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The effect of composition on microstructure and properties of
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Abstract

(Pb0.95Sr0.05)[(Mn1/3Sb2/3)x(Ni1/2W1/2)y(Zr1/2Ti1/2)z]O3 piezoelectric ceramics (abbreviated as PNW–PMS–PZT) with 1 mol% excess PbO,
0.25 wt% CeO2 and 0.2 wt% MnO2were synthesized by traditional ceramics process. The effect of Pb(Mn1/3Sb2/3)O3 (abbreviated as PMS)
and Pb(Ni W )O (abbreviated as PNW) on phase structure, dielectric and piezoelectric properties was investigated in detail. The content
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f perovskite phase of all ceramics specimens is 100%, the phase structure of PNW–PMS–PZT ceramics changed from tetrago
ingle rhombohedral phase with the amount of PMS and PNW increased. Take into consideration dielectric constant,εr, dielectric loss tanδ,
lectromechanical coupling factorkp, mechanical quality factorQm, Curie temperatureTc and sintering temperature, it was concluded

he ceramics with composition ofx= 0.06,y= 0.02,z= 0.92 can be used for high-power piezoelectric transformer. These properties
r = 2138, tanδ = 0.0058,kp = 0.613,Qm = 1275,d33 = 380 pC/N,Tc = 205◦C.
2004 Published by Elsevier B.V.
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. Introduction

Piezoelectric transformer has been studied for many years
1]. Recently, it is actively researched mainly to increase to
tep-up ratio and the output power[2–5]. Piezoelectric trans-
ormer has several advantages over the conventional magnetic
ransformer[6,7]. First, the piezoelectric transformer can be
iniaturized to a greater degree since the energy stored by the
lastic vibration is larger than in the magnetic transformers. In
ddition, because there are no wire windings, the transform-
rs are nonflammable and safe with regard to potential short-
ircuiting of the output terminal. Moreover, magnetic shield
s not necessary in piezoelectric transformers. However, since
onventional Rosen-type piezoelectric transformer for liquid
rystal display backlight operated at high voltage and low cur-
ent, these output power is only 2–3 W[2,8], they can not be
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successfully used for illuminating general fluorescent la
because low voltage and high current are required. There
a new type of high power transformer is necessary for the
lasts of the lamps. It is necessary for enhancing piezoele
transformer output power to have higher output curren
output capacitance must be high in order to achieve high
put current. Therefore, the piezoelectric ceramics for h
power piezoelectric transformer must have higher diele
constantεr [8]. In addition, to achieve high power the pie
electric transformer, it is necessary to have a high mecha
quality factorQm because the piezoelectric transformer o
ated at its resonant frequency under a high input voltage
to the temperature rise and the deterioration of piezoele
properties with the increase of its vibration velocity[8–10].
Consequently, the ceramics used for high-power transfo
must have higherQm and lower tan. Moreover, higherkp is
necessary to increase step-up ratio[11].

Gao et al. [12] had shown Pb(Mn1/3Sb2/3)O3–Pb(Ti,
Zr)O3 (abbreviated as PMS–PZT) piezoelectric ceram
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have higher kp, Qm and higher maximum velocities
than Pb(Ti,Zr)O3 (abbreviated as PZT), however,εr of
PMS–PZT piezoelectric ceramics is only 660. Yoo et al.
had shown Pb(Ni1/2W1/2)O3 (abbreviated as PNW) added to
Pb(Mn1/3Nb2/3)O3–Pb(Ti, Zr)O3 ceramics can increase the
dielectric constant and decrease the sintering temperature of
Pb(Ni1/2W1/2)O3–Pb(Mn1/3Sb2/3)O3–Pb(Ti, Zr)O3 ceramics
[8], so this work added PNW to PMS–PZT to increase the
dielectric constant and decrease the sintering temperature.

Yoo et al. [8] had reported that 0.25 wt% CeO2 addi-
tive can improve the temperature coefficient of resonant fre-
quency Tcfr, and that 0.2 mol% Sr substitution for Pb can
increaseQm, Chen et al.[13] had reported that suitable Mn
doping can significantly improveQm and slightly decrease
kp, so 0.25 wt% CeO2, 5 mol% SrCO3 and 0.2 wt% MnO2
was added in this study. In addition, 1 mol% excess PbO was
added to eliminate pyrochlore phase and compensate for PbO
loss during sintering process[14].

The purpose of this paper is to investigate the ef-
fect of composition on microstructure and properties of
PNW–PMS–PZT composition ceramics, and to provide
promising candidates for high-power piezoelectric trans-
former.
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maintained by placing an equi-molar mixture of PbO and
ZrO2 inside the covered alumina crucible.

The apparent density of the sintered specimens was calcu-
lated from the volume and weight. The phase structure of the
sintered ceramics was analyzed by using a Rigaku D/Max-
2400 diffractomerer using Cu K� radiation. The fractured
surfaces were examined by scanning electron microscopy
(HITACHI S-2700).

The specimens were polished for the dielectric and piezo-
electric studies. Silver paste was fired on both sides of the
samples at 560◦C for 10 min as the electrodes for the di-
electric and piezoelectric measurements. The dielectric re-
sponse was measured at the frequency of 1 kHz using an au-
tomatic LCR meter (WK4225) at a temperature range from
40 to 350◦C. The samples were poled in 120◦C silicon oil
bath by applying a DC electric field of 3 kV/mm for 30 min.
Piezoelectric properties were measured by the resonance-
antiresonance method on the basis of IEEE standards using
an impedance analyzer (HP4294A).

3. Results and discussion

3.1. Phases analysis

ci-
m of
a split-
t cen-
t ess,
X W
a s-
s osi-
t -
s ition
s
M PB
r

. Experimental procedure

The specimens studied in this research were f
ated according to formula: (Pb0.95Sr0.05)[(Mn1/3Sb2/3)x
Ni1/2W1/2)y(Zr1/2Ti1/2)z]O3 + 0.25 wt%(CeO2) + 1 mol%
xcess (PbO) + 0.2 wt% (MnO2), x+y+z= 1, where
= 0.05–0.08; y= 0.01–0.04; z= 0.90–0.93, respective
he chemical compositions of each specimen are l

n Table 1. The specimens were prepared by traditio
eramics process and reagent-grade Pb3O4, ZrO2, TiO2,
rCO3, NiO, WO3, MnO2, Sb2O3 and CeO2 powders wer
cetone-milled for 12 h in a zirconia ball mill and th
alcined at 850◦C for 2 h. The calcined powders we
round, ball-milled again and pressed into disks using
s a binder. After burning off PVA, the pellets were sinte

n a sealed alumina crucible at different soaking tempera
from 1075 to 1200◦C) for 2 h. In order to compensa
or PbO loss from the pellets, a PbO-rich atmosphere

able 1
hemical composition of specimens investigated in this study

amples Composition
x y z

1 0.05 0.02 0.9
2 0.06 0.02 0.9
3 0.07 0.02 0.9
4 0.08 0.02 0.9
5 0.06 0.01 0.9
6 0.06 0.03 0.9
7 0.06 0.04 0.9
Fig. 1 shows X-ray diffraction (XRD) patterns of spe
ens sintered at 1150◦C. The content of perovskite phase
ll ceramics specimens is 100%. It is noted that the peak

ing at (2 0 0) plane position weakens gradually as the con
ration of PMS and PNW increased, to highlight this progr
RD peaks of 2θ = 45◦ versus the amount of PMS and PN
re shown inFigs. 2 and 3, respectively. There are two po
ible reasons for weakening of splitting at (2 0 0) plane p
ion. First, incorporation of Mn2+ into B-site of perovskite
tructured morphotropic phase boundary (MPB) compos
tabilizes rhombohedral phase against tetragonal one[15].
oreover, the addition of PMS and PNW shifts the M

egion towards PbZrO3-rich side at room temperature.

Fig. 1. XRD patterns of the specimens sintered at 1150◦C.
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Fig. 2. XRD peaks of 2θ = 45◦ vs. the concentration of PMS in
PNW–PMS–PZT ceramics with 2 mol% PNW.

Fig. 3. XRD peaks of 2θ = 45◦ vs. the concentration of PNW in
PNW–PMS–PZT ceramics with 6 mol% PMS.

3.2. Physical properties and microstructure

Fig. 4shows the sintering temperature and the amount of
PMS and PNW dependence of the apparent density.Fig. 5
shows the SEM photos of the fractured surface of speci-

Fig. 4. The apparent density of PNW–PMS–PZT ceramic as a function of
sintering temperature.

mens with 1–4 mol% PNW. The grain size of #5 sample with
1 mol% PNW is only 2�m and there are pores in it. How-
ever, the grain size significantly increased with increasing the
content of PNW from 2 to 4 mol%. In addition, small quan-
tities of substance associated with PNW exsolution was ob-
served near the grain boundaries in #7 specimen with 4 mol%
PNW. This result indicates that PNW have a limited solubility
in PMS–PZT ceramics, tending to exsolve at concentration
about 3 mol%.

3.3. Dielectric properties

Figs. 6 and 7show the content of PMS and PNW
dependence of dielectric constant and dielectric loss
at room temperature respectively. Dielectric constant of
PNW–PMS–PZT piezoelectric ceramics is three times larger
than one of PMS–PZT piezoelectric ceramics. There are three
possible reasons for the increase ofεr. First and foremost,
PNW with highεr was added into PMS–PZT ceramics. Sec-
ond, the grain growth made the dielectric constant increase
because it led to a reduction in the number of grain boundary
[16]. Third, Curie temperature of PNW–PMS–PZT ceram-
ics moved towards lower temperature side owing to PNW
with lower Curie temperature added. With the content of
PMS increased,εr decreased and tanδ increased gradually,
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nce the charge, when more Mn2+ are incorporated into B
ite of perovskite structure. It is well known that these o
en vacancies can inhibit the domain or microdomain
ove, consequently,εr decreased and tanδ increased grad
ally with the content of PMS increased. When the c

ent of PNW was <2 mol%,εr and tanδ increased with th
ontent of PNW increased. When the content of PNW
3 mol%, εr and tanδ decreased gradually with the co

ent of PNW increased. Because the domain or microdo
all reorient easily owing to the grain growth with the c

ent of PNW increased, when PNW was added more
mol%, the excess PNW will stay in the boundary and fo
rain boundary layer,εr decreased because of grain bound

ayer.
Figs. 8 and 9, respectively show dielectric constant
function of the content of PMS, PNW and temperat
s the content of PMS and PNW increased in the

em,Tc gradually decreased, this is due to the decrea
mount of PZT that has the relative high Curie temp

ure of 386◦C [17]. Peak dielectric constant increased w
he content of PMS increased. Because the increase
ontent of PMS results in the increase of oxygen va
ies, with temperature increased, the thermal energy
e sufficient to eliminate inhibition to the domain or m
rodomain wall by oxygen vacancies. Peak dielectric
tant decreased with the content of PNW increased. T
ue to the effect of the volume proportion of grain bou
ry was eliminated with temperature increased, in add
eak dielectric constant decreased because of grain bou

ayer.
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Fig. 5. SEM photographs of the fractured surface of the sintered specimens with 6 mol% PMS as the different the content of PNW: (a) 1 mol% PNW, (b)
2 mol% PNW, (c) 3 mol% PNW, (d) 4 mol% PNW.

Fig. 6. εr and tanδ (1 kHz) of PNW–PMS–PZT ceramics with 2 mol% PNW
as the different concentration of PMS.

Fig. 7. εr and tanδ (1 kHz) of PNW–PMS–PZT ceramics with 6 mol% PMS
as the different concentration of PNW.

Fig. 8. Temperature dependence ofεr (1 kHz) for specimens #1–4.

Fig. 9. Temperature dependence ofεr (1 kHz) for specimens #5, #2, #6 and
#7.
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Fig. 10. kp andQm of PNW–PMS–PZT ceramics with 2 mol% PNW as
different the content of PMS.

3.4. Piezoelectric properties

Figs. 10 and 11show respectivelykp, Qm andd33 as a
function of the content of PMS. With the content of PMS in-
creased,kp, d33 decreased andQm increased. There are two
possible reasons. First, previous investigations have demon-
strated that PMS–PZT ceramics has “hard” piezoelectric
characteristics[10], more and more oxygen vacancies are
introduced into PNW–PMS–PZT ceramics owing to the in-
crease of the content of PMS, the introduction of oxygen
vacancies inhibited the domain wall mobility, which sub-
sequently decreasedkp andd33, increasedQm. Second, the
phase structure of PNW–PMS–PZT ceramics changed from
the tetragonal phase to the coexistence of the rhombohedral
and tetragonal phase, then to single rhombohedral, with the
amount of PMS increased.Figs. 12 and 13show respectively
kp, Qm andd33 as a function of the content of PNW. When
the content of PNW was <2 mol%,kp andd33 increased with
the amount of PNW increased. When the content of PNW
was >3 mol%,kp andd33 decreased with the amount of PNW
increased. As mentioned above, when the content of PNW
was <2 mol%, the grain growth madekp andd33 increase be-
cause the domain or microdomain wall reorient easily owing
to the grain growth, which led to a reduction in the num-
ber of grain boundary, however, when the amount of PNW
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e on-
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d

Fig. 12. d33 of PNW–PMS–PZT ceramics with 2 mol% PNW as different
the content of PMS.

Fig. 13. d33 of PNW–PMS–PZT ceramics with 6 mol% PMS as different
the content of PNW.

centration of PMS and PNW.Table 3summarizes the di-
electric and piezoelectric properties of PZT, PMS–PZT and
PNW–PMS–PZT piezoelectric ceramics.

Take into considerationεr, tanδ, kp andQm, it can be
concluded that the composition ofx= 0.06,y= 0.02,z= 0.92

Table 2
Dielectric and piezoelectric properties of PNW–PMS–PZT ceramics with
the different concentration of PMS and PNW

Samples εr tanδ

(%)
Tc

(◦C)
kp

(%)
Qm d33

(pC/N)

#1 2234 0.47 225 61.7 393 390
#2 2138 0.584 205 61.3 1275 380
#3 2048 0.628 190 58. 718 347
#4 1392 0.748 175 24.5 2332 198
#5 1870 0.532 220 60.1 1303 350
#6 1328 0.929 190 60.2 1258 371
#7 1314 0.830 170 58.6 1238 325

Table 3
Dielectric and piezoelectric properties of PZT, PMS–PZT and
PNW–PMS–PZT piezoelectric ceramics

Samples εr tanδ

(%)
Tc

(◦C)
kp

(%)
Qm d33

(pC/N)

PZT 460 0.500 350 37.5 1300 71
PMS–PZT 660 0.45 290 58 1150 230
PNW–PMS–PZT 2138 0.584 205 61.3 1275 380
s >3 mol%, the excess PNW will stay in the boundary
orm a grain boundary layer, which inhibit the movemen
omain wall, therefore,kp andd33 decreased.Qm decrease
ith the amount of PNW increased owing to the grain gro
Table 2summarizes the dielectric and piezoelectric p

rties of PNW–PMS–PZT ceramics with the different c

ig. 11. kp andQm of PNW–PMS–PZT ceramics with 6 mol% PMS
ifferent the content of PNW.
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(specimen #2) can be used for high-power piezoelectric trans-
former.

4. Conclusion

Dielectric and piezoelectric properties of PNW–PMS–
PZT ceramics with 1 mol% excess PbO, 0.25 wt% CeO2 and
0.2 wt% MnO2 were investigated with the different concen-
tration of PMS and PNW. The results are summarized as
follows:

1 PNW–PMS–PZT piezoelectric ceramics with 100% per-
ovskite phase were synthesized by traditional ceramics
process for high-power piezoelectric transformer.

2 With the amount of PMS and PNW increased, the phase
structure of PNW–PMS–PZT ceramics changed from
tetragonal phase to the coexistence of the rhombohedral
and tetragonal phase, then to single rhombohedral phase.

3 As the amount of PMS increased,εr, kp andd33 decreased,
tanδ andQm gradually increased; when the content of
PNW was <2 mol%,εr, tanδ, kp andd33 increased with the
amount of PNW increased. When the content of PNW was
>3 mol%,εr, tanδ, kp andd33 decreased with the amount
of PNW increased,Qm decreased all the while with the
amount of PNW increased.
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