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bstract

orous Pb(ZrxTi1−x)O3(PZT) thick films that had been prepared by tape casting were densified by microwave energy. The microwave absorption
ffect is substantially correlated with the film thickness. In microwave-processed PZT thick films, rapid particle necking causes densification with
o grain growth nearly in a short treatment time of 20 min at 820 ◦C. The same porous PZT thick films are difficult to densify in a conventional

rocess. A 30-�m-thick PZT thick film has a pure perovskite structure. Self-supporting PZT thick films with a crack-free and uniform microstructure
ormed in a microwave process have larger coercive field than conventionally processed bulk PZT. The polarization, 14 �C/cm2, of PZT thick films
n a microwave process exceeds that, 7 �C/cm2, of PZT bulk formed in a conventional process.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Piezoelectric and ferroelectric Pb(ZrxTi1−x)O3 (PZT) mate-
ials have been developed for use in various smart devices with a
isplacement of several microns and polarization.1 Films of PZT
ith various thicknesses (0.5–200 �m) have wide applications.2

conventional thick-film process, such as tape casting3 or
creen-printing4 yields films with a thickness of micron. Thick
lms thus prepared cannot be easily densified by conventional
urnace heating in a short processing time at low processing
emperature.

The microwave process is known to promote material densi-
cation at low processing temperature with a shorter processing

ime than the conventional process.5,6 Microwave/millimeter-
aves are also used to enhance crystallization and to sinter
ulk PZT materials.7,8 The use in PZT sintering of 2.45 GHz
icrowaves that are suitable for industrial applications is also

nvestigated.9,10 Several parameters must be considered to
nsure the success of the microwave process such as the arrange-

ent of the specimen set and the specimen mass, as well as the
icrowave heating chamber configuration.10 The porosity of

he green specimens is an important parameter in microwave

∗ Corresponding author.
E-mail address: hychang@mail.ntou.edu.tw (H.-Y. Chang).

u
w
s
t
o
c
r

955-2219/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.02.035
eating because the porosity of the specimen is related to
icrowave absorption and affects the increase in temperature.11

he S-curve associated with temperature-microwave absorp-
ion is simulated with respect to sample size and the change in

aterial properties such as conductivity, dielectric loss, etc.12,13

owever, data on microwave absorption behavior of most dielec-
ric materials remain few and further experiments must be
onducted.

One of the challenges in preparing PZT thick films is to obtain
rack-free, dense, uniform microstructures with the desired
roperties. PZT thick films on various substrates have been stud-
ed to solve such problems.1,2,14,15 However, self-supporting
hick films sintered without cracking; do not warp, but have a
ense uniform microstructure and favorable ferroelectric proper-
ies are difficult to prepare and have not been examined in detail.

icrowaves are effective in the volume heating of materials.
owever, microwaves may have not effect on a small mass or

hin piece. Additionally, low-loss material, such as PZT, at room
emperature is frequently microwave-sintered with casketing or
sing a susceptor to promote microwave absorption.9,16 This
ork investigated the focusing of microwave energy to treat self-

upporting ferroelectric PZT thick films of various thicknesses

o study thick highly porous green PZT film and the effects
f thickness on microwave absorption. Such microwave pro-
essing results were also compared to conventional processing
esults.

mailto:hychang@mail.ntou.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.035
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. Experimental procedure

Commercially available low temperature sintering PZT pow-
ers (mean particle size of 0.7 �m) were used as starting
articles. The sintering condition 820 ◦C/2 h was used as a refer-
nce. PZT thick films with thicknesses of 10, 30, 50 and 100 �m
ere prepared using a tape casting machine (AEM Inc., model
104, USA) using 66 wt.% solid PZT slurry.

The tape-cast green PZT thick films were punched into pieces
ith a diameter of 10 mm. Die-pressed bulk samples of PZT
ith a diameter of 12 mm and a thickness of 1.38 mm were also

mployed in conventional and microwave heating processes.
he prepared green PZT films were either single piece or stacked
ith a 1-mm-thick top and a bottom alumina sheet to form a

andwiched stacking assembly; Fig. 1 displays the stacked PZT.
parse ZrO2 powder was spread on thick PZT films to prevent the
dhesion of PZT from the PZT films or the alumina sheet. Such
stacking assembly was subsequently heated to decompose the
inder in a furnace for 500 ◦C/5 h. After the binder had decom-
osed, the stacking assembly was heated in an electrical furnace
r in a microwave cavity at ramp rates of 2 ◦C/min and 10 ◦C/min
n an electrical furnace and 40 ◦C/min in a microwave cavity.
he soaking was at 820 ◦C for 20 min, 30 min, 40 min and 2 h.

n the microwave process, the sandwich stacking assembly was
laced in a microwave susceptor with SiC and refractory mate-
ials. Then, the susceptor that contained the sandwich stacking
ssembly was set in a microwave cavity to facilitate microwave
rocessing, as schematically presented in Fig. 1. The SiC was
dopted to promote the pumping microwave absorption of PZT
t low temperature. The microwave processing cavity was an
lliptical single-mode cavity with a designed energy-focused
egion with a diameter of about one inch. The design and field
istribution have been presented elsewhere.17

The microstructure and morphology of the samples were
etermined using a field emission-scanning electron microscope
FE-SEM, LEO 1530). The crystal structure was characterized
y X-ray diffraction (XRD, Rigaku D/MAX-IIB, Cu K� radia-

ion wavelength λ = 1.5405 Å, scan speed of 4◦/min). Gold top
lectrodes were deposited on the surfaces of heat-treated PZT
hick films to enable electrical measurements to be made. A

ig. 1. Schematic diagram of microwave susceptor, including stacked PZT thick
lm assembly.
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erroelectric P–E hysteresis loop was obtained using a Sawyer-
ower circuit.

. Results and discussion

The heat-treatment temperature was set at 820 ◦C for both
onventional (F) and microwave (MW) processes. The shrink-
ge in the diameter of a single PZT thick film treated by either
onventional or microwave heating depends on the thickness
f the film and the ramp rate, as shown in Fig. 2. The shrink-
ge of specimens by a conventional process increases with the
lm thickness at a high ramp rate of 10 ◦C/min but not at a

ow ramp rate of 2 ◦C/min. The shrinkage saturation remained
t approximately 11% when specimens that were larger than
00 �m were conventionally treated, regardless of whether the
oaking time was 20 min or 2 h at 820 ◦C. However, the shrink-
ge of the single PZT thick film that was microwave processed at
20 ◦C/20 min increased with the film thickness. The shrinkage
n MW was larger than in F when the thickness of a single thick
lm exceeded 80 �m, as shown by the line of circular symbols

n Fig. 2.
The phase transformation in the microwave process in Fig. 3

s strongly related to the thickness of the film. X-ray diffraction
XRD) analysis of an as-sintered single PZT thick film following
20 ◦C/20 min microwave heat-treatment reveals a pyrochlore
pyro) phase on the 10 and 30-�m-thick films, as shown in
ig. 3(a) and (b). It indicates that PbO volatilization is seri-
us on thin PZT films during the microwave process. Almost no
econd phase of prochlore was detected when the film thickness
xceeded 30 �m, as displayed in Fig. 3(c) and (d). The ZrO2
hase in the XRD patterns was resulted from the powder used
o prevent adhesion between PZT thick films. The presence of a
econd phase depended on the film thickness because the ratio
f the thickness of the PbO loss layer on the film surface to the
otal film thickness was higher for thinner films (≤30 �m).

The circular symbols in Fig. 2 reveal the microwave absorp-
ion increased with the thickness of the specimen. More

urprisingly, the shrinkage increased markedly with the num-
er of stacked 30-�m-thick PZT thick films in the microwave
rocess, as indicated by the curve of square symbols in Fig. 4.
our stacked 30 �m PZT thick films exhibit almost the same

ig. 2. Variation of shrinkage with thickness of single piece of PZT thick film,
reated by both conventional and microwave processes. The shrinkage of the
onventionally sintered bulk PZT is used as a reference, plotted as a dotted line.
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ig. 3. X-ray diffraction patterns of single piece of PZT thick films following
icrowave sintering at 820 ◦C/20 min: (a) 10 �m, (b) 30 �m, (c) 50 �m and (d)

00 �m.

hrinkage as a single 100 �m PZT thick film in the microwave
rocess, as revealed by a comparison of Figs. 2 and 4. This
esult further demonstrates that the absorption of microwaves
y thick PZT films significantly increases with thickness above
00 �m. Accordingly, six stacked PZT thick films were exam-
ned to elucidate the effect of microwaves on a self-supporting
hick PZT film. In Fig. 4, the line of circular symbols shows
hat the shrinkage slightly increase with the soaking time up
o 40 min at 820 ◦C. It also indicates that shrinkage saturation
ccurs under 820 ◦C/40 min microwave treatment.

Various numbers of 30-�m-thick PZT films and six stacked
lms soaked for various times all exhibit pure phases, according

o XRD analysis in Fig. 5. No second phase was present in the
tacked PZT thick film due to such large, massive PZT materi-
ls providing sufficient PbO atmosphere. There no excess PbO

tmosphere compensation was in the microwave process.

The fractured microstructures of microwave-processed spec-
mens exhibited trans-granular fractured surfaces, as shown in

ig. 4. Variation of shrinkage with number of stacked 30-�m-thick PZT thick
lms treated by a microwave process, and six stacked 30-�m-thick PZT thick
lms under microwave treatment with various soaking times at 820 ◦C.
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ig. 5. X-ray diffraction patterns of stacked 30 �m PZT thick films that had
een microwave sintered at 820 ◦C/20 min, 30 min and 40 min.

ig. 6(a)–(c). Particle necking is the main feature, and grain
rowth in microwave-treated specimens of six stacked pieces
s slight, as displayed in Fig. 6(a) and (b). The grain size is
lmost the same as the original particle size, 0.7 �m, for a
ingle 100-�m-thick PZT thick film, as shown in Fig. 6(c),
hich exhibits particle necking but without grain growth. In

ontrast, Fig. 6(d) displays no particle necking or grain growth
n six stacked 30-�m-thick specimens that were conventionally
reated at 820 ◦C/20 min with a high ramping rate of 10 ◦C/min.
owever, the die-pressed bulk PZT sintered by convention-

lly at 820 ◦C/2 h with a ramping rate of 2 ◦C/min exhibits an
nter-granular fracture with abnormal grain growth, as shown
n Fig. 6(e). The full densification of PZT proceeded with a
ufficiently long soaking time at the sintering temperature, and
he grain growth was more extensive in the conventional pro-
ess. Rapid necking of particles, resulting in the densification of
ZT, and grain growth depression in a short soaking period, are
eatures of selective microwave heating.

The polarization–electric field (P–E) hysteresis loops in Fig. 7
how that the 820 ◦C/2 h conventionally treated bulk specimen
ad the smallest coercive field and the smallest remanent polar-
zation, 7 �C/cm2. Microwave 820 ◦C/20 min treatment thick
lm specimens have a larger coercive field and larger rema-
ent polarization of 14 �C/cm2. The microwave-treated single
0-�m-thick PZT film has a larger coercive field than the sin-
le 100 �m or the stacked 30-�m-thick PZT thick film, but
hey all have the same remanent polarization. The larger coer-
ive field may be ascribed to the porous microstructure and the
arge surface areas and long boundaries of particles. When full

ensification was achieved, the coercive field reached a con-
tant value, as for the conventionally sintered die-pressed bulk
ZT, shown in Fig. 7. The same result was obtained for die-
ressed bulk PZT microwaves sintered at 820 ◦C/20 min (not
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Fig. 6. Micrographs of 30-�m-thick PZT thick film produced from six stacked pie
micrograph of (c) a single 100-�m-thick PZT thick film that had been microwave sint
from six stacked pieces that had been conventionally sintered at 820 ◦C/20 min, and (

Fig. 7. Polarization-electric field hysteresis loops of 30-�m-thick PZT thick
film formed from six stacked pieces (triangular symbols), a single 50-�m-thick
film (circular symbols), single 100-�m-thick (diamonds) PZT thick film, all
microwave-sintered at 820 ◦C/20 min; also bulk PZT (solid line) conventionally
sintered at 820 ◦C/2 h.
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ces following microwave sintering at: (a) 820 ◦C/20 min, (b) 820 ◦C/40 min;
ered at 820 ◦C/20 min; micrographs of (d) 30-�m-thick PZT thick film formed
e) bulk PZT conventionally sintered at 820 ◦C/2 h.

hown here). Almost the same remanent polarization for MW
ZT thick films indicates that same grain size is associated with

he same amount of dipole polarization, which exceeds that of
he conventionally 820 ◦C/2 h heat-treated bulk specimen. This
ifference may be associated with the fact that more dipoles
re aligned when a large number of small grains undergo the
icrowave process than when a small number of large grains

ndergo the conventional process.
A short microwave processing treatment time was applied to

ZT thick films, causing rapid particle necking and very little
rain growth. The thickness of the PZT thick films significantly
ffected the microwave absorption efficiency, which effect was
or the first time quantified as a mass effect in microwave heat-
ng. The grain size remained the original PZT particle size but
ast particle necking densified the specimen in MW because of
he presence of numerous amount of vacancies, space charges

nd charged point defects in porous tape-cast PZT thick films.
icrowaves selectively interact with the defects and vacancies

o cause the diffusion flow of defects, driving fast particle neck-
ng. Hence, porous green PZT thick films can be shrunk and
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ensified rapidly by the MW but not by the conventional pro-
ess under the same heat treatment conditions of temperature
nd soaking time, such as 820 ◦C/20 min.

. Conclusion

The porous tape-cast PZT thick films were treated in a
ocused microwave cavity and a conventional furnace. The sec-
nd phase appeared on the PZT thick film with a thickness of
ess than 30 �m because of PbO loss, which is avoided by stack-
ng PZT thick films in the microwave process. A highly dense
elf-supporting 30 �m PZT thick film is obtained by stacking six
ieces of PZT thick film and treating them with microwaves at
20 ◦C/20 min. Microwave energy efficiently promoted particle
ecking, rapidly densifying the PZT thick film in a short soak-
ng time. The dense microstructure with a microwave energy
xhibits a clear crystal surface and edges, with slight grain
rowth. The microwave process densified the PZT thick film
ore than the conventional process, with a smaller coercive field

bserved in the P–E hysteresis loops. The same large polariza-
ion, 14 �C/cm2, of the microwave-treated PZT thick films of
arious thicknesses, exceeds that, 7 �C/cm2, of the convention-
lly treated bulk PZT.
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