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Abstract

Electrical properties and microstructural characteristics of (1− x)(0.94PbZn1/3Nb2/3O3 + 0.06BaTiO3) + xPbZryTi1−yO3 (PZN–PZ–PT) ce-
ramics, sintered by microwave heating, were investigated using electron microscopy, energy-dispersive spectroscopy (EDS) and electrical
property measurement. Experimental results imply that the microwave-sintered (MW) samples withx = 0.5 andy = 0.52 (1150◦C, 10 min)
possess higher dielectric constant than the conventionally sintered (CS) specimens (1150◦C, 2 h). Microstructural investigations show that
ZnO precipitated on the surfaces of specimens during a thermal process, implying that ZnO diffusion may have influenced the distribution of
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hases in a specimen due to an eutectic reaction of PbO and ZnO. TEM–EDS investigations show that the CS specimens exhibit
lemental segregation of PbO and ZnO at the grain boundaries, but it is much less significant for MW samples. The results imp
rowave sintering not only enhances material densification markedly, but also reduces the PbO/ZnO segregation and amorphous
ayers effectively, and thus improve the electrical properties of PZN–PZ–PT ceramics.

2005 Published by Elsevier Ltd.
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. Introduction

Lead zinc niobate, Pb(Zn1/3Nb2/3)O3 (PZN), is a
elaxor type of ferroelectric material with a partially or-
ered perovskite structure.1–3 The PZN has not only very
ood dielectric properties but also excellent piezoelectric
roperties.4–11 However, synthesizing perovskite PZN
r Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN–PT) ceramics near
orphotropic phase boundary (MPB) using a conventional

eramic process is difficult, because pyrochlore phases form
asily.12–15 Perovskite PZN and 0.9PZN–0.1PT crystals
ave been reported to be thermodynamically unstable over

he wide range of temperatures 600–1400◦C.13 Lim et al.14

nvestigated that the perovskite PZN–PT single crystals
ecomposed to the pyrochlore phase, PbO and ZnO during
igh temperature annealing, even in PbO-rich environments.
ang et al.15 studied the mechanism of formation of per-
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ovskite PZN in a molten PbO environment. They also n
that the intermediate pyrochlore phase was zinc-defi
in comparison with perovskite PZN and had a compos
of Pb1.83Zn0.29Nb1.71O6.39; this formula differs from tha
noted by earlier researcher (Pb3Nb4O13).13 Currently, the
most useful method for stabilizing the perovskite struc
is to add such additives as BaTiO3 (BT), SrTiO3 (ST) and
others.16,17 The large tolerance factor and ionic nature
the perovskite material are believed to be able to stab
the PZN perovskite structure.18 Slight increase of th
amount of BT stabilizes PZN.16,17 However, the phas
transformation temperature of PZN may be reduced to l
than the room temperature. Accordingly, other stabili
must be added to raise the phase transformation tempe
of ferroelectric–paraelectric transition and to modify
structure of materials. PbTiO3 (PT) and PbZrO3 (PZ) are
therefore commonly employed to adjust those prope
19,21

Many investigations have reported the developm
of high-performance piezoelectric materials such
955-2219/$ – see front matter © 2005 Published by Elsevier Ltd.
oi:10.1016/j.jeurceramsoc.2005.02.001
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Pb(Zr,Ti)O3 (PZT), PbLa(Zr,Ti)O3 (PLZT) using microwave
sintering.22–31The 2.45 and 30 GHz microwave were used in
sintering of PZT ceramics, whose property was improved be-
cause of reducing the PbO volatility.28,29However, the elec-
trical characteristics of MW samples was reported to be sim-
ilar to or inferior to those of the CS samples with the same
specimen density, if the MW sintering was carried out at a
temperature lower than that of a CS process over 100◦C.32

The reason for this was attributed to the crystallinity, grain
size, and domain structure development in materials.32

To elucidate microstructural development of the PbO and
ZnO containing materials using MW, we employed BaTiO3 to
stabilize PZN and used PT and PZ to control the phase struc-
ture and electrical characteristics of PZN-based materials in
this work. Besides, electrical and microstructural characteris-
tics of the specimens sintered using microwave sintering were
compared to those of the CS samples. The feasibility of us-
ing microwaves to fabricate PZN-based ceramics is evaluated
and an attempt is made to clarify the mechanisms of improve-
ments of the electrical properties of PZN–PZ–PT ceramics.

2. Experimental procedures

Nominal composition of the specimens ofx(0.94PbZn1/3
Nb O + 0.06BaTiO) + (1− x)PbZr Ti O (PZN–PZ–
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Fig. 1. (a) Experimental set-up for MW process and (b) sintering temperature
profiles of the CS and the MW processes.

piezoelectric planar coupling coefficient (kp) was determined
by the resonance–antiresonance method using a HP 4194A.
The electromechanical coupling coefficientkp was calculated
bykp = √

2.51[(fa − fr)/fr] (fa is the antiresonant frequency
andfr is the resonant frequency). The chemical homogeneity
of the specimens was investigated using an energy-dispersive
X-ray spectrometer (EDS) on a transmission electron micro-
scope with a field emission gun (FEG-TEM) (Philips Tecnai
F30) with an EDS system and an FEG scanning electron mi-
croscope (FEG-SEM) (JEOL 6500F). The electron beam was
converged to 10 nm during the EDS investigations using the
FEG-TEM. Scanning electron micrographs of the fractured
surface and grain morphology were obtained to evaluate the
grain size and surface characteristics.

3. Results and discussion

Fabrication of specimens using microwave exhibits much
faster densification rate than using a conventional sintering
process.Fig. 2plots the relative density and the grain size of
PZN–PZ–PT specimens sintered using the MW process. The
relative density of specimens reached 95% when the sintering
was carried out at 1050◦C for 10 min, implying that the ma-
terial rapidly absorbed microwave energy and become den-
2/3 3 3 y 1−y 3
T) was fabricated, and specimens withx = 0.5 andy = 0.52
xhibited acceptable dielectric and piezoelectric prope
nd therefore was investigated in this experiment. Th
ults obtained with other compositions have been and
e reported elsewhere.33,34 BT, PT and PZ is used here

o stabilize perovskite PZN and employed to modify the
ired phase and electrical characteristics. The specimen
repared by an A-site-element sequential mixing colum
ASMC) method.33,34Following calcinations, the ground a
all-milled powders were pressed into discs with a dia

er of 10 mm and a thickness of 1 mm using a pressu
20 MPa. A multimode 2.45 GHz microwave furnace wi
ower output of 1 kW was used in the microwave sinte
rocess, and the specimens were sintered at various tem

ures from 10 to 120 min. The conventionally sintering (
rocess was performed at 1150◦C for 2 h using a doubl
rucible that contained PbZrO3 powders to prevent the eva
ration of PbO.Fig. 1 displays the experimental set-up

he MW process and temperature profiles of the MW an
S processes. The phase structures of the powders a
isc specimens were analyzed using an X-ray diffractom
ith Cu K� radiation. After the specimens had been

shed to a thickness of 0.6 mm, a silver paste was ap
s the electrodes and baked at 600◦C for 30 min to enabl
lectrical measurements to be made. The dependence
ielectric constant on temperature of specimens was
ured from 100 Hz to 1 MHz using a gain-phase analyzer
194A) with an automatic temperature-controlled chamb

he temperature range of 25–400◦C. The samples were pol
y applying a dc field of 5 kV/mm at 100◦C for 30 min. The
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Fig. 2. Relative densities and grain sizes of PZN–PZ–PT specimens sintered
by the MW and CS process at various sintering temperature and soaking time.

sified. The relative density of the MW samples could reach
98% at a sintering temperature of 1150◦C for 10 min. On
the other hand, using a CS process to achieve relative den-
sity of samples of 98% required a processing time of 2 h
at 1150◦C and must be under a strict atmospheric control.
However, thermal runaway would take place at 1150◦C for
processing over 15 min in a microwave sintering process. The
grains grew quickly when the sintering temperature exceeded
1100◦C during the MW process. The results imply that the
samples absorbed microwave energy efficiently, and that dif-
ferent grain growth mechanisms (interface-controlled and
diffusion-controlled) may operate at low and high (>1100◦C)
temperatures, respectively. Notably, the grain size of MW
samples was always smaller than those of CS samples when
the sintering temperature was similar. The grain size of MW
and CS samples was 1.4 and 2.2�m at a sintering temperature
of 1150◦C for 10 min and 2 h, respectively.

The pyrochlore phase was very easily formed in the PZN
material system. The processing conditions must be cho-
sen carefully to prevent its formation.Fig. 3 displays the
XRD patterns of the microwave and conventionally sintered
PZN–PZ–PT ceramics generated from powders using an
ASMC method, which effectively reduces pyrochlore phase
generation.33,34The significance of the ASMC method is that
we not only mix B-site elements in advance, but also consider
the A-site element activity and therefore addition sequence
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Fig. 3. XRD patterns of PZN–PZ–PT powder calcined at 950◦C for 4 h and
specimens sintered at 1150◦C for 2 h and 10 min by CS and MW processes,
respectively.

tric loss were measured as a function of temperature,K–T,
at 1 kHz at a range of temperatures from 25 to 400◦C, as
shown inFig. 4. The maximum dielectric constant,Kmax,
was 16,000 for the MW specimens, but approximately 14,000
for the CS specimens. Samples that have undergone the mi-
crowave process have a dielectric constant that is 14% higher
than those of conventionally sintered specimens. More inter-
estingly, the dielectric loss of MW specimens at Curie tem-
perature (Tc) temperature was only about 1/4 of that of CS
ones. TheTc of the specimens that underwent microwave
sintering was approximately 10◦C lower, giving an indica-
tion hint of microstructural difference between MW and CS
samples.

Fig. 5shows the impedance spectra of the MW and the CS
specimens. The first resonant and antiresonant frequencies of
the MW samples were at 246 and 281 kHz, respectively. For
CS samples the impedance peak of resonant and antiresonant
frequency appears at 250 and 280 kHz, respectively. The MW

F ctric
l were
s ses,
r

f the elements. Specimens with complete perovskite p
an be obtained at the current composition sintered b
W process at 1150◦C for 10 min and the CS process
h. Notably, the CS process was carried out in a PbO-ric
osphere, but preventing the loss of PbO from the spec

urface layer during processing was still difficult. On the o
and, the MW sintering process was performed in an A2O3
ontainer covered with insulation pad with less atmosp
rotection and samples without forming the pyrochlore p
ere produced.
The dielectric constants of both MW (1150◦C, 10 min)

nd CS (1150◦C, 2 h) specimens were evaluated and the
ults were compared. The dielectric constants and di
ig. 4. Temperature-dependent relative dielectric permittivity and diele
oss of PZN–PZ–PT at 1 kHz for CS and MW samples. Specimens
intering at 1150◦C for 2 h and 10 min by the CS and the MW proces
espectively.



1240 C.-L. Li, C.-C. Chou / Journal of the European Ceramic Society 26 (2006) 1237–1244

Fig. 5. Resonance curves and phase angle obtained through the piezoelec-
tric characterization for the (a) CS and (b) MW processed PZN–PZ–PT
specimens.

specimen exhibits a wider frequency of difference betweenfa
andfr, and a more square shape of the impedance curve. It was
shown that the magnitude ofkp of MW samples was higher
(kp = 0.6 for MW and 0.54 for CS). On the other hand, the
resonant impedance of MW samples was lower than those of
CS samples, suggesting that MW samples possess less defects
or better crystallinity. The lower resonant impedance implies
that specimens exhibit higher mechanical quality factor and
lower heat dissipation during working.

The experiments performed in this work revealed some
re-deposited or diffused-out particulates on the surface of
the specimens, under thermal etching at 1000◦C for 30 min,
as shown inFig. 6. Table 1 shows the semi-quantitative
EDS analysis. The particulates consisted of primarily ZnO
(∼40.74 at.%) and PbO (∼41.36 at.%), which implies that

Table 1
SEM–EDS elemental analysis of the re-precipitation particles on surface of
PZN–PZ–PT specimen after thermal etching

Element

Ti Zn Zr Nb Ba Pb

Weight% 1.28 20.06 1.48 5.79 4.55 66.29
Atomic% 3.47 40.74 2.1 8.05 4.28 41.36

Fig. 6. An SEM micrograph of CS samples showing some re-precipitation
particles existing on specimen surface after thermal etching. (a) SEM image
and (b) EDS spectrum.

the zinc oxide is easily decomposed during material pro-
cessing. Intriguingly, ZnO exhibits vapor pressure two or-
ders lower than PbO. Enhancement of the ZnO diffusion
may be attributed to the eutectic reaction of ZnO and
PbO at around 860◦C. ZnO was extracted out from grains
to the surface and form the liquid phase. However, PbO
keeps evaporating and leaves high concentration of ZnO
in the liquid phase. After cooling down, the particulates
form on specimen surface. The consequence of PbO evap-
oration and ZnO diffusing-out is the formation of the py-
rochlore phase or degradation of dielectric properties of the
grains.

TEM investigations were also performed to investigate the
microstructural characteristics of the specimens. Under as-
sintered conditions, both CS and MW specimens display sim-
ple and similar grain interior which is different from the spec-
imens microwave-sintered at lower temperatures, which ex-
hibit complicated domain arrangements in materials.32 Fig. 7
displays the atomic structure images of grain boundaries in
PZN–PZ–PT specimens using the CS and MW processes.
The CS specimen exhibits uniform grains, but possesses obvi-
ously an amorphous phase among grains. On the other hand,
the MW specimen does not obviously exhibit such a grain
boundary layer. It was reported that PbO might segregate
to form the amorphous layer or second phases.35–37 Fig. 8
andTable 2display the corresponding EDS spectra of the
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Fig. 7. Atomic structure images of grain boundaries in PZN–PZ–PT specimens using the (a and b) CS and (c and d) MW processes.

CS and MW specimens. A semi-quantitative EDS study of
the grain boundary showed that the grain boundaries of the
CS samples possess more PbO and ZnO, but the MW sam-
ples do not exhibit extraordinary concentration gradient due
to insignificant existence of the inter-grain-boundary layer.
Therefore, at the current material system, not only PbO but
also ZnO forming the intergranular layer of a thickness of
about 10 nm, which may have a lower dielectric constant,
surrounds grains of higher dielectric constant as shown in
Figs. 7(a, b) and 8(a). The dielectric constant declines as
the amount of the grain boundary layer with lower dielec-
tric constant increases. However, the MW process can sup-
press PbO and ZnO losses and reduce the annealing time.
Figs. 7(c, d) and 8(b)shows the grain boundaries of MW
samples at a sintering time of 10 min. The micrograph dis-
plays a clear grain boundary with thickness less than 1 nm.

Table 2
TEM–EDS elemental analyses of grain boundaries for MW and CS
PZN–PZ–PT samples (unit: at.%)

Element CS MW

Ti 7.21 15.59
Zn 44.56 7.95
Zr 1.85 12.75
Nb 1.6 16.12
Pb 44.78 47.6

The composition analysis at the grain boundary is also sim-
ilar to that of grain interior. If microwave sintering proceeds
longer, thicker intergranular layer may form, but the segrega-
tion is not as significant as that in CS specimens. The results
suggest that the volatile elements such as PbO and ZnO seg-
regating to grain boundaries are much less pronounced in the
MW process, which produces better crystallinity and fewer
defects in materials.

Lim et al.14 investigated that the perovskite PZN–PT sin-
gle crystals decomposed to the pyrochlore phase, PbO and
ZnO during high temperature annealing, even in PbO-rich
environments. Jang et al.15 studied the mechanism of forma-
tion of perovskite PZN in a molten PbO environment and
noted that, in comparison with perovskite PZN, the inter-
mediate pyrochlore phase was zinc-deficient. Using the PbO
atmosphere in the CS process can suppress PbO and ZnO
evaporation from the surface of the samples, but it did not
prevent segregation of PbO and ZnO inside the sample along
grain boundaries. Furthermore, there was an eutectic point
in PbO and ZnO binary system at a composition of 15 mol%
ZnO at 860◦C.38 When PbO and ZnO segregate at grain
boundaries during the sintering process, a liquid phase oc-
curs and the diffusion rate increases. This may be the reason
why PZN-based materials can be sintered at lower tempera-
tures, and the CS samples exhibit a thick amorphous layer at
grain boundaries as well.
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Fig. 8. EDS spectra of a grain boundary in PZN–PZ–PT specimens using a
(a) CS and (b) MW processes.

For Pb-based systems with excess PbO, the possibility of
the existence of a low-permittivity intergranular phase was
suggested and examined using the series mixing model.20,37

According to the series mixing model of diphasic systems,39

the relative dielectric permittivity of polycrystalline ceramics
is given by

D

εs
= Dg

εg
+ Dgb

εgb

whereεs is the relative dielectric permittivity of the speci-
men;εg is the inherent dielectric permittivity of the perovskite
grain, excluding the grain-boundary region;εgb is that of the
grain-boundary phase;Dg is the thickness of the grain core;
Dgb is that of the grain-boundary region; andD is the to-
tal thickness of the grain. Because the thickness of the grain
boundary phase is so small in MW samples, we assume that
dielectric constant of MW samples is equal to its grain dielec-
tric constant. We further assume that the dielectric constant of
the grain in CS samples is the same as that of MW ones. Con-

sequently, we can estimate the grain boundary dielectric con-
stant of CS samples to be about 480. However, Papet et al.40

find that dielectric constant of the grain boundary phase for
PMN is only 20. This result suggests that the segregated ZnO
in grain boundary could improve the dielectric constant of the
grain boundary phase. We expect the present grain boundary
phase possesses lower dielectric constant than the crystalline
ZnO (ε = 1000),41 because it may contain nanocrystalline or
amorphous phase at the grain boundaries. Segregation of PbO
and ZnO could reduce the dielectric constant of the speci-
mens. However, the dielectric constant of CS sample does
not clearly decrease. This result indicates that higher dielec-
tric constant of the grain boundary phase may not be that
detrimental to dielectric properties in PZN-base materials,
comparing with other lead-based systems with excess lead
oxide addition.35,36,42

More importantly, microwave sintering reduces the
PbO/ZnO evaporation and segregation effectively, and there-
fore greatly enhances reliability of the material processing
and material properties. The results imply potential applica-
tions of microwave sintering in future devices and materials
processing for material systems with high vapor pressure.

4. Conclusions
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