric charge constant (d33) was measured by using a
piezoelectric-d;;-meter (APC product inc. S5865). A Sawyer-
Tower circuit was used to measure the hysteresis loop of the
ceramic samples at room temperature under an electric field of
7 kV/mm.

3. Results and discussion

The phase formation study of (1 —x)BNLT —xBZT ceramics
where x=0.00-0.12 was carried out by XRD (see Fig. 1). It is
found that each XRD pattern exhibited a pure perovskite phase
and no second phases. All diffraction peaks were matched with
the perovskite Big4g71Nag 4871129 0172 T103 phase with rhom-
bohedral structure similar to that of the pure BNLT ceramics
found in our previous works [2,3,5] Slight shift in d-spacing
and splitting of the peak was observed around 46.5°. This
implies that there was a change in the lattice parameters and ¢/
a ratio of these ceramics. The lattice parameters were then
calculated by using JADE software (version 6.5). Lattice
constants (A) as a function of BZT content are shown in
Fig. 2. From the results, it implies that the fraction of the BZT
content affects the crystal structure, tetragonality (c/a ratio) of
the BNLT-BZT ceramics (e.g. tetragonality increases with
increasing BZT content). This phenomenon can be caused by
the substitution of Ba*", and Zr** into BNLT crystals. The
jonic radii of Bi**, La®>* and Na™ in the 12 fold coordination

| | | , oat2szr
| | | , ogemazr

A l A | 0.06 BZT
\ & A 0.00 BZT
A

20 30 40 50 60 70 80 90
20/degrees

Intensity (a.u.)

dili

Fig. 1. X-ray diffraction pattern of (1 —x)BNLT—xBZT ceramics where
x=0.0-0.12.
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Fig. 2. Lattice parameters and c/a ratio of (1 —x)BNLT—xBZT ceramics
where x=0.0-0.12.

site and Ti*" in the 6 coordination site for Big4g71Nag 4571-
Lag 17,TiO3 perovskite structure were 1.400 A, 1.360 A,
1.390 A and 0.605 A, respectively. The larger ionic radius
Ba’* (1.610 A) for the 12 fold coordination site and Zr*™
(0.720 A) for the 6 coordination site enter the Big 4571 Nag 4571-
Lag 17, TiO3 perovskite structure and substitute for the Bi®T,
La3+, Nat and Ti** ions, having smaller ionic radii, resulting
in the elongation of the crystal structure. Therefore, it can
imply that the substitution of Ba>" into the Bi*", La®™, Na™
sites and Zr* " into the Ti*" site lead to deformation in lattice
parameters and increasing tetragonality. The rhombohedral
structure of BNLT ceramics changed continuously into a
tetragonal one when the BZT content increased [23].

Fig. 3 shows the as-sintered surface of the (1—x)
BNLT —xBZT ceramics. The microstructure results agree well
with the XRD results, as no impurities were observed in the
sintered pellets, which exhibited dense microstructures without
abnormal grains. Round grains were observed in the pure
BNLT (x=0.0) and rectangular grains were found in the
BNLT-BZT samples. These results indicate that the addition
of BZT content has an effect on the morphology of the
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Fig. 3. SEM micrograph of (1 —x)BNLT —xBZT ceramics where (a) x=0.0 (BNLT), (b) x=0.06, (c) x=0.09 and (d) x=0.12.
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Fig. 4. The relationship between grain size and BZT content of the (1 —x)
BNLT —xBZT ceramics.

microstructure. From microstructural analysis, it was revealed
that BZT addition causes a notable decrease in grain size as
shown in Fig. 4. The average values of grain sizes, measured
by the linear intercept method, decreased from~7.4 ym for
pure BNLT to~1.5pm for the x=0.12 sample. This is
consistent with our previous work [24,25] where the substitu-
tion of larger A-site cations Ba’™ into the Bi®* site, which
possessed a smaller ionic radius, contributed to the inhibition
of grain growth.

The dielectric constant (g,) of the (1 —x)BNLT—xBZT
samples with various frequencies at room temperature is
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Fig. 5. The dielectric constant and dielectric loss at room temperature as a
function of BZT content in (1 —x)BNLT —xBZT system.

shown in Fig. 5. It can be seen that the BZT addition enhances
the dielectric constant of BNLT ceramics. The dielectric
constant at 1 kHz was approximately 685 for pure BNLT
(x=0.0) and increase up to~2400 at x=0.09, then decrease
with further BZT addition. These results were partly attributed
to ion substitution. In A site, when BZT is added into BNLT,
the Ba® T ions replace Na™ and act as donor ions. Then, A-site
vacancies are created. Chopra et al.[26] reported that if the
vacancies were in the lattice, the transfer of atoms would be
easier than that in a perfect lattice and the domain wall motion
could be induced by a smaller electric field. Thus, the
increasing dielectric constant of ceramics was also attributed
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to the increment in the magnitude of dipole moment due to the
creation of cation vacancies in BNLT-BZT ceramics. How-
ever, the decreasing of dielectric constant at x=0.12 may be
due to the excess of Ba>™ ions which replace the La’ ™ and/or
Bi® " sites, leading to oxygen vacancies. It is known that
oxygen vacancies are the main cause of domain wall clamping
which leads to the reduction of dielectric constant [27]. In the
other hand, the substitution of Ti*" site by Zr*" ions
improves the dielectric constant [14,22]. Low dielectric loss
was observed for all samples. These properties may be useful
for applications where low loss is particularly needed such as
in capacitors and insulators.

The hysteresis loops of the BNLT-BZT ceramics, measured
at room temperature using a Sawyer-Tower circuit, are
illustrated in Fig. 6. The relevant remanent polarization (P,)
versus the BZT content was then plotted in Fig. 7. For the
x=0.00 sample (pure BNLT), the hysteresis loop exhibits a
typical ferroelectric P-E loop with high remanent polarization
while slim hysteresis loops with small remanent polarization
were observed for the BZT added samples (x=0.06). For
x>0.06, we observed double hysteresis loops. When BZT
content increased, the hysteresis loop became an antiferro-
electric-like shape. These results are closely similar to that of
our previous study [3] as it was found that double P-E loops
are observed in BNLT ceramics with added BT > 6 mol%.
This result implies that the anomalies in P-E loops resulted
from the transition to an antiferroelectric phase at low
temperature after adding BT and/or the electro-mechanical
interaction between the polar and non-polar regions, which
co-existed in the ceramics [28]. The addition of BZT causes a
decrease in the remanent polarization. The same trend was also
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observed for the value of E. as shown in Fig. 7. Good
ferroelectric properties are generally shown in the sample with
high value of the P, and low value of the E.. From Fig. 7, the
BZT addition in BNLT ceramic with x=0.06 caused the
reduction of E,. while high P, was maintained. Therefore, it
may be assumed that the 0.94BNLT-0.06BZT system has
good ferroelectric properties with a high value of remanent
polarization of 30.0 pC/cm” and a coercive electric field of
20.8 kV/cm. The low E. of these samples indicates that the
sample can be poled easily because the ferroelectric domains
can be reoriented by the low applied field. In addition to P, and
E., the characteristics of ferroelectric properties can be
qualified by the hysteresis loop squareness (Ry,). The Ry
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Fig. 7. Room-temperature remanent polarization (P,) and coercive filed (E.) as
a function of BZT content (x).
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Fig. 6. Hysteresis loop of (1 —x)BNLT —xBZT ceramics at room temperature.
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coefficient can be calculate with the equation below [29].

e ()

where P is the saturated polarization obtained at some finite
field strength below the dielectric breakdown. Py g, is the
polarization at the field equal to 1.1Ec. It is known that the
ideal square loop, Ry is equal to 2.00 [3]. As listed in Table 1,
the loop squareness parameters Ry, values of ceramic samples
were in the range from 0.26 to 1.55.

To study the piezoelectric property of the samples, the ds3
piezoelectric coefficient was measured at room temperature
using a dsz-meter. Two conditions of poling were used in the
present work, the samples were poled at 3 kV/mm and 4 kV/
mm at 50 °C for 15 min. The measured piezoelectric coeffi-
cient as a function of BZT content is shown in Fig. 8. It is seen
that the electric field for poling has a strong effect for the ds3
piezoelectric values, where the higher field gives rise to the
higher d;; values. In addition, d33 values increase with
increasing BZT content. For 3 kV/mm poling, the d33 value
was increased from 71 pC/N for pure BNLT to 76 pC/N for the
x=0.09 sample, followed by a reduction of ds3 value to 73 pC/
N for the x=0.12 sample. The reduction of the d5; value for
higher BZT content may be due to the difficulty in poling as
suggested above.

In case of poling at 4 kV/mm, the d;; and piezoelectric
voltage coefficient (g33) of the poled (1 —x)BNLT—xBZT
ceramics as a function of BZT content are tabulated in Table 1.

Table 1
The electrical properties of the (1 —x)BNLT —xBZT samples.

Composition (X) &, (at 1 kHz) Ryq ds3" (pC/N) ga3" (X 1073 Vm/N)

0.00 685 1.55 98 16.2

0.06 1762 0.83 98 6.28
0.09 2400 0.26 126 5.93
0.12 1600 0.29 118 8.33

“Poled at 4 kV/mm.
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Fig. 8. Piezoelectric coefficient (d33) at 3 and 4 kV of BNLT-BZT ceramics.

Table 2
The important dielectric and piezoelectric properties of the BNLT and
0.91BNLT-0.09BZT samples compared to that of previous works.

Samples eru (Trnom) tan " (Troom) d33
(PC/N)
BNLT (this work) 685 (1kHz)  0.05 (1 kHz) 98
0.91BNLT-0.09BZT (this work) 2400 (1 kHz)  0.05 (1 kHz) 126
BNLT [10] 550 (1kHz) 0.04 (1kHz) 91
0.94BNT-0.06BT [12] 950 (10kHz) 0.01 (10kHz) 125

0.91BNT-0.09BZT [14] ~880 (1 kHz)  0.03 (1 kHz) 147

“Frequency at 1 kHz.

The coefficient g33 was calculated via [30]:

(@)

where ¢ is the permittivity of free space and ¢, is the relative
permittivity. The &, was measured at room temperature and
shown in Table 1. The significant effect of the d5; piezoelectric
coefficient was found. The highest piezoelectric constants
dsz were 126 pC/N and 118 pC/N for 0.91BNLT-0.09BZT
and 0.88BNLT-0.12BZT samples, respectively (poled at
4 kV/mm) as compared with that of pure BNLT sample
(98 pC/N). The improvement of piezoelectric properties is
attributed to the deformation of the BNLT lattice caused by the
incorporation of Ba®" ions, which probable substitute Bi* ",
Na® or La’" ions at A-sites and/or Zr*™ ions, which
substitute Ti*™ at B-sites of a BNLT perovskite structure.
The difference in diameter of replacement ions induced a
geometrical deformation of the BNLT lattice. This can lead to
greater domain mobility, and therefore the piezoelectric
properties are significantly enhanced [31,32].

Some electrical properties of the present work and results
from other research groups are listed in Table 2. It should be
noted that most of electrical properties of the present samples
were enhanced by BZT addition. The optimum properties were
observed at x=0.09 sample. Although the d5; value (126 pC/
N) in this work is less than that found by Peng et al. [14]
(147 pC/N), dielectric constant of our sample (~2400) was
much greater than that found in the previous work (~880).
Therefore, the x=0.09 sample was selected as the composition
with optimum properties for this non-lead based system which
offers a wide temperature range to use in electronic applica-
tions as an environmentally friendly piezoelectric material.

4. Conclusion

In the present work, (1 —x)BNLT—xBZT ceramics with
x=0.00, 0.06, 0.09 and 0.12 were prepared using a two-step
mixed oxide method and a normal sintering technique. A
perovskite phase with the mixing of rhombohedral and
tetragonal symmetries was observed in all of the BNLT-
BZT samples. BZT addition enhanced dielectric constant (e,)
of BNLT ceramics while low dielectric loss (tan §) remained.
Furthermore, the d33 piezoelectric coefficient was improved by
the BZT addition. Hysteresis loop of BNLT ceramics exhibited
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a typical ferroelectric P-E loop and then deformed to
antiferroelectric-like shape with increasing BZT content. The
optimum composition for lead-free ferroelectric ceramics is
x=0.06 because it has good ferroelectric properties with a high
value of remanent polarization of 30.0 pC/cm” and a low
coercive electric field of 20.8 kV/cm. However, the optimum
composition for the lead-free piezoelectric ceramics is x=0.09,
where the maximum values of the piezoelectric constant
(d33~126 pC/N) and dielectric constant (,~2400 at 1 kHz)
at room temperature were obtained.
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