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Abstract

Project Code : MRG5180105
Project Title :  Modification of Electrical Properties of Lead Zinc Niobate Based
Ferroelectric Ceramics by Using Columbite Precursor and Oxide Additives
Investigators :  Dr. Athipong Ngamjarurojana
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University
Assistant Professor Dr. Rattikorn Yimnirun
Department of Physics, Faculty of Science, Suranaree University of
Technology
Associate Professor Dr. Supon Ananta
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University
E-mail Address : Ngamjarurojana@yahoo.com

Project Period : May 15, 2008 to May 14, 2010

In this research, study in modification of electrical properties of Lead Zinc Niobate
based ferroelectric ceramics by using Columbite precursor and oxide Additives, that were
synthesized by using a mixed oxide via a rapid vibro-milling technique which have been
investigated as a function of calcination conditions and sintering conditions It has been
found that effect on relationships between chemical compositions, sintering conditions,
phase formation, densification, microstructure and electrical properties of the sintered

products reflect to developing on Lead Zinc Niobate based ferroelectric ceramics.

Keywords: Ferroelectrics, Sintering, Electrical properties, Columbite and Lead Zinc Niobate
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Effect of Al,O; Addition on Dielectric, Piezoelectric and Ferroelectric
Properties of 0.2Pb(Zn,;;Nb;)0;-0.8Pb(Zr,Ti;2)O; Ceramics
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Abstract. The structure and electrical properties of Al:Os-doped 0.2Pb{Znis:Nbas)Os-
0.8Pb(Zr,2Tiy2)O3 ceramic, which is the morphotropic phase boundary composition of the PZN-
PZT system, were investigated. The addition of Al;O; content transformed the crystal structure
from coexisting with rhombohedral to purely tetragonal structure. Furthermore, addition of Al,O;
decreased €, ds; and K, but increased Curie temperature and enhanced the mechanical quality factor.
Finally, the P—I and s-/7 loops demonstrated decreased P, I and strain level with addition of Al,Os.

Introduction

Lead zirconate titanate, Pb(Zr,Ti)O: or PZT, is a well known piezoelectric that has been widely
emploved in a large number of sensing and actuating devices. PZT ceramics have very high Curie
temperature (~ 390 °C). Lead zinc niobate, Pb(Zn;;Nba3)O05 or PZN, which exhibits a perovskite
structure and a Curie temperature of ~140 °C, is one of the most important relaxor ferroelectric
materials with a high dielectric constant and large electrostrictive coefficient. They have excellent
dielectric, piezoelectric and elastic properties suitable for wide range of practical applications [1-3].
Though the PZN-PZT based ceramics have excellent electrical properties, poor mechanical
properties such as fracture strength and toughness have been reported [4]. In some applications at
high power and high stress, mechanical properties of this material become critically important.
Recently, it is reported that the mechanical properties of structural ceramics can be improved by an
addition of second phase nanoparticles such as SiC and ALO; [5]. It is therefore of interest to
explore the possibility of using Al;O; as both electrical properties modification with possible
mechanical properties benefit.

Thus, in this study 0.2Pb(Zn;;:Nby;3)03-0.8Pb(Zr2Ti)2)05 ceramics were prepared and the
influences of AlO: addition on structure, and electrical properties of the ceramics were
investigated, which are especially important from the viewpoint of the development of practical
piezoelectric materials.

Experimental

The specimens studies were fabricated according to the formula: 0.2Pb(Zn;;3Nbys)0s5-
0.8Pb(Zr2Ti12)05+tx wt% Al,Os, where x = 0.1, 0.3, 0.5, 0.7 and 0.9. Raw materials of PbO, ZrO;,
TiO,, ZnO, Nb»Os and Al:Os with >99% purity were used to prepare samples by a conventional
mixed oxide process. The starting powders were mixed by zirconia ball media with isopropanal as a
medium in a polyethylene jar for 30 min via vibro-milling technique. The mixed slurry was dried
and calcined at 900 °C for 2 h. The calcined powders were ball-milled again with additives and
consolidated into disks of 12.5 mm diameter using isostatic pressing about 150 MPa. PbO-rich
atmosphere sintering of the ceramics was performed in a high-purity alumina crucible at 1200 °C
for 2 h. The crystal structure and symmetry of the sintered bodies were examined by X-ray
diffraction (XRD) and densities were measured by Archimedes method. Surface morphologies of
sintered ceramics were directly imaged, using scanning electron microscopy (SEM: JEOL JSM-
840A). Grain size was determined from SEM micrographs by a linear intercept method.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any Teans without the writien permission of the
publrsher: Trans Tech Publications Ltd, Switzerland, www ttpnet. (ID: 202.28.27 3-11/05/09,10:24:08)
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For electrical properties characterizations, silver electrode (Dupont, QS 171) was printed on the
lapped surfaces. The electrode was fired at 850 °C for 45 min. The specimens were poled in
silicone oil at 150 °C by applying a DC field of 3 kV/mm for 30 min, The dielectric properties of the
sintered ceramics were studied as functions of both temperature and frequency with an automated
dielectric measurement system. The computer-controlled dielectric measurement system consists of
a precision LCR-meter (Hewlett Packard, model 4284A), a temperature chamber, and a computer
system. The capacitance and the dielectric loss tangent are determined over the temperature range
of 50 and 450 °C with the frequency ranging from 100 Hz to 100 kHz. The Curie temperature (1)
was determined by the temperature dependence of the dielectric constant at 1 kHz. The
piezoelectric constant (¢33) was measured using a quasi-static piezoelectric ds; meter (Model ZJ-3d,
Institute of Acoustics Academic Sinica, China). The planar coupling coefficient (k,) and the
mechanical quality factor ((w) were determined by the resonance and anti-resonance technique [6]
using an impedance analyzer (Model HP4294A, Hewlett-Packard). Ferroelectric switching
measurements were made using a modified Sawyer-Tower circuit with a linear variable differential
transducer (LVDT) for strain measurement, DSP lock-in amplifier (SR830, Stanford Research),
high voltage power supply (TREK 609C-6, Trek), and computerized control and data acquisition.

Results and Discussion

Figure 1 shows the XRD patterns of AI;O;-doped 0.2Pb(Zn,sNba;3)05-0.8Pb(Zr12T12)O3 ceramics
sintered at 1200 °C for 2 h. In these patterns, the crystal structure of the specimens is modified by
the addition of Al,Os, as revealed by the evolution of (200) and (002) peaks. The perovskite
structure appears to change from coexisting with rhombohedral to purely tetragonal structure. Slight
shift in diffraction angle by doping A" jons indicates their substitution (solid solution) into the
lattice of PZN-PZT. Al*"ions are expected to substitute B-sites of the perovskite structure because
ionic radius of AI**is closer to that of Zr**, Ti** , Zn® and Nb** than that of Pb™* [7].

o

ol
i)

L

Intensity (a.u)

20 0 i 4‘0 5‘0 N 80
26 (degrees)
(a) undoped (b) 0.1 wt% (c) 0.3 wt%
(d) 0.5 wt* (e) 0.7 wt% (f) 0.9 wt% v
Figure 1. XRD patterns of Al,Os;-doped Figure 2. SEM photographs of the surfaces of
PZN-PZT ceramics sintered at 1200 °C for 2h,  ALO;-doped PZN-PZT ceramics

Figure 2 shows SEM photographs of the surfaces of 0.2Pb(Zn;;zNbys)03-0.8Pb(Zr12Ti12)0s
ceramics doped with 0.1-0.9 wt% ALO;. As shown in Fig. 2, the grain sizes of ceramics are
slightly increased with increasing amount of AlLO; addition. However, the SEM micrographs in
Fig. 2(e-f) show that a higher porosity level is observed when the amount of Al;O; 1s increased,
which indicates that the specimens are not sintered effectively. The above results are obviously
consistent with the change in the bulk density with ALOs; content for AlOs-doped
0.2Pb(Zn;;3sNb;/3)03-0.8Pb(Zr, 2 Ti)2)O; ceramics. It can be seen from Fig. 2 that Al ions are mainly
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accumulated at the grain boundaries [8]. Atkim er al. [9] reported that dopant ions were
concentrated at grain boundaries and took excess impurities by diffusion when grain boundaries
moved, which in turn reduced grain boundary mobility and size. These inferences are obviously
consistent with the changes mentioned above in the microstructures. The micrographs also show
that the grain size of the ceramics varies considerably.

The temperature dependences of the dielectric constant (g;) at 1 kHz for 0.2PZN-0.8PZT + x
wi% ALO;, x =0, 0.1, 0.3, 0.5, 0.7 and 0.9 are plotted in Fig. 3. The observed broadening of the
dielectric peaks may be caused from decreasing of density of ceramics and higher porosity. The
variation of the Curie temperature (77) as a function of composition x is displayed, which shows an
increase in [ with increasing Al;O; content. Thus, the Curie temperature of 0.2PZN-0.8PZT + x
wt% ALO; system can be varied over a range of 340 and 360°C by controlling the content of A1:Os
addition in the system.

5000
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Figure 3. The temperature dependences of Figure 4. , dielectric constant (g;), piezoelectric
the dielectric constant (g;) atl kHz constant (ds3). electremechanical coupling factor

(k,) and the mechanical quality factor ()

Figure 4 shows the changes in density, dielectric constant (g), piezoelectric constant (dis),
electromechanical coupling factor (4;) and the mechanical quality factor ((Jy) as a function of the
amount of Al;O5 addition. With addition of Al;O;, the density, ¢, , k, and d; rapidly decrease. It is
well known that the substitutions of acceptor dopant Al ions will lead to the creation of oxygen
vacancies, which pin the movement of the ferroelectric domain walls and result in a decrease of ¢, ,
kp and 33, On the other hand, Oy, rapidly increases with increasing Al;O; content.  These
observations are in good agreement with previous work by Kulascar ef al. [10], which reported that
in the case of substitution of 3+ ions for B-sites of the perovskite structure, oxygen vacancies
produced by charge neutrality beyond solid solution limit lead to decrease in electromechanical
coupling factor, dielectric constant and electrical resistivity, and to increase in mechanical quality
factor. Hence, these results clearly indicate that increased Al;O; would degrade piezoelectric
properties due to exceeding the solution limit of lattices [11].

The polarization-field (P—F) hysteresis loops of 0.2PZN-0.8PZT + x wit% Al,C; ceramics are
shown in Fig. 6. The well-developed and fairly symmetric hysteresis loops with the field are
observed for all compositions. To further assess ferroelectric characteristics in Al;Os;—modified
PZN-PZT ceramics, the ferroelectric parameters, i.e. the remnant polarization (/%) and the coercive
field (), have been extracted from the experimental data and given in Table III. It can be seen
clearly that 7, P, and £, decrease with an addition of Al,O; into the PZN-PZT composition [12].
Strain of specimens as function of the electric filed 1s shown in Fig. 7. Decreasing in strain and
coercive field with increasing Al;Os content is clearly observed. Finally, the decrease in P;, ., and
strain level with Al,O; addition suggests the reduction of the polarization and strain that are
achieved during an electric field cycle. These quantities depend directly on the extent of domain
boundary motion [9].
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Figure 5. P—F hysteresis loops of Figure 6. Strain loops of 0.2PZN-0.8PZT
0 2PZN-0.8PZT + x wt% Al.O: ceramics + x wt% Al-O: ceramics

Summary

The structure and electrical properties of Al:Os-doped 0.2Pb(Zn;;3Nbas;3)03-0.8Pb(Zry2T112)03
ceramic, which is the morphotropic phase boundary composition of the PZN-PZT system, are
investigated. The addition of Al,O; transformed the crystal structure from coexisting with
rhombohedral to purely tetragonal structure. Furthermore, added Al,O; decreases €,, ds; and k;, but
increases Curie temperature and enhances the mechanical quality factor. The P-F and s-£ loops
demonstrate decreased /7, strain level, and . when addition of Al,O; in PZN-PZT ceramic
systems.
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AssTRACT

In this study, in order to develop low I ing ceramics fora multilayer
piczoclectric trans former application, we explored CuO and Bi)O, as sintering aids Pb(ZrTi)O -
Pb(Zn,,Nb, )O,-Pb(Ni,  Nb, )O,- (PZT-PZN-PNN) bascd ceramics with excellent
piczoclectric and diclectric properties such as 4, ~ 347 pC/N, tr ~ 057, and Q_ ~ 1469.
The addition of CuO decreased the sintering tempenature through the formation of a liquid
phase. However, the piczodectric propertics of the CuQ-added ceramics sintered below
900°C were lower than the desired values. The addidonal Bi,O, resulted in a  significant
improvement in the piezoclectric properties. At the sintenng temperature of 900°C, the
clectromechanical coupling factor (k’). piezoelectric constant (4 ), mechanical quality factor
(@) of PZT-PZN-PNN composition ceramics with addidon of 0.5 wt%s CeO and 0.5 w1%
Bi,O, showed the optimal valuc of 056, 350 pC/N, and 1042, respectvely. These valucs
indicatcd that the newly developed composition may be suitable for mulslayer piczoclectrc
ransformer application.

Key Is: low t

I ing, piczoclectric transformer and sintering aids.

1.INTRODUCTION

A high-clectric ficdd and high-vibration
level are required for high power piczoclectric
devices associated with significant heat
generation such as piczocdlectric actuators,
ultrasonic motors, and piczoedectric trans-
formers. The materials for these applicadons

K

d charactenstics
between hard and soft piczock crrics, implying
high clectro-mechanical coupling factor (£)
and piczoclectric constant (4) with high
mechanical quality factor (Q) [1]. However,

Id have com 1pre

the sintering wmperature of lead zirconate
titanate (PZT)-based high-power composi-
tions is usually too high, approximately
1200rC, to usc base metal dectrodes such as
Agand Cu. Therefore Ag/Pdalloyis generally
used as the electrode © sup press the migration
of Ag into the ceramics at high temperature.
However, Pd metal is very expensive.
Conscquently, lowering of the sintering
temperature of piezoelectric ceramics is
essential for the fabrication of cost-cffective
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multilayer piezoelectric devices. Furthermore,
low temperature sintering can provide
advantages such as compartibility with low
temperature cofired ceramics {(LTCC), the
reduction of energy consumption, and the
reduced PbO volatilization.

Previously, various techniques were
employed to obtain the low temperature
sinterable PZT composition. The addition of
dopants, which improves solid-stare sintering,
and the addition of oxides and compounds,
which have low melting points for liquid-
phase sintering are the most popular methods
[2-4]. The other processes such as sintering in
an inert atmosphere followed by hot pressing
[5], use of fine starting powders [6] are not
generally used due to their expensive,
complicate and laborious procedure.

Some of the oxides and compounds thar
have been used for assisting liquid-phase
sintering are BiFeO,+Ba(Cu W, JO. [7],
Li,Co, Bi,0, CdCO, [8], LiBiO, (melting
temperature of 700°C} [9], 4PbOB O, [10],
B,O-Bi,0-CdO [4], and PO + CuO [11].
Even though these techniques were able to
obrain dense ceramics at low sintering
temperature, piezoelectric properties were not
satisfacrory enough ro be used in industry. In
the initial and middle sintering stages, low
temperature sintering aids form a liquid phase
and promote densification, but in the final
sintering stage, additives enter into a lattice,
and eventually affect the dielectric and
piezoelectric properties.

Previously, we developed the Sh, Li and
Mn substituted Pb(Zr, Ti| }O,-Pb(Zn, ,
Nb,,3O,-Pb{Ni, Nh, O, ceramics with
excellent dielectric and piezoelectric properties
when sintered at 1200°C  [12]. The aim of
this study was to lower the sintering
temperature of this composition for
providing Ag or Cu cofiring compatible high-
power piezoelectric ceramics, aiming at
layered structure piezoelectric acarors and

-25-
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transformer applications. We rherefore
investigated the effect of CuO and Bi,0,
additon in the Sh, Li and Mn substitured
Pb(zr-\aqTii\sz.}Oa"Pb(Z“1,-'aNb:fa}Obe(Ni:fs
Nb, JO, ceramics as a solution for low
temperature sinterable high power ceramics.

2. EXPERIMENTAL PROCEDURE

The specimens studied in this research
were fabricated according to the formula:
08Pb(Ze, T, JO, - 0.2Pb [0.7407(Zn Ni ), .
(Nbo.l’Sbm}zs_{"?’LL.:4(Nbo.95bmjaft} - 0.3Mn, ,
Nb, Sb 3, ] O, + xwt% CuO + y wi% Bi,O,,
called PZT-PZN-PNN based compositions,
where x=0.1~0.5; y= 0~0.5, respectively. Raw
materials of PhO, ZrQ,, TiO,, Zn0, NiO,
Nb,O,, b0, Li,CO,, MnO,, CuO and
Bi,0, with >99% purity were used to prepare
samples by a conventional ceramic sintering
process. The obtained mixture was ball-milled
using zirconia ball media with isopropanal as
a medium in a polyethylene jar for 24 h. The
mixed slurry was dried and calcined at 750 °C
for 2 h. The calcined powders were ball-milled
again with additives and consolidated into
disks of 12.5 mm diameter and rectangular
plates using isostatic pressing abour 150 MPa.
PbO-rich atmosphere sintering of the
ceramics was performed in a high-purirty
alumina crucible at the temperature of
850-900°C for 2 h. The crystal structure and
symmetry of the sintered bodies were
examined by X-ray diffraction (XRD) and
sintered densities were measured by
the Archimedes method. Electrode (Dupont,
QS 171) was printed on the lapped surfaces
for electrode. The electrode specimens were
poled in silicone oil at 150 °C by applying
a d.c. field of 3kV/mm for 30min. The
plezoelectric constant {4, ) was measured using
a quasi-static plezoelectric 4, meter (Model
7]-3d, Institutz of Acoustics Academic Sinica,
Chinaj. The planar coupling coefficient (£
and the mechanical quality factor {0} were
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determined by the resonance and anti-
resonance technique using an impedance
analyzer (Model HP4294A, Hewlett-Packard,
CA). All ceramics were characterized as
described in Figure 1.

Chiang Mai J. Sei. 2009; 36{1)

3. RESULTS AND DISCUSSION
3.1 Effect of CuQ Addition

Initially, the effect of the addition of Cu©
on PZT-PZN-PNN based ceramics. The

sintering temperature of all the specimens was

I Raw materials l

| Ball milled 24 h with zirconia media in ethyl alcohol |

| Calcined at -rsioc for 2 hours |
| Ball milled 24h u:th sintering aids |
| Sinter at sso--.fmfrc: for 2 hours |
T R T | —

Figure 1. Diagram of experimental procedure on ceramics.

80
—~@— gintering @ $50°C
75 | —@— sintering @ 875°C .
- sintering @ 00°C N A

—~ 704
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=)
2 el
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§ 6.0 - o

55 -
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Figure 2. Density in different sintering temperature in PZT-PZN-PNN based compositions

+ % wi%e CuO ceramics.
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Sintering temp, 900°C

_J\ f\ A 0.5wt¥%Cu0
A 0.3wt%Cu0

0. 1wt%Cu0

b A A

Intensity (a.u.)
%

M
1200°C
LA N, D U S
T T T T 1
20 30 40 50 60 70
26 (degrees)

Figure 3. XRD patterns of the samples sintered 900°C for 2h in PAT-PZN-PNN based

compositions + x wt% CuQ ceramics.

Figure 4. SEM images of the samples sintered at 900°C for Zh in PZT-PZN-PNN based
compositions + x wt% CuO ceramics : (a) x=0.1, (b) x=0.2, (c) x=0.3 (d) x=0.4 and (e) x=0.5.
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