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Abstract

0.2PZN-0.8PZT ceramics with pure perovskite structure were prepared by the two-step method with the addition of 0-1.5 wt.% WO; and their
piezoelectric properties were investigated. The WOj5 addition influences the lattice structure and W will replace B-site ions of perovskite, which
will lead to the decrease of the lattice constant. Compared to the increase of the dielectric constant (¢) and mechanical quality factor (Q,,), the
values of coercive electric field (E.), remnant polarization (P;), electromechanical coupling factor (K,), and piezoelectric constant (d33) decrease
with increasing WOj3 addition. The composition with 1.0 wt.% of WOj3 addition on 0.2PZN-0.8PZT ceramics exhibits excellent piezoelectric
properties, showing great promise as practical materials for high power piezoelectric devices.
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1. Introduction

Pb(ZrTi)O; (designated as PZT) binary piezoelectric
material has been most widely used for device applications
[1,2]. However, there are some problems such as high sintering
temperature (1300-1350 °C). Pb(Zn;;3Nb,3) (designated as
PZN) is a typical relaxor ferroelectric with high dielectric
constant and relatively low sintering temperature [3]. The
ternary piezoelectric ceramic PZN-PZT will be obtained by
adding PZN into PZT since both have similar perovskite lattice
structure.

Fan and Kim [4] investigated Pb(Zn;;3Nby3)0.5(Zrg47-
Ti _)os03 ceramics with composition close to the morpho-
trobic phase boundary (MPB) and clarified that the ceramics
has large electromechanical coupling factor K. But the
mechanical quality factor O, is too low to permit their use
as high power piezoelectric devices. To meet the special
demands of multilayer piezoelectric transformers and actua-
tors, such as high ds3, high K, and Qy,, it is necessary to add
some dopants on PZN-PZT ternary ceramics to optimize the
piezoelectric properties for device applications. The influence
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of various substitutions on the B-site of Pb(ZrTi)O; perovskite
has been widely investigated to optimize the piezoelectric
properties [5—7]. WOj; is a dopant used for ABOs-type relaxor
ferroelectrics to lower sintering temperature and promote
dielectric properties [8,9]. However, the study of WO; doping
on the structure and properties of PZN—PZT ceramics has not
been reported yet.

In this paper, 0.2PZN-0.8PZT (designated as PZNT) is the
chosen composition and the effects of WOj3 on lattice structure
and piezoelectric properties of PZNT ceramics were studied.
The purpose of the investigation was to obtain ceramics with
high mechanical quality factors and high electromechanical
coupling factors.

2. Experimental procedure

The general formula of the materials studied was 0.2Pb(Zn,
3Nb,/3)03—0.8Pb (Zrg 5Tip5)03 + xWO3, where x is 0 wt. %,
0.5 wt.%, 1.0 wt.%, and 1.5 wt.%, here designated as P1#, P2#,
P3#, and P4#, respectively. The samples were prepared by the
two-step method to acquire pure perovskite phase [10].
Reagent-grade oxide powders, Pb;O4, ZnO, Nb,Os, ZrO,,
TiO,, and WOs;, were used as raw materials. In the first stage, a
powder of columbite precursor, ZnNb,Og, was prepared by
calcinations of ZnO with Nb,Os at 1100 °C for 4 h. In the
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second stage, the above precursor with Pb30y4, ZrO,, TiO,, and
WOj; was weighed and mixed through use of polyethylene jar
and ZrO, milling media. The mixture was dried and calcined at
850 °C for 2 h. After remilled, the powder was pressed into
disks 12.0 mm in diameter at around 120 MPa, and then
sintered at 1100 °C for 2 h. The sintered discs were polished
and pasted with silver on both surface. The samples were poled
at 130 °C for 30 min under an electric field of 3 kV/mm in
silicone oil. The piezoelectric properties were measured after
24 h of aging at room temperature.

The content of perovskite phase and the lattice constants
were examined by X-ray diffraction (XRD; Model DMX-IIC,
Japan). Microstructure evolution of fractured face was observed
using a scanning electron microscopy (SEM; Model Hitachi S-
570, Japan). The dielectric constant (¢) and dielectric loss
(tan ) were measured by LCR precision electric bridge (Model
HP4284, Hewlett-Packard). The piezoelectric constant (ds3)
was measured with a quasistatic piezoelectric dz3-meter (ZJ-
3D, Institute of Acoustics Academic Sinica, China). The
electromechanical coupling factor (k,) and the electromecha-
nical quality factor (Q,,) were determined by the resonance and
anti-resonance technique using precise impedance analyzer
(Model HP4294A, Hewlett-Packard, CA). The insulation
resistance was tested with insulation testing meter (Model
TH2683, China). The ferroelectric hysteresis loops were
observed at room temperature by radiant precision workstation
ferroelectric testing system. The samples were submerged in
silicone oil to prevent arcing during testing.

3. Results and discussions

The XRD patterns of PZNT ceramics with the addition of 0—
1.5 wt.% WO; are shown in Fig. 1. In these patterns, no second
phase (pyrochlore phase, Pb;Nb4O;3) can be found. The results
show that all of the samples have pure perovskite structure
exhibiting tetragonal symmetry.

As to PZN ceramics, it is difficult to synthesize pure
perovskite phase by traditional method. It is reported that some
amounts of simple perovskite compounds such as BaTiOj3,
PbTiO;, and PbZrO; owning large tolerance factor can stabilize
the perovskite phase in PZN ceramics effectively. It is believed

(110)

ll pa#
1 (211)

(100) I (11 (200 (220)
\ i I W - I

” / P3#
2 f f \
'é\ 4 \L A
@
E ‘ | Pa#
A JA JI‘NJIW/\W

. Pi#
A _.} t A A ;-.__,___J;L;
I v T v T ¥ T ¥ T T T T ¥ T v T T T v 1

15 20 25 30 35 40 45 50 55 60 65 70
20 1(°)

Fig. 1. XRD patterns of WO5; doped PZNT piezoelectric ceramics.

that the percentage of Pb(Zr sTig 5)O3 is high enough to form
solid solutions with PZN and stabilize the perovskite phase
effectively.

The tetragonal lattice constants of PZNT ceramics are
calculated by the method of least squares. It was found that the
lattice constants a and ¢ decrease with the increasing content of
WOj;. For example, parameter a will decrease from 4.0727 Ato
4.0581 A and parameter ¢ will decrease from 4.1778 A to
4.0930 A as the addition of WOj; increases to 1.5 wt.%. Besides
this, the ratio c/a also decreases with increasing WOj; content,
as shown in Fig. 2. When the addition of WOj; is 1.5 wt.%, the
ratio c/a is 1.0086.

After WO5; was added in PZNT ceramics, WS would shift
into A(B{B,)Os-type complex perovskite structure. The ionic
radius of W (60 pm) [11] is much smaller than A-site ion,
Pb>* (149 pm), and the valence of W®* is much higher than that
of Pb?*, thus W may easily enter B-site and replace the ions in
B-site. The radius of B-site ions such as Zn>*, Nb>*, Ti%*, and
Zr** are all larger than that of W®, as listed in Table 1, which
will lead to the distortion of lattice and contribute to the
decrease of the lattice constant a and c.

The microstructure of fractured surface of the sintered
samples with different amounts of WO; is shown in Fig. 3. It
can be seen from Fig. 3(a) that the grain boundaries are not
clearly seen and some pores exist for undoped specimens. The
result indicates that the sample was not well sintered. With the
increasing amount of WOj3, the porosity decreases. Compara-
tively, the microstructure of specimens doped with 1.0-
1.5 wt.% WO;3 are more uniform as seen in Fig. 3(c and d),
respectively. It can be found that the ceramics are sintered
effectively with well-developed grain. An average grain size of
~2 wm is observed.

The sintering temperature of pure PZT ceramic is as high as
1300 °C and that of PZN is over 1200 °C, so undoped specimen
is not sintered effectively and has lower density under the
sintering temperature of 1100 °C. For the ceramics doped with
WOs;, because WO; can react with PbO at ~870 °C and form a
low melting compound PbWO,. PbWO, will act as liquid phase
at temperature higher than 870 °C, which is beneficial for the
particles to dissolve, rearrange and diffuse into perovskite
structure in the first stage of sintering. Finally, the liquid phase
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Fig. 2. Lattice constant of WO;3; doped PZNT piezoelectric ceramics.
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Table 1
The radius of different ions in PZNT piezoelectric ceramics [11]

Tons

Pb2+ Zn2+ Nb5+ Ti4+ Zr4+ w6+

Ionic size (pm) 149 74 64 60.5 74 60

is absorbed into the crystal, W replaced the B-site ions and
gave rise to the distortion of the lattice and the unbalance charge
of ions. The lead vacancies are generated to charge balancing,
which can promote diffusion and beneficial for densification of
ceramics. Therefore, the PZNT ceramics doped with WOj; are
more densified than the ceramics without WOj3 under the same
sintering condition.

The dielectric constant ¢ and dielectric loss tan § of ceramics
are shown in Fig. 4. It is obvious that the dielectric constant ¢
almost increased linearly with the increasing content of WO;
and the dielectric loss increases subsequently. From the last
analysis for the lattice structure of PZNT ceramics, W®*
occupied the B-site of perovskite structure and reduced the
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Fig. 4. Dielectric constant ¢ and dissipation factor tan § of WO; doped PZNT
ceramics.

tetragonality, so the oxygen octahedron distorted because of the
“volume effect” and the dielectric loss increases. From Fig. 4,
when the content of WOj5 is 0.5 wt.%, tan § has the minimal

Fig. 3. Microstructure of WO3; doped PZNT ceramics: (a) 0 wt.%, (b) 0.5 wt.%, (c) 1.0 wt.%, and (d) 1.5 wt.%.
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Fig. 5. Electromechanical coupling factor K|, and piezoelectric constant ds3 of
WOj; doped PZNT ceramics.

value. And tan § increases with the further increase of WOs.
When the content of WO3 is 1.5 wt.%, tan § is 0.0046.

Fig. 5 shows the variation of electromechanical coupling
factor k, and piezoelectric constant ds3 as a function of the
content of WOs;. It can be found that k;, increases little with
small content of WO5 and then decreases from 0.66 to 0.62 with
increasing amount of WO;. As can be seen, ds; shows a small
variation as the content of WQOs is lower than 1.0 wt.%. When
the content of WO; is higher than 1.0 wt.%, d3; decreased
rapidly. It is well known that the substitutions of (Ti, Zr)** by
WO will lead to the creation of Pb>* vacancies, which promote
the densification of ceramics. Because the grain size of P4#
sample is smaller than that of P3# sample, as shown in Fig. 3,
much more grain boundaries are generated, which results in a
decrease of d3. The optimized values for K, of 0.62 and d33 of
314 pC/N are obtained for 1.0 wt.% WOj; content.

For ceramics used for the high power piezoelectric devices,
high mechanical quality factor Q,, is required. Fig. 6 shows O,
of the ceramics. It can be observed that the mechanical quality
factor increases from 702 to 1209 with the increasing amount of
WO;, which should be attributed that the addition of WO;
promotes the densification of PZNT ceramics. Under the
sintering temperature of 1100 °C, undoped PZNT ceramics is
not sintered effectively, but the PZNT ceramics doped with
WO; is well sintered and high density were obtained. So doping
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Fig. 6. Mechanical quality factor Q,,, of WO; doped PZNT ceramics.
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Fig. 7. Insulation resistivity of WO3; doped PZNT ceramics.

WOj3; can contribute to decrease sintering temperature and
increase the mechanical quality factor.

The insulation resistivity of ceramics is shown in Fig. 7. It
can be concluded that all the insulation resistivity are larger
than 10° Q m. Besides, the insulation resistivity of ceramics
doped with WOj3 is much higher than that of undoped ceramics,
as shown in Fig. 7. When the content of WOj3 increases from 0
to 1.0 wt.%, the insulation resisitivity increases, however, when
the amount of WO3 is over 1.0 wt.%, the insulation resistivity
decreases. It should be explained that PbO will evaporate at
temperature higher than 889 °C, which results in the Pb**
vacancies and contributes to the formation of the divalent
negative electricity center in the lattice. It is considered that the
lead-based perovskite ceramics without dopant have the
characteristics of p-type electric conductance [12]. Having
entered the B-site of perovskite structure, W®" will bring
excessive electrons and compensate for the shortage of electron
caused by Pb** vacancies, which leads to the disappearance of
the p-type electric conductance and the significant increase of
the insulation resisitivity. However, the introduction of the
excessive electrons will lead to not only the disappearance of
p-type electric conductance but also generation of n-type
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Fig. 8. Hysteresis loop of WO3 doped PZNT ceramics.
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Table 2
The polarization of WO; doped PZNT ceramics

Samples E. (V/mm) P, (pC/cmz) P (p,C/cmz)
P1# 918 30.09 37.98
P2# 909 26.21 35.02
P3# 812 18.78 28.73
P4# 802 18.19 2791

electric conductance and decrease the insulation resisitivity.
Therefore, the optimum content of WO3 should be 1.0 wt.%.

Fig. 8 shows the hysteresis loop of ceramics. The shape of
hysteresis loop changes regularly. The remnant polarization P,
and the coercive field E, decrease obviously with the increasing
amount of WO;3. As Table 2 shows, for the undoped PZNT
ceramics, E. is 918 V/mm, and P, and P, are 37.98 pdC/cm2 and
30.09 wC/em?, respectively. But for the ceramics doped with
1.5 wt.% WO, E,, P, and P, decrease to 802 V/mm, 27.91 nC/
cm?, and 18.19 wC/em?, respectively. As above analysis, the
occupation of W on the B-site of perovskite structure will
bring double effect including the “volume effect” and ‘“‘charge
effect”’. On one hand, the decrease of the lattice constant a and ¢
narrows the vibrating space of the B-site ions in the oxygen
octahedron of perovskite structure. On the other hand, W®*
decreases the space charge and the internal offset electric field,
which result in decreasing remnant polarization and coercive
field.

Generally, the PZNT ceramics with high density can be
obtained under the sintering temperature of 1100 °C by adding
1.0 wt.% WOj; addition. The electromechanical coupling factor
kp is 0.62, the insulation resisitivity o is 4.8 x 10" Q m,
piezoelectric constant ds3 is 314 pC/N and mechanical quality
factor Q,,, is 1178, respectively, which is promising material for
high power piezoelectric devices.

4. Conclusions

0.2PZN-0.8PZT ceramics with pure perovskite structure
were prepared by the two-step method with the addition of
WO;5. WO; will promote the densification of PZNT ceramics.
PZNT ceramics with high density can be obtained at 1100 °C.
The addition of WO; leads to lattice distortion. W will
replace B-site ions of the perovskite structure. The lattice
constants a, ¢, and the ratio c¢/a will decrease with increasing
content of WO;. Compared to the increase of the dielectric

constant ¢ and mechanical quality factor Q, the values of
coercive electric field E., remnant polarization P,, electro-
mechanical coupling factor K, and piezoelectric constant ds;3
will decrease with increasing WO; addition. With 1.0 wt.%
WO; addition, the following optimum properties have been
reached: k, = 0.62, d33 =314 pC/N, and Q,, = 1178; these are
promising features for high power piezoelectric devices.
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