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Abstract

Use of ferroelectric ceramics in applications like
piezoelectric transformers was made possible by the
development of new materials with high electro-
mechanical coupling coe�cients and high mechanical
quality factor. ``Hard'' ferroelectric ceramics of
complex composition based on lead zirconate tita-
nate with Nb, Mg, Mn and Li additives have been
prepared. The perovskitic phase was produced by
solid phase reaction of the oxides. The crucial role
played by the intermediate mixing and grinding pro-
cedures in the assessment of the ®nal properties of
the material was investigated. Densi®cation up to
approximately the theoretical density value was
achieved. The polarization was obtained by subject-
ing the samples at 30 kV cmÿ1 poling electric ®eld, in
a silicon oil bath heated at 120�C. Their structural
and morphological properties were checked by X-ray
di�raction analysis and scanning electron micro-
scopy. Ferroelectric and piezoelectric properties
were determined in agreement with IEEE measure-
ment standards. The optimized samples presented
very high quality and electromechanical coupling
factors, together with small dielectric loss. # 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

In order to match the speci®c requirements for the
wide range of applications for materials in the
Pb(ZrTi)O3 (PZT) system either compositional
modi®cations and novel or improved processing
routes have been intensively investigated. For the

use as actuators or transformers it is desirable to
combine high mechanical quality factor (Qm) with
high piezoelectric constant (d) and high planar
coupling factor (kp). The role of several dopants
either donor or acceptor type added separately
or in combination1 has been clari®ed as well as
the properties of ternary or more complex solid
solutions2±4 resulted much improved. All the
compositions are close to the morphotropic phase
boundary (MPB), and are partially substituted
by Pb(Mg1/3Nb2/3), Pb(Y2/3W1/3), Pb(Ni1/3Nb2/3)
solid solution systems. Iso-valent modi®ers like
MnO2, La2O3, Fe2O3, SiO2 etc., are added that act
as ``hardener'' or ``softener'' of the elasto-piezo-
dielectric properties and control sintering kinetics
and grain growth. It is well known that the combi-
nation of donor doping, e.g. Nb5+ (which increa-
ses permittivity, elastic compliance and coupling
coe�cients) with acceptor doping like Mg2+, Li+,
and speci®cally MnO2 making ions Mn3+ and
Mn2+ in the solid solution (which increases mechan-
ical Q and coercivity) is required to ensure accep-
table properties of the material. Apart from the role
played as aliovalent substituents in determining the
point defects in the lattice structure the added ions
contribute to the formation of the microstructure,
noticeably grain size which in turn in¯uences domain-
wall motion and so ®nal properties.5 Perovskitic
phase synthesis by reaction of the starting oxides in
the solid phase followed by cold consolidation and
densi®cation still receives a great deal of interest
because correlation of the ®nal properties with the
modi®cations introduced during the di�erent pro-
cessing steps has not yet unambiguously clari®ed.
The objective of this paper is to study the in¯u-

ence of processing modi®cation (milling introduced
at di�erent steps of the powder treatments) on the
microstructure and dielectric and piezoelectric
properties of a multicomponent complex PZT sys-
tem that exhibits good properties for piezoelectric
transformer.6,7
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Fig. 1. Particle size distribution of (A) powder crushed and (B) ball milled 100 h.

Table 1. Processing parameters, density and shrinkage of the PZT samples

Sample Grinding procedure Green density Sintered density Shrinkage Weight loss
(g cmÿ3) (%) (g cmÿ3) (%) (%) (%)

A Agate mortar after calcination 5.07 64.2 7.88 99.7 13.1 0.5
B Wet milling after calcination for 100 h 4.77 60.4 7.90 100.0 15.3 0.4
C Sample A with MnO2 pre-ground 4.53 57.4 7.86 99.5 14.0 0.7

Fig. 2. XRD patterns of the sintered samples with the enlargement of the 200 re¯ection.
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2 Experimental Procedure

Starting from reagent grade PbO (Aldrich), ZrO2

(MEL SC101), TiO2 (Degussa P25), Nb2O5

(Fluka), MgO (Carlo Erba), Li2Co3 (Merck) and
MnO2 (Fluka) the PZT material of the compo-
sition [Pb(Li0�25Nb0�75)]0�06[Pb(Mg0�33Nb0�67)]0�06
[Pb(Zr0�50Ti0�50)]0�88O3 added with 0.7wt% MnO2

was prepared. The raw materials were mixed in
water for 72 h, freeze dried, sieved to 250�m and
calcined at 850�C for 4 h. The calcined powder
either dry crushed in an agate mortar (sample A)
or wet milled in ethanol for 100 h (sample B), was
then dried, sieved, granulated and cold isostatically
pressed at 150MPa into discs of 30mm diameter or
pellets of square or rectangular shape as required
for the standard electrical characterization. Being
the as received MnO2 a very coarse raw material
(6wt% smaller than 75�m) another sample was
prepared by adding the MnO2 powder, separately
pre ground in agate mortar, to the batch of the
oxides following the same process of the sample A
(sample C). After sintering at 1200�C for 2 h in lead
atmosphere maintained by a PbZrO3 source in a
closed Al2O3 crucible, the samples were ground to
remove surface layers, screen printed with silver
electrodes, ®red at 700�C and ®nally poled into
silicon oil at 120�C, under a d.c. ®eld of 3 kVmmÿ1

for 40min.
Density of the sintered samples was measured by

the Archimedes method while the green density
was geometrically measured; crystallographic
structure was identi®ed by X-ray di�raction tech-
nique (XRD), particle size distribution was mea-
sured by X-ray sedimentation technique and
microstructure was analyzed with a scanning elec-
tron microscope (SEM).
Samples with shapes and dimensions recom-

mended by the IEEE standards were prepared for
piezoelectric characterization. On each sample the
electrical impedance was measured as a function of
frequency by using an HP4194A impedance bridge.
From the values of resonance and antiresonance
frequencies of certain selected modes, together with
the minimum impedance, capacitance, density and
geometrical dimensions, the piezoelectric, dielectric
and elastic coe�cients, as well as the electro-
mechanical coupling factors and the mechanical
quality factor Qm have been determined.

3 Results and Discussion

3.1 Microstructure
The as calcined powders present very similar dif-
fraction patterns of a rhombohedral perovskitic
phase with a slight enlargement of the 200 re¯ection

that is evidence of the coexistence of tetragonal
phase. The particle size distribution of the powder
A, crushed only in agate mortar and the powder B,
ball milled after calcination is reported in Fig. 1.
Ninety mass% of the powder B is in the sub-
micrometer size range (mean diameter is 0.55�m)
while the average diameter of powder A is 1.22�m.
It re¯ects on the cold packing behavior which gives
higher green density for the coarser powder A as
reported in Table 1; both reach almost full density
with a very low weight loss. The XRD patterns of
the sintered samples are shown in Fig. 2; in all the

Fig. 3. SEM micrographs of the fracture of the sintered sam-
ples starting from (a) crushed powder, (b) ball milled powder

and (c) using MnO2 pre-ground in sample A.
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samples the perovskitic phase is nearly rhombo-
hedral (sample A) with an increasing amount of
tetragonal phase (samples C and B). Strong di�er-
ences in the microstructure are evidenced by the
SEM pictures shown in Fig. 3: it is evidenced that
sample A is rather homogeneous, the mean grain
size is 2.8�m and the fracture is intergranular,
sample B is very homogeneous with mean grain size
1.9�m and very intergranular fracture, sample C is
less homogeneous, the fracture is essentially trans-
granular and the mean grain size is estimated
around 2.5�m. The di�erence in microstructure
between samples A and B can be explained taking
into account the di�erent particle size of the starting
powders that induce higher grain growth and lower
densi®cation rate when they are coarser (sample A),
a conventional solid state sintering mechanism can
be supposed; in case of sample C the intragranular
nature of the fracture following a more pronounced
grain growth let us make the hypothesis that a
liquid phase promoted densi®cation takes place.

3.2 Electrical measurements
The comparison of dielectric and piezoelctric
properties of the three samples is reported in
Table 2. They all behave as ``hard'' piezoelectrics
but sample A shows a very low coupling factor in
comparison to B and C and the mechanical quality
factor Qm strongly increases from A to C to B
which exhibits the best performance and is suitable
for practical application as transformer. The full
set of properties of sample B is reported in Table 3.
The microstructural characterization here carried

out does not allow to support with experimental

evidence the full explanation of the di�erences in
the performance but some comments can be
drawn: it has been evidenced that the sintering of
those complex compositions is supported by the
formation of a transient liquid phase that in some
cases does not disappear even in the ®nal stage of
sintering. In the present composition some of the
aliovalent substituents can either enter the solid
solution or be involved in the PbO containing
liquid phase: the coarser is the starting powder, the
fraction of substituents involved in the solid solu-
tion can be supposed lower so they participate in
the formation of the transient liquid phase that
promotes grain growth and than disappears in the
®nal stage of sintering (sample A); this is not the
case for sample B where they fully exert their role
of acceptor dopants (Mg2+, Mn2/3/4+, Li+), donor
dopants (Nb5+) or grain growth inhibitors. In the
case of sample C the ®ner granulometry of the raw
MnO2 could allow a competition among the
acceptor doping ions so that it enters the solid
solution and improves substantially the Qm factor
while the other liquid phase promoting compo-
nents give rise to a less viscous liquid phase that
does not disappear in the ®nal microstructure
and enhances grain growth more than in case of
sample A; the consequence is intermediate ®nal
properties.

4 Conclusions

The milling steps introduced during processing
control the microstructure development and the
dielectric and piezoelectric properties of the PZT
samples. the best results were obtained by wet mil-
ling the calcined powder in ethanol for 100 h. An
optimized material with Qm as high as 2132 and Kp

0.54 was developed allowing suitable applications
as transformer. The granulometry of the MnO2

powder added to oxide mixture plays an important
role to determine both microstructural and piezo-
electric properties.
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Table 2. Piezoelectric and dielectric properties

Sample r (103 kgmÿ3) sp kp k31 d31 (10
ÿ12mVÿ1) g31 (10

ÿ3 VmNÿ1) SE
11 (10ÿ12m2Nÿ1) Qm

A 7.88 0.40 0.32 ÿ0.18 ÿ50.0 ÿ8.20 13.0 380
B 7.90 0.31 0.54 ÿ0.32 ÿ64.7 ÿ16.34 10.64 2132
C 7.86 0.30 0.54 ÿ0.34 ÿ69.0 ÿ16.28 10.95 994

Table 3. Piezoelectric and dielectric properties of the optimized
B composition

� (103 kgmÿ3) 7.9 Qm 2132

k33 0.67 CE
11 (10

10Nmÿ2) 14.8

k31 ÿ0.31 CE
33 (10

10Nmÿ2) 13.5

k15 0.72 CE
44 (10

10Nmÿ2) 3.3

kp 0.54 CE
12 (10

10Nmÿ2) 7.6

d33 (10
ÿ12mVÿ1) 148.7 CE

13 (10
10Nmÿ2) ÿ7.7

d31 (10
ÿ12mVÿ1) ÿ64.7 sE

11 (10
ÿ12m2Nÿ1) 10.6

d15 (10
ÿ12mVÿ1) 392.0 sE

33 (10
ÿ12m2Nÿ1) 12.3

g33 (10
ÿ3 VmNÿ1) 37.6 sE

44 (10
ÿ12m2Nÿ1) 30.0

g31 (10
ÿ3 VmNÿ1) ÿ16.3 sE12 (10

ÿ12m2Nÿ1) ÿ3.0
g15 (10

ÿ3 VmNÿ1) 39.3 sE
13 (10ÿ12m2Nÿ1) 4.2

"T
33 � KT

3 447.2 �p 0.31

"T
11 � KT

1 1129 Vtr (m sÿ1) 3449
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