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Abstract

This paper reports on the formation of highly densified piezoelectric thick films of 0.01Pb(Mg1/2W1/2)O3–0.41Pb(Ni1/3Nb2/3)O3–

0.35PbTiO3–0.23PbZrO3þ0.1 wt% Y2O3þ1.5 wt% ZnO (PMW–PNN–PT–PZþYZ) on alumina substrate by the screen-printing

method. To increase the packing density of powder in screen-printing paste, attrition milled nano-scale powder was mixed with ball

milled micro-scale powder, while the particle size distribution was properly controlled. Furthermore, the cold isostatic pressing process

was used to improve the green density of the piezoelectric thick films. As a result of these processes, the PMW–PNN–PT–PZþYZ thick

film, sintered at 890 1C for 2 h, showed enhanced piezoelectric properties such as Pr¼42 mC/cm
2, Ec¼25 kV/cm, and d33¼100 pC/N, in

comparison with other reports. Such prominent piezoelectric properties of PMW–PNN–PT–PZþYZ thick films using bi-modal particle

distribution and the CIP process can be applied to functional thick films in MEMS applications such as micro actuators and sensors.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead zirconium titanate (PZT) has been widely used in
various electric components, such as sensors, actuators, and
filters, because of its excellent properties including high force
generation, quick response time, low power consumption and
large displacement. Piezoelectric thick films are of extreme
interest in recent decades due to the miniaturization of devices
and, particularly, the development of micro electromechanical
system (MEMS) technology. Piezoelectric thick films are
required for the essential function of sensing and actuating
in MEMS devices such as micropumps, micro fluidic devices,
accelerometers, ultrasonic transducers, ultrasonic devices, ink-
jet printer heads, microactuators for high-density hard-disk
drives and bio sensors using cantilever [1–4]. Those MEMS
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devices require specific thickness of piezoelectric films to
obtain their sufficient power and force. For instance, the
thickness of the piezoelectric films are in the range of 0.5–5 mm
for MEMS application, 2–10 mm for microactuators to gen-
erate large force, 30–50 mm for ultrasonic transducers with
over 50 MHz frequency, and 100 mm–2 mm for millimeter size
devices [4]. The piezoelectric films can be formed using various
methods such as sol–gel processing [5,6], sputtering deposition
[7], pulsed laser deposition (PLD) [8], chemical vapor deposi-
tion (CVD) [9], and screen-printing [10]. Almost all these
deposition processes are appropriate for the fabrication of thin
films with less than a couple of micron thickness because of
their film deposition rates and the internal stress which can
generate crack propagations in the films. To form thick films
on the substrate using bulk machining and bonding has
disadvantages such as expensive cost, and difficulties in both
the manufacture of complicated shapes and the handling of
ceramics.
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However, the conventional screen-printing technology
fabricates single layer films less than 100 mm with wide
areas at a low cost. This unique method for the thick films
is competitive, simple, and flexible [11]. However, the
screen-printing method causes serious drawbacks such as
low density and other lower properties of thick films
compared to the properties of bulk. These drawbacks arise
because pores in the films are produced during the binder
burnout process. Also, the substrate clamping prevents
sufficient grain growth and densification of thick films.

In this paper, 0.01Pb(Mg1/2W1/2)O3–0.41Pb(Ni1/3Nb2/3)
O3–0.35PbTiO3–0.23PbZrO3þ0.1 wt% Y2O3þ1.5 wt% ZnO
(PMW–PNN–PT–PZþYZ) composition which has good
piezoelectric properties [12] with low sintering temperature
was chosen for forming films. We have also reported that the
optimized mixture condition for two types of particles, ball
milled and attrition milled, is 3:1 ratio [13]. That ratio of the
particles improves the density and other properties of piezo-
electric thick films prepared by screen-printing. To further
improve the density of piezoelectric thick films on the alumina
substrate, cold isostatic pressing (CIP, Autoclave engineer Co.,
USA) was conducted before the sintering process.

2. Experimental procedure

The composition of the ceramics used in this study is
0.01Pb(Mg1/2W1/2)O3–0.41Pb(Ni1/3Nb2/3)O3–0.35PbTiO3–
0.23PbZrO3þ0.1 wt% Y2O3þ1.5 wt% ZnO. The startng
materials are PbO (99.9% Kosudo, Japan), MgO (98%
Aldrich, USA), WO3 (99% Kanto, Japan), NiO (99%
Aldrich, USA), Nb2O5 (99.9% Aldrich, USA), ZrO2

(99.9% Aldrich, USA), TiO2 (99% Aldrich, USA), Y2O3

(99.99% Aldrich, USA) and ZnO (99.9% Aldrich, USA).
The stoichiometry PMW–PNN–PT–PZþYZ ceramics

were prepared by a conventional solid solution method.
The starting materials were mixed in water for 24 h by ball
milling process. The mixtures were dried and then calcined
in an alumina crucible at 850 1C for 2 h in air. The calcined
powder was milled again with the additives of 0.1 wt%
Y2O3 and 1.5 wt% ZnO for 48 h. To produce submicron
size particles, the dried powder was milled by an attrition
milling for 24 h. The 25 wt% of attrition milled powders
were mixed with the ball milled powder in order to
improve packing density of powders [13]. Average particle
sizes and the particle size distributions of the powders were
measured using a particle size analyzer (Cilas 1064L,
France). The mixture powder and a commercialized binder
(B-75001, Ferro Co., USA) blended together to make
piezoelectric paste using a three-roll miller. The amount
of the vehicle were 20 wt% of the PMW–PNN–PT–
PZþYZ mixture. The bottom silver–palladium (Ag–Pd)
electrodes were formed by screen-printing on the alumina
substrates and then fired them at 1050 1C for 20 min. The
bottom electrodes were 5 mm thick. 25 mm-thick piezo-
electric layers were printed on the bottom electrodes. After
that, the films were dried at 120 1C for 20 min to evaporate
the solvent and then burned out at 450 1C for 2 h to
remove the binder. A CIP process was conducted at
30000 psi (2109 kgf/cm2) for 30 min in order to increase
the green density of the piezoelectric layers. The specimens
were sintered in the temperature range from 850 1C to
890 1C for 2 h with 5 1C/min of the heating and cooling
rates in a box furnace. Pt electrodes as top electrodes were
deposited using a DC sputter.
The sintered films were examined by X-ray diffraction

(XRD, Model Rint/Dmax 2500, Rigaku, Japan) analysis
with Cu–Ka radiation. The microstructures of the piezo-
electric ceramics were investigated using a scanning elec-
tron microscope (SEM, Model H-3000, Hitachi, Japan).
The piezoelectric properties were measured at 1 kHz by a
precision impedance analyzer (4294A, Agilent, USA).
Corona poling took place at room temperature with a
tip-sample distance of 10 cm and an applied voltage of
15 kV. The piezoelectric constants in the films were
measured by the Berlincourt method. The polarization–
electric field (P–E) hysteresis loops of the films were
measured at 1 kHz using a modified Sawyer–Tower circuit.

3. Results and discussion

The packing density of a powder that is mainly deter-
mined by powder size distributions can influence the
sintered density and other properties of bulk ceramics
[14]. In the same way, if the particles for piezoelectric thick
films are properly controlled, the physical and electrical
properties of the piezoelectric films should be improved.
Fig. 1 shows SEM images of prepared powders by various
methods such as attrition billed, ball milled, and mixture
powders consisting of 75 wt% ball milled and 25 wt%
attrition milled powders, and particle size distributions of
the mixture powder. Two types of powders which were
attrition milled and ball milled powders showed quite
different particle sizes and morphologies in Fig. 1(a) and (b).
The powder was mixed with 1.51 mm mean diameter of the
ball milled powder and 0.26 mmmean diameter of the attrition
milled powder. The distribution of the mixture powder
showed the typical bi-modal distribution we expected, because
two types of particles, such as coarse and fine particles, were
mixed together as shown in Fig. 1(c) and (d). From our
previous results, which were on PMW–PNN–PT–PZþYZ
thick film on Si substrate without CIP process [13], we know
that adding 25 wt% attrition milled powder to the ball milled
powder resulted in a maximum packing density. That result
showed that the bi-modal distribution generally has higher
packing density than mono-modal distribution. The volume
fraction of the fine and coarse powder shown in Fig. 1(d) is
similar to that shown in the previous result [13]. The total
mean size of the mixture powder was 1.18 mm. In 1928, C.C.
Furnas [15,16] theoretically calculated that the highest packing
density uses large coarse particles and small fine particles
together. Furnas showed that the composite packing density is
typically highest when f=0.735 (f, coarse volume) for the ideal
dense packing of bi-modal sphere particles, where the coarse
and fine particles were uniform in size, respectively. However,



Fig. 1. SEM images of (a) attrition milled powder (b) ball milled power (c) the mixed powder of the attrition and ball milled powders (ball milled powder:

attrition milled powder¼3:1) and (d) particle size distribution graphs of the mixed powder of attrition and ball milled powders (ball milled powder:

attrition milled powder¼3:1).
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in our experiments, the screen-printed thick films fabricated by
ball or attrition milled powders were not ideally densified
because the particles had multi-sized diameters and were not
evenly distributed [17]. As, our previous result [13] showed the
f for our compositions was 0.451, under the optimized
mixing rate.

Fig. 2 shows the surface morphologies of the as printed
and cold-isostatic pressed piezoelectric thick films sintered
at the temperature range from 850 to 890 1C for 2 h. First,
Fig. 2(a) and (b) show the surface morphologies of the as
printed and pressed samples. These images indicated that
both films were well formed with the binder on the
substrates. After the cold-isostatic pressing, the surface
morphology of the film seemed to be slightly improved.
The uniform grain sizes of each sample, shown in Fig. 2(c),
(d), and (e), were from less than 1 mm to 2 mm, respectively.
The porosities of the PMW–PNN–PT–PZþYZ thick films
would be estimated as decreased with increasing sintering
temperature due to the increase of grain size, and the thick
films sintered at 890 1C showed the densest microstructure
of all the films. The grain sizes of the films were very
similar to those of our previous results. However, the
porosities of the films slightly decreased through the SEM
analysis [13,18]. The results implied that the bimodal
distributed powder should improve the porosity of the
thick films.
Fig. 3 shows X-ray diffraction patterns of the PMW–

PNN–PT–PZþYZ thick films sintered at various tempera-
tures. All peaks of the samples were indexed in terms of the
simple cubic perovskite (Pm3) unit cell with pyrochlore
phase in all range of the sintering temperature. Generally,
the presence of pyrochlore was recognized when the PZT
system films were annealed to form the perovskite phase.
The intensity of the pyrochlore phase was decreased with
increasing sintering temperature. At a higher sintering
temperature, more perovskite phase was formed, which
meant that almost of the pyrochlore phase transformed to
perovskite phase, as shown in Fig. 3(c) [19].
P–E hysteresis loops of piezoelectric thick films sintered

at 850 1C, 870 1C and 890 1C for 2 h are shown in Fig. 4.



Fig. 2. Surface morphologies of the PMW–PNN–PT–PZþYZ thick films (a) as printed, (b) cold-isostatic pressed, sintered at (c) 850 1C, (d) 870 1C, and

(e) 890 1C on alumina substrates.
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The P–E hysteresis loops measured at 1 kHz showed a
typical ferroelectric character. The remanent polarizations
(Pr) of the piezoelectric thick films were significantly
increased with the increase of sintering temperature.
A maximum Pr value of 42 mC/cm2 at 890 1C for 2 h was
obtained. The reason why the maximum Pr showed at
890 1C was that the densification of thick films was
maximized and the pyrochlore phase was significantly
decreased. The value of the Pr at 890 1C was close to
values of the bulk PMW–PNN–PT–PZþYZ compositions
[6,12,18]. In addition, the Pr that we developed was one of
the higher values (435 mC/cm2) ever developed through
piezoelectric thick film processes. The coercive field (Ec) at
890 1C for 2 h was 25 kV/cm. These ferroelectric properties
of the thick film at 890 1C could be utilized for piezo-
electric microactuators and microsensors [20].
Fig. 5 shows dielectric constants and losses of the

PMW–PNN–PT–PZþYZ films measured at 1 kHz with
variations of sintering temperatures. The relative dielectric
constants increased and the dielectric losses decreased
with increasing sintering temperature from 850 to 890 1C
for 2 h. Those results could be explained in terms of the
densification of thick films and the reduction of the pyro-
chlore phases in the films. The dielectric constant and the
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dielectric loss of the piezoelectric film at 890 1C for 2 h were
2400 and 0.067 at 1 kHz, respectively.

The piezoelectric constant (d33) was measured by the
Berlincourt method after the corona poling with a tip-sample
distance of 10 cm and an applied voltage of 15 kV. Fig. 6
shows that the d33 values were dramatically increased during
the increase of the sintering temperature from 850 to 890 1C
for 2 h. The maximum d33 values of 100 pC/N was obtained
Fig. 3. X-ray diffraction patterns of the PMW–PNN–PT–PZþYZ thick

films sintered at (a) 850 1C, (b) 870 1C, and (c) 890 1C on alumina

substrates.

Fig. 4. P–E hysteresis loops of the PMW–PNN–PT–PZþYZ thick films si
at 890 1C. Generally, the d33 values of the films on the
substrates were conspicuously lower than the values of the
bulks because of the clamping of the substrate. Even though
some papers [10,21,22] have reported about the d33 value,
those were still around 50 pC/N. The d33 value of the PMW–
PNN–PT–PZþYZ thick film sintered at 890 1C for 2 h was
higher than in other published results because the amount of
pyrophase and porosity of the thick films was significantly
decreased, as shown in XRD patterns and SEM images.
4. Conclusions

This paper has demonstrated the formation of a highly
densified piezoelectric thick film by the screen-printing
method. The mixture of PMW–PNN–PT–PZþYZ cera-
mics consisting of 75 wt% micro and 25 wt% nano size
powers had the highest packing density. Furthermore, the
CIP process improved the green density of the piezoelectric
thick films. The PMW–PNN–PT–PZþYZ thick film
sintered at 890 1C showed tremendous piezoelectric prop-
erties such as Pr¼42 mC/cm2, Ec¼25 kV/cm, and d33¼100
pC/N, in comparison with the previous reports. Those
prominent piezoelectric properties of PMW–PNN–PT–
PZþYZ thick films using bi-modal particle distribution
ntered at (a) 850 1C, (b) 870 1C, and (c) 890 1C on alumina substrates.



Fig. 5. (a) Dielectric constants and (b) losses of the PMW–PNN–PT–

PZþYZ thick films measured at 1 kHz with various sintering

temperatures.

Fig. 6. Piezoelectric constants of the PMW–PNN–PT–PZþYZ thick

films with various sintering temperatures.
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and the CIP process are applicable for functional thick
films in MEMS applications such as micro actuators and
sensors.
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