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Abstract

0-3 mol% BaTiO; doped 0.9(Nag 55K .45)NbO3-0.1AgLiTaO; lead free piezoelectric ceramics have been prepared by employing the
conventional mixed-oxide method. The doping effects of BaTiO3 on the crystal structure, microstructure, and piezoelectric properties
were investigated. The results indicate that the addition of the BaTiOj; significantly influenced the crystal properties, microstructure, and
electrical properties of NKN ceramics. The crystal structure of the 0-3 mol% BaTiO3z doped 0.9(Naj 5,K¢ 45)NbO3—0.1AgLiTaO5 lead
free piezoelectric ceramics were investigated with X-ray diffraction analysis. Lattice parameters were investigated to extract the
relationship between the structural properties and piezoelectric properties.
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1. Introduction

Ceramics based on lead zirconate titanate (PZT) system
are the most important and have been widely used as
piezoelectric materials because of their outstanding piezo-
electric performance. However, the toxicity caused by lead
evaporation leads to environmental pollution. Recently,
lead free piezoelectric materials have been attracting increas-
ing attention as new materials in place of PZT materials for
sake of environmental protection. (Na; _,K,)NbO; (NKN)
ceramic is a promising candidate material for lead free
piezoelectric ceramics because of its good piezoelectric
properties [1-3]. Hot pressed NKN ceramics have been
reported to have good piezoelectric properties of 160 pC/N
and electromechanical coupling coefficient (k) of 0.45 [4].
However, NKN ceramics are difficult to sinter by the
conventional solid state method, because it can be melt
when exposed to moisture. That is to say, the ceramic body
of NKN solid solution turns to be porous and of deliques-
cence [5]. On the other hand, it is well recognized that
BaTiOj is one of the typical ferroelectric materials showing
large piezoelectricity, but its low Tc limits its piezoelectric
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applications. The addition of barium could improve its
sinterability, lower its phase transitions temperature, and
suppress the deliquescence. The morphotropic phase bound-
ary (MBP) in lead-containing solid solutions such as Pb(INi,
Nb)Os;—Pb(Zr,Ti)O; (PNN-PZT) [6], Pb(Mg,Nb)Os;—Pb(Zr,
Ti)O; (PMN-PZT) [7], Pb(Ni; 53Nby/3)O5—Pb(Zn; ;3Nb,/3)O;5
(PNN-PZN) [8], and Pb(Mg,Nb)Os;—PbTiO; (PMN-PT)
[9], plays a special role. A sample with its composition
around the MPB shows excellent dielectric and piezoelectric
properties. It was believed that the MPBs in PZT, PMN-
PZT separate a tetragonal and a rhombohedral structure.
However, recent research has revealed that there exists a low
symmetric phase between the tetragonal and the rhombo-
hedra phases [10]. The low symmetric phase is a monoclinic
phase for the PZT and PMN-PT, and an orthorhombic
phase for the PZN-PT [11,12]. Thus, the real MPB in the
lead-containing solid solutions is a phase boundary between
a monoclinic (orthorhombic) and a tetragonal structure. In
developing high performance lead free piezoelectric materi-
als, searching for phase transition has been considered
as an effective method. BaTiO; is an excellent ferroelectric
materials with high dielectric permittivity of 1700 and
piezoelectric coefficient of 190 pC/N. However, low Curie
temperature(115 °C) hindered versatile using of BaTiO3 [13].
We believe that small contents of BaTiO3; dopants with high
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dielectric permittivity and piezoelectric coefficient can
improve the piezoelectric properties of NKN ceramics.

In this paper, we will report our research on searching
for the high performance piezoelectric properties at nearby
phase transition area by using XRD method.

2. Experiments

In this study, 0-3mol% BaTiO; doped 0.9(Nag s,
Ko.4g)NbO3-0.1AgLiTaO; (hereafter referred to as BaTiO3
doped NKN-BT-ALT) ceramics were fabricated by the
conventional mixed-oxide method. Na,COj;, K,COs;,
Li,CO;, Nb,Os, Ta,Os, BaCO;, TiO, and Ag,O were
employed as the starting materials. They were ball-milled
for 24 h with ethyl alcohol with a zirconium ball. To
obtain the high uniformity and crystal properties of the
ceramics, a two-step calcination process was employed. At
first, they were calcined at 850 °C for 5h. The dried
mixture was sieved to 100-mesh. These powders were
mixed with a PVA binder. 12 mm diameter pellets were
uniaxially pressed under 294 MPa and then sintered at
1100 °C with heating and cooling rates of 3 °C/min. For
electrical measurements, silver paste was coated on both
sides of the sintered samples and fired at 700 °C for 30 min
to form electrodes. Dielectric permittivity and loss tangent
of unpoled ceramics were measured using an impedance
analyzer (HP4294A, Hewlett-Packard) at different fre-
quency range from 1 kHz to 1 MHz in room temperature.
The piezo- dz; meter (YE 2730A, USA) was used to
measure the piezoelectric constant d;; at 110 Hz under
0.25 N. The piezoelectric ceramics were poled at 130 °C for
30 min at an applied electric field of 5kV/mm. The
electromechanical coupling factor k, was calculated by
using an impedance analyzer (HP 4194A) and that was
calculated by measuring the anti-resonance and resonance
frequency. The crystalline structure was investigated
through X-ray diffraction (XRD) analysis employing a
0-26 scans with a Cu-Ko source radiation (Rigaku model
D/Max-2500 V/PC, Japan). The microstructure was
obtained with an SEM (Hitachi S-4300, Japan).

3. Results and discussions

Fig. 1 shows the 620 X-ray diffraction patterns of the
0-3 mol% BaTiO; doped NKN-BT-ALT ceramics sintered
at 1100 °C. X-ray diffraction analyses were carried out in
order to know the structural properties of the samples. It can
be seen that all the ceramics showed a perovskite structure.
It states that the BaTiO; solution has diffused into the
0.9(Nag 55K 45)NbOs—0.1AgLiTaO; lattice and formed a
solid solution. In this case, we suggest that Ba>™ occupy
the empty A sites of the 0.9(Nag 55K 45)NbO3-0.1AgLiTaO;
ceramics, and also Ti*" occupy the empty B site of
0.9(Nag 55K 45)NbO5s—0.1AgLiTaO;. The inset of Fig. 1
exhibits the variation of (200) and (002) peak of 0.9(Nag s,
Ko.4g)NbO3—0.1AgLiTaO3; ceramics near 20=45° with
BaTiO; solution. The lattice parameters out of plane ¢ and
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Fig. 1. X-ray diffraction 0 —20 scans of 0-3 mol% BaTiO; doped 0.9(Na, s,
Ko.45)NbO5-0.1AgLiTaO; ceramics.
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Fig. 2. X-ray diffraction 6-26 scans of 0-3 mol% BaTiO; doped 0.9(Nay s,
K.48)NbO3—0.1AgLiTaO; ceramics near the (002) and (200) planes.

in plane a were calculated from Bragg’s law and fitted by the
Nelson—Rilley extrapolation function with the least mean
square method.

Ccos O_CO 2 1 1
——— =4 —+ = 1
G cos 9<sin6 +y (1)

where Cco is an interplane distance calculated from the
apparent Bragg peak position at 20 and A is a fitting
coefficient. The calculated lattice parameters ¢ and a for
0-3 mol% BaTiO; doped NKN-BT-ALT ceramics varied
from 3.948 to 4.03 A and from 3.957 to 3.968 A, respec-
tively. We found that BaTiO5 doped 0.9(Nag 5,K ¢ 48)NbO5—
0.1AgLiTaO; ceramics have a tetragonal structure.

Fig. 2 also reveals Bragg reflections for the (002) and (200)
planes. According to the compositional change, the diffraction
peaks slightly shift to a lower angle as the BaTiO; mol%
increases. The 20 peak positions of (002) for the 0-3 mol%
BaTiO; doped 0.9(Nag5:Kg45)NbO3s—0.1AgLiTaO; speci-
mens sintered at 1100 °C shifted from 45.46° (0 mol%) to
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Fig. 3. Frequency dependent dielectric permittivity 0-3 mol% BaTiO;
doped 0.9(Nag 5K 4)NbO3-0.1AgLiTaO; ceramics.

45.2° (3 mol%). This means that the lattice parameter ¢ was
increased as increasing BaTiOs;. 3mol% BaTiO; doped
0.9(Nag 5:K 45)NbO5—0.1AgLiTaO5 ceramics had strong tet-
ragonal properties, however the 0mol% BaTiO; doped
0.9(Nag 55K 4)NbO;-0.1AgLiTaO; ceramics had weak tetra-
gonal structures. As shown in the Fig. 3, mol% BaTiO; doped
0.9(Nag 55K 4g)NbO3-0.1AgLiTaO5 ceramics became tetrago-
nal structure. Due to this increased tetragonality, we believe
3mol% BaTiOz doped 0.9(Nag 5K 45)NbOs—0.1AgLiTaO;
ceramics have high piezoelectric coefficient of 230 pC/N.

Fig. 3 illustrates the frequency dependent dielectric permit-
tivity of the 0-3 mol% BaTiO; doped 0.9(Nag 5,K 45)NbO3—
0.1AgLiTaO; ceramics. The relative dielectric permittivities of
the 0-3 mol% BaTiO; doped 0.9(Nag 55K 4)NbO;—0.1AgLi-
TaO; ceramics decreased as the frequency increased. For
example, the permittivity of the 0mol% BaTiO; doped
0.9(Nag 55K 45)NbO;-0.1AgLiTaO5 ceramics decreased from
351.5 to 321.2 and from 100 kHz to 1 MHz. The dielectric
dispersion of 0-3 mol% BaTiO; doped 0.9(Nags5,Ko4g)
NbO;-0.1AgLiTaO; ceramics decreased as the doping con-
tents increased. The calculated dielectric dispersion of the
3 mol% BdTlO3 doped 0.9(Na0,52Ko_4g)NbO34).lAgLiTaO3
ceramics was 3.34%, while the 0mol% BaTiO; doped
0.9(Na 55K 4)NbO5;—0.1AgLiTaO; ceramic was 8.54%,
respectively. This behavior coincides relatively well with the
BaTiOj; properties, since BaTiO3 has the ferroelectric material
with high dielectric permittivity of 1700 and loss tangent of
0.01. The ferroelectric materials with high loss tangent usually
show large frequency dispersion [13].

Fig. 4 shows the piezoelectric properties of the 0-3 mol%
BaTiO; doped 0.9(Nag 5oK(45)NbO3s—0.1AgLiTaO5 cera-
mics. The piezoelectric properties such as piezoelectric
charge coefficients d3; (202-230 pC/N) and electromechani-
cal coupling coefficient k, (33.3-38.1%) of the 0-3 mol%
BaTiO; doped 0.9(Nag 55K45)NbO3s—0.1AgLiTaO3 cera-
mics were exhibited. As shown in the figure, all parameters
of piezoelectric charge coefficient ds3, electromechanical
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Fig. 4. Piezoelectric properties of 0-3 mol% BaTiO3; doped 0.9(Na, s,
Ko.48)NbO3—0.1AgLiTaO; ceramics.

coupling coefficient k, were increased as increasing the
BaTiOs. The electromechanical coupling coefficient k, was
calculated from these Eq. (2) The electromechanical cou-
pling factor (k) is calculated by the following equation:

I
——an;l+fr

ky

where f, is the resonance frequency, f, is the anti-resonance
frequency, a=0.395 and 5=0.574 for electromechanical
coupling factor (k,) mode, respectively.

Fig. 5 shows the SEM micrographs of the 0-3 mol%
BaTiO3 doped 0.9(Nay 55K .48)NbO3—0.1AgLiTaO3 ceramics
sintered at 1100 °C. As shown in the figure, the grain size was
increased, as the BaTiO; dopant. However, as the further
increasing the BaTiOs; contents, the grain size become
decreased. For the 0—1 mol% BaTiO; doped 0.9(Nag 5-Kq 45)
NbO;—0.1AgLiTaO; ceramics, the grain has round type
shape. However, as increasing the BaTiO; doping contents
further, the grains become have rectangular shape.

+b Q)

4. Conclusions

The 0-3 mol% BaTlO; doped 0.9(Na0,52K0,4g)NbO3—
0.1AgLiTaO5; ceramics were prepared by the conventional
mixed-oxide method. From the X-ray diffraction analysis, it
was found that 0-3mol% BaTiO; doped 0.9(Nag s,
K48)NbO5;—0.1AgLiTaO3 ceramics have tetragonal struc-
ture. Also, we found that 3 mol% BaTiO; doped 0.9(Nay s,
Ko.48)NbO3—0.1AgLiTaO; ceramics have relatively high
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Fig. 5. Scanning electron micrograph of sintered surface of 0-3 mol% BaTiO; doped 0.9(Na 5K 45)NbO3—0.1AgLiTaO5 ceramics. (a)BaTiO; 0 mol%,
(b)BaTiO; 0.3 mol%, (c)BaTiO; 0.5 mol%, (d)BaTiO; 1 mol%, (e)BaTiO3; 2 mol% and (f)BaTiO3 3 mol%.

piezoelectric coefficient (d33) of 230 pC/N and electromecha-
nical coupling coefficient (k,) of 0.36. These excellent piezo-
electric properties mean this lead free BaTiO; doped
0.9(Nag 55K 45)NbO3-0.1AgLiTaO; ceramics can be an
alternative lead free piezoelectric material.
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