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This paper is a comparative study involving sintering conditions (different sintering temperatures and
time), process (conventional and microwave sintering), microstructures, and electrical measurements to
investigate the mechanism of microwave absorption, and the difference in the microstructural charac-
teristics and electrical properties of lead-based and lead-free ceramics. The lead-based piezoelectric
ceramics are x(0.94PbZny;3Nby/303 + 0.06BaTiO3) + (1 — x)PbZryTi;_,O3 where x=0.5, y=0.52 (abbre-
viated as PBZNZT) and the lead-free ceramics are (Big5(Naj_xKy)o.5)TiO3 where x = 0.18 (abbreviated as
BNKT), all sintered by microwave heating. Experimental results indicate that PBZNZT and BNKT speci-
mens have different microwave absorption efficiencies. Compared with BNKT samples, PBZNZT samples
absorb microwave radiation more efficiently in MWS process. This might be attributed to the contri-
bution of the dielectric constant and dipole loss which might dominate the absorption of microwave
energy for ferroelectric and piezoelectric materials. HRTEM and energy dispersive spectroscopic inves-
tigations show that the grain boundaries of MWS samples exhibit less PbO and ZnO segregation than
those of CS samples form PBZNZT specimens. On the other hand, BNKT specimens exhibit no compo-
sitional segregation at the grain boundaries after the CS and MWS processes. In addition, the MWS
process can achieve a more uniform composition and crystallization in PBZNZT and BNKT ceramics, thus
improving the electrical properties.
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many countries have recently restricted the use of lead oxide by
drafting legislation due to toxicity and its high vapor pressure,

1. Introduction

In recent years, lead zirconate titanate—lead zinc niobate
(Pb(Zrq2Tiq2)03—Pb(Zny;3Nby/3)03 (PZT—-PZN) piezoelectric mate-
rials have had wide applications in piezoelectric actuators, sensors,
and transducers due to their high dielectric, piezoelectric, and
ferroelectric properties [1—3]. However, Perovskite PZN has been
reported to be thermodynamically unstable over the wide
temperature range of 600—1400 °C [4]. A useful method to stabilize
the perovskite structure is to add additives such as BaTiO3 (BT),
SrTiO3 (ST) and others. For example, a slight increase in the amount
of BT stabilizes PZN [5,6], but the phase transformation temperature
of PZN may be reduced to below room temperature. Accordingly,
other stabilizers must be added to raise the ferroelectric—para-
electric phase transformation temperature. PbTiO3 (PT)—PbZrO3
(PZ) are commonly employed to adjust those properties. However,

* Corresponding author. Tel.: +886 2 29089899x4566; fax: +886 2 29063269.
E-mail address: pinyi@mail.mcut.edu.tw (P.Y. Chen).

1567-1739/$ — see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2011.03.039

which is harmful to people and environment. Therefore, it is
necessary and urgent to search for lead-free piezoelectric ceramics
with excellent piezoelectric properties [7]. Big5Nags5TiO3 (BNT) is
considered an excellent candidate for lead-free piezoelectric
ceramics due to its relatively large remnant polarization
(P; =38 pC/cm?) and high Curie temperature (T. = 320 °C) [8—10].
However, BNT has the drawback of high conductivity and a high
coercive field E., which can cause problems in the poling process
[11]. BNT-based solid solutions have been studied and some BNT-
based lead-free piezoelectric ceramics systems with superior
piezoelectric properties have been reported, such as BNT—BaTiOs3,
BNT—Big5K05TiO3, BNT—BaTiO3—Bip 5K 5TiO3, BNT—(Na,K)NbOs,
BNT—Ba(Ti,Zr)03, BNT—(BILi)TiO3—Big 5K 5TiO3 [12—17] and so on.
Among these materials, the excellent piezoelectric and dielectric
properties of (1 — x) BNT—x BKT systems can be achieved near the
rhombohedral—tetragonal morphotropic phase boundary (MPB)
with x=0.16—0.20. Because Bigs5Kos5TiO3 can be partially
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Fig. 1. (a) Microwave hybrid heating structure, and (b) sintering temperature profiles of the CS and the MW processes.

substituted for BNT, E. can be reduced. Higher values of the elec-
tromechanical coupling factor (Kp,) and the dielectric constant (e;)
are observed around the MPB region. Furthermore, a significant
problem of BNT-based ceramics is its large leakage current, that is
often correlated with the vaporization of Bi during sintering and the
subsequent defects forming at high temperatures [18].

Microwave sintering is a special process technique with unique
characteristics, such as rapid heating, enhanced densification rate,
lower sintering temperature, and lower cost when compared with
conventional heating [19—23]. Many investigations have proposed
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the development of high-performance piezoelectric materials such
as Pb(Zr,Ti)O3 (PZT), PbLa(Zr,Ti)O3 (PLZT) using microwave sinter-
ing [24—31]. The microwave frequencies of 2.45 and 30 GHz were
used in sintering of PZT ceramics, the properties of which were
improved by the reduction in PbO volatility [28,29]. Therefore, the
microwave sintering technique could be an appropriate approach
for improving sintering of easily evaporating elements. On the
other hand, electromagnetic waves interact with ceramic materials,
leading to volumetric heating through microwave radiation, but the
microwave sintering behavior of ceramics depends strongly on
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Fig. 2. The relative density of (a) PBZNZT and (b) BNKT ceramics at different sintering temperatures for the CS and MWS processes.
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Fig. 3. (a) Dielectric constant and (b) dielectric loss factor were measured at a 2.45 GHz frequency over the range of temperatures from 25 °C to 400 °C.
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Fig. 4. Conductivity measurements of AC impedance as a function of temperature in (a) PBZNZT and (b) BNKT specimens.

their ability to microwave absorption. Many factors affect the
microwave absorption ability of the materials. For example, the
microwave power deposited in the materials and microwave
penetration depth of the materials play important roles in esti-
mating the microwave absorption ability. The microwave power
deposited in the ceramics is given by the following equation:

P = wepertand E} = 2xfegectand E7 (1)

where E; is the magnitude of the electric field entering materials, &;
is the relative dielectric constant, ¢g is the permittivity of free space;
fis the microwave frequency, and tan ¢ is the dielectric loss factor.
In addition, there are two main physical loss mechanisms: the
conduction loss and dipole relaxation loss. These losses may be
combined into an effective dielectric loss factor. According to Eq.
(1), the dielectric properties (dielectric constant and dielectric loss
factor) of the materials strongly affect the microwave absorption
ability of the ceramics. On the other hand, the interaction between
the microwave radiation and the ceramics often changes at
different sintering temperatures [32]. For example, Al;03, ZrO, and
Si3N4 have a low absorption ability of microwave radiation at lower
temperatures and an increased ability at higher temperatures. To
accelerate initial heating at lower temperatures and obtain a more
uniform heating, hybrid heat with SiC-rod susceptor was used to
aid sintering at lower temperatures.

The microwave process requires specialized sintering engi-
neering, but few studies have been performed on lead-free piezo-
electric ceramics to estimate the effect of the microwave process.
Therefore, in the present work, two kinds of ceramics, lead-based

piezoelectric ceramics X (0.94PbZny3Nby,
303+ 0.06BaTiO3) + (1 — x) PbZr,Ti;_,O3 (abbreviated as PBZNZT)
and lead-free (Bigs(Naj_xKx)o5)TiO3 piezoelectric ceramics

(abbreviated as BNKT), were used to investigate the correlation
between the electrical properties and microstructural characteristics
of the specimens using microwave sintering when compared with
the conventional sintered samples. At the same time, the difference
in the coupling microwave energy between the BNKT and PBZNZT
ceramics is evaluated to understand the mechanisms of microwave
absorption.

2. Experiments

The specimens of x(0.94PbZn3Nby/303 + 0.06BaTiO3) + (1 —x)
PbZryTii1_,O3 (abbreviated as PBZNZT) with x=0.5 and y =0.52
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Fig. 5. Conductivity changes with temperature for PBZNZT and BNKT samples using
the microwave sintering process.
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s

Fig. 6. SEM images of the CS and MWS processes with similar densities for (a), (b) PBZNZT samples and (c), (d) BNKT samples.

were fabricated in this experiment. PbO, ZnO, Nby0s, ZrO,, BaCO3
and TiO, were used as the initial raw materials. The specimens were
prepared by an A-site-element sequential mixing columbite (ASMC)
method [33,34]. Following calcinations, the ground and ball-milled
powders were pressed into discs with a diameter of 10 mm and
a thickness of 1 mm. The lead-free (Bip 5(Naj_xKx)o.5)TiO3 (abbrevi-
ated as BNKT) ceramics with x=0.18 were fabricated using
a conventional solid state reaction technique. Reagent grade oxide
and carbonate powders such as Bi;03, Na,COs3, K2CO3 and TiO, were
used as the initial raw materials. All powders were ball milled for
24 h and were calcined at 850 °C for 2 h. The calcined powders were
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also reground and pressed into disc specimens with a diameter of
10 mm and a thickness of 1 mm. A multimode 2.45 GHz microwave
furnace with a power output of 1 kW was used in the microwave
sintering process, and the specimens were sintered with tempera-
tures between 1000 and 1150 °C for sintering times ranging from 30
to 120 min. The conventional sintering (CS) process was also per-
formed and sintering conditions were the same as these of the
microwave sintering (MWS) process. To prevent the evaporation of
elements, PBZNZT specimens used a crucible that contained PbZrO3
powders to prevent the evaporation of PbO, and BNKT specimens
were sintered using a crucible that contained calcined BNKT
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Fig. 7. Activation energy of grain growth for (a) PBZNZT samples and (b) BNKT samples sintered in conventional and microwave furnaces.
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Fig. 8. Schematic diagram of the average activation energy of mass transport
compared with CS and MWS sintering.

powders to prevent the evaporation of Bi;03, Nay0, and K,0. All
specimens had been polished to a thickness of 0.6 mm, and a silver
paste was applied as the electrodes and baked at 650 °C for 30 min to
facilitate electrical measurements. Fig. 1 displays the experimental
schematic diagram of the MWS process and the temperature profiles
of the MWS and the CS processes. X-ray diffraction (XRD) technique
(Rigaku, Max-RC, Japan) was used to determine the crystal phase of
the samples. Micrographs of the prepared samples were obtained
using a scanning electron microscope (SEM; JEOLFESEM 6500F). The
chemical homogeneity of the specimens was investigated using an
energy-dispersive spectrometer (EDS) attached to a transmission
electron microscope with a field emission gun (FEG-TEM; Tecnai G?
F20). The density was measured using the Archimedes method with
distilled water. The P—E hysteresis loops were obtained by a Say-
wer—Tower circuit. The temperature dependence of the dielectric
properties was evaluated using a network analyzer (Agilent E5071C)
from room temperature to 430 °C at a frequency of 2.45 GHz. A
Solartron 1260 AC impedance analyzer was used to measure the
impedance plots between 400 °C and 700 °C in the frequency range
of 0.1 Hz—5 GHz. The piezoelectric planar coupling coefficient (kp)
was determined by the resonance—anti resonance method using
a HP 4194A.

Fig. 9. HRTEM atomic structure images of grain boundaries for PBZNZT samples using (a) CS (b) MWS process and BNKT samples using (c) CS (d) MWS process.
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3. Results and discussion

The relative theoretical densities of PBZNZT and BNKT speci-
mens sintered using the CS and MWS processes are displayed in
Fig. 2. The relative density of sintered PBZNZT samples increased as
sintering temperature increased for the CS process and the relative
density initially increased and then decreased for the MWS process.
A comparison between CS specimens sintered at 1150 °C for 2 h and
MWS specimens sintered at 1050 °C for 2 h, at a similar density,
indicated that the MWS process could achieve a significantly lower
sintering temperature in PBZNZT samples for the same densifica-
tion. This result implied that the PBZNZT specimens absorbed
microwave radiation more efficiently during sintering. On the other
hand, BNKT specimens achieved a similar density for CS and MWS
specimens demanding the same sintering temperature at 1150 °C
for 2 h. The result indicates that BNKT samples appear to display
less microwave absorption ability. At the same time, the relative
density of PBZNZT specimens sintered at 1150 °C for 10 min in the
MWS process could reach 98%. However, BNKT specimens used the
MWS process to achieve a relative density of 98% requiring a soak-
ing time of 2 h at 1150 °C. The PBZNZT specimens obviously dis-
played a higher microwave absorption ability. To understand
microwave absorption ability, the dielectric constants and dielec-
tric loss of both PBZNZT and BNKT specimens in the MWS process
were evaluated. The dielectric constants and dielectric loss were
measured as functions of temperature at a frequency of 2.45 GHz
from the temperatures range of 25 to 400 °C as shown in Fig. 3. The
maximum dielectric constant, emax, iS approximately 2200 for
PBZNZT specimens sintered at 1150 °C for 10 min, and 1000 for the
BNKT specimens sintered at 1150 °C for 2 h. The dielectric constant
of PBZNZT samples was around double that of BNKT samples. On
the other hand, the dielectric loss factor of PBZNZT specimens also
displayed a higher value than that of the BNKT specimens within
the same range of measured temperatures. The dielectric loss factor
involves the conduction loss and the dipole loss. For microwave
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sintering, ferroelectric and piezoelectric materials can couple
microwave energy through conduction loss and dipole loss. This
allows them to be heated more efficiently in the microwave field. A
higher dielectric constant accompanies a larger dielectric loss,
leading to a larger absorption of microwave energy in PBZNZT
specimens. To evaluate the conduction loss or the dipole loss from
the dielectric loss, which plays the main role in the microwave
absorption, AC impedance measurements were performed on the
BNKT and PBZNZT specimens sintered using the MWS process. The
AC impedance measurements were performed in the frequency
range of 0.1 Hz to 5 GHz in the temperature range of 400—700 °C.
Fig. 4 displays the impedance spectroscopic plots and the semi-
circle arcs that were observed in the temperature range of 400 °C to
700 °C, and these plots show the different semicircle arcs at
different temperatures. This means that different conductivities
exist at different temperatures. The radius of the semicircle gives
the resistance of the material. To calculate the conductivity of the
total bulk, the bulk resistance (Rpyk) is obtained from the inter-
ception of the semicircle with the real axis (Z') in the complex plots.
The value of Ry at each test temperature was converted into the
bulk conductivity (opyk) by the relation:

o = t/SR (2)

where t is the sample thickness and S is the electrode area on the
sample surface. The conductivity changes with temperature for
PBZNZT and BNKT samples sintered using the microwave process
shown in Fig. 5. According to the characteristic frequency of
complex impedance, the conduction loss can be calculated by the
relation:

/" g

& = — 3
= o (3)
where ¢ is the conduction loss, ¢g is the permittivity of free space;
w is the characteristic frequency of the specimen, and ¢ is the
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Fig. 10. EDS spectra of a grain boundary in PBZNZT specimens for (a) CS (b) MWS processes and in BNKT specimens for (c) CS (d) MWS processes.



S116 PY. Chen et al. / Current Applied Physics 11 (2011) S110-S119

Table 1
TEM—EDS elemental analyses of grain boundaries for PBZNZT and BNKT samples.
(unit: at.%)
Pb Ti Zn Zr Nb
PBZNZT (CS process) 44.8 7.2 44.6 19 1.6
PBZNZT(MWS process) 47.6 15.6 8.0 12.8 16.1
Bi Na K Ti (0]
BNKT (CS process) 16.6 9.8 0.8 16.5 56.4
BNKT (MWS process) 8.0 11.5 0.9 17.0 62.2

conductivity. To provide a concrete explanation, the data of complex
impedance and dielectric loss at 400 °C are given an example. The
dielectric loss of PBZNZT ceramics is 0.10113 and that of BNKT
ceramics is 0.00663. At the same time, the conductivity of PBZNZT
ceramics is calculated by Eq. (2), and the result of the conductivity is
substituted into Eq. (3) to calculate the conduction loss. Therefore,
the conduction losses of PBZNZT and BNKT ceramics at 400 °C are
0.00045 and 0.00068, respectively. This result indicates that the
BNKT specimens display higher conduction losses. This may be
because vapor pressure of bismuth oxide is higher than that of lead
oxide [35], implying that bismuth oxide in BNKT ceramics more
easily vaporizes compared with lead oxide in PBZNZT ceramics.
Because the dipole loss can be calculated by subtracting conduction
loss from the dielectric loss, the values of the dipole losses in PBZNZT
and BNKT ceramics at 400 °C will be 0.10065 and 0.00592, respec-
tively. According to the above interpretation, PBZNZT showed
a higher dipole loss and a similar conduction loss, but displayed
higher microwave absorption. The results might be attributed to the
contribution of dielectric constant and dipole loss. Therefore,
dielectric properties might dominate the microwave absorption
ability for ferroelectric and piezoelectric materials.

The grain sizes of PBZNZT and BNKT specimens sintered using
the CS and MWS processes were measured and the grain size of
PBZNZT specimens in the MWS process was smaller than that of in
the CS process for similar relative density. The grain size of MWS
samples was 1.72 um at a sintering temperature of 1050 °C for 2 h
and of the CS samples was 2.1 um at a sintering temperature of
1150 °C for 2 h. Moreover, the grain sizes of the MWS and CS spec-
imens in BNKT specimens were also evaluated and the results
indicated that the grain size of the MWS process was also smaller for
the similar relative densities of the CS and MWS samples. The grain
size of the MWS process is 1.11 pum at 1150 °C for 2 h and that of CS
process is 1.47 pm at 1150 °C for 2 h. The SEM images of PBZNZT and
BNKT specimens are shown in Fig. 6, and obviously exhibit a smaller
grain size for the MWS process than for the CS process. According to
M.A. Janney [22], the surface diffusion at the lower sintering
temperature is the main diffusion mechanism of grain coarsening,
whereas the grain boundary and bulk diffusions at higher sintering
temperature are the main diffusion mechanism of densification. The
microwave sintering process was observed to densify PBZNZT and
BNKT materials with no induced surface diffusion of coarsening
grain due to a very rapid rate of heating that enhanced grain
boundary and bulk diffusions of rapid densification resulting in
high-density materials containing a finer grain microstructure.

The activation energy for the grain growth was calculated by the
grain growth kinetics equation:

G" — G = Kotexp(— Q/RT) (4)

where G is grain size, Gy is initial grain size, Ko is the grain growth
rate constant, t is sintering time, n is the grain growth kinetic
exponent, Q is the activation energy of grain growth, R is gas
constant, and T is sintering temperature. The activation energy of
BNKT ceramics in microwave sintered sample is lower (167 kJ/mol)
than that of conventional one (260 kJ/mol). On the other hand, the

Fig. 11. SEM images of fracture surface for (a) PBZNZT samples and (b) BNKT samples using microwave sintering.
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Fig. 12. X-ray diffraction patterns of BNKT and PBZNZT specimens sintered using the
CS and MWS processes.

activation energy of PBZNZT ceramics in microwave sintered
sample is also lower (132 kJ/mol) than that of the conventional one
(238 kJ/mol) as shown in Fig. 7. The results indicate that MWS
process displays lower activation energy for PBZNZT and BNKT
specimens. To compare the difference between MWS and CS in the
sintering mechanism of mass transport, Fig. 8 displays the sche-
matic diagram for the average activation energy of mass transport
in the CS and MWS sintering. The activation energy calculated by
the grain growth kinetics equation represents the average value of
the activation energy of surface diffusion, grain boundary diffusion,
and volume diffusion. The existence of lower activation energy in
the specimens of MWS process implies that lower values of acti-
vation energies of surface diffusion, grain boundary diffusion, and
volume diffusion exists in the specimens of MWS process. This
means that microwave radiation enhances atomic diffusion and
aids sintering behavior of PBZNZT and BNKT ceramics.

To compare the difference between the microstructures and the
electrical properties of PBZNZT and BNKT ceramics in the CS and
MWS processes, we utilized electron microscopy to explore the
correlation between electrical properties and microstructures. TEM
was performed to investigate the microstructure characteristics of
the specimens. Fig. 9 displays the high resolution electron
microscopy images of grain boundaries in PBZNZT and BNKT
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Fig. 13. P—E hysteresis loops of (a) PBZNZT and (b) BNKT specimens using conventional
and microwave sintering.

specimens. The images of PBZNZT specimens for CS process exhibit
an obvious amorphous phase at the grain boundaries shown in
Fig. 9(a). It was reported that PbO might segregate to form the
amorphous layer or second phases [36—38]. A semi-quantitative
TEM-EDS study of the grain boundary showed that grain bound-
aries possess more PbO and ZnO as shown in Fig. 10(a) and Table 1.
Therefore, not only PbO but also ZnO form the intergranular layer
with a thickness of about 10 nm in the present PBZNZT material
system. Meanwhile, SEM observations of the fracture surface
revealed an obvious and continuous intergranular type of fracture,
as shown in Fig. 11(a). This result corresponds to weaker bonds and
a continuous phase existing at the grain boundaries, which can be
attributed to the segregation of the amorphous phase at the grain
boundaries. On the other hand, the MWS specimen exhibited a thin
grain boundary with a thickness less than 1 nm, as observed in
Fig. 9(b) and the TEM-EDS displayed an ordinary concentration
gradient as shown in Fig. 10(b) and Table 1. The composition
analysis at the grain boundary is also similar to that of the grain
interior. SEM observations of the fracture surface display a trans-
granular type of fracture, as shown in Fig. 11(b). The results suggest
that the volatile elements such as PbO and ZnO segregating at the
grain boundaries are less in the MWS process, which produces
better crystallization and fewer defects in the materials.

TEM images of BNKT specimens can be seen in Fig. 9(c) and (d).
The BNKT specimens for the CS and MWS process display a clean
atomic arrangement at the grain boundaries. At the same time,
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Table 2
Ferroelectric properties and electromechanical coupling factor kp of conventional
and microwave sintered PBZNZT and BNKT specimens.

cs MWS

Pr Ec kp Pr Ec kp
PBZNZT 41.6 13.10 0.54 389 13.15 0.60
BNKT 34.2 40.60 0.28 353 42.05 0.30

a thin grain boundary with a thickness of less than 1 nm was
observed. The compositional analysis of the TEM-EDS at the grain
boundaries is shown in Fig. 10(c) and (d) and in Table 1, and the
results are similar to those of the grain interior. However, MWS
specimens display a less stoichiometric deviation than CS speci-
mens. This may be the reason why MWS specimens display higher
electrical properties than CS specimens. On the other hand, SEM
observations of the fracture surface revealed a transgranular type of
fracture for CS and MWS specimens, as shown in Fig. 11(c) and (d).
This implies the existence of stronger bonds at the grain boundaries
for BNKT specimens. This result is different from PBZNZT ceramics
with a continuous amorphous layer at the grain boundaries.

X-ray diffraction patterns for conventional and microwave
sintered PBZNZT and BNKT specimens are shown in Fig. 12. Char-
acteristic peaks in the X-ray diffraction pattern of sintered speci-
mens indicate the formation of a perovskite structure. The
pyrochlore phase formed very easily in the PZN material system.
The PBZNZT ceramics use an ASMC method, which efficiently
reduces pyrochlore phase generation. On the other hand, the
patterns of BNKT ceramics primarily exhibit the perovskite struc-
ture. These results are shown in Fig. 12. Compared to the crystal
structure of PBZNZT and BNKT sintered specimens, the c/a ratios of
the tetragonal phases in the CS and MWS processes for PBZNZT
specimens are 1.013 A and 1.016 A, respectively and for BNKT
specimens are 1.0062 A and 1.0069 A, respectively. The MWS
process obviously displays a larger tetragonality for PBZNZT and
BNKT specimens.

To understand the effects of the CS and MWS processes on the
electrical properties, the ferroelectric and piezoelectric properties
were measured. Fig. 13 shows typical hysteresis loops obtained in
PBZNZT and BNKT specimens sintered by conventional and
microwave processes. For PBZNZT specimens at a similar density,
the remnant polarization value (P;) of CS samples sintered at
1150 °C for 2 h is 38.9 pC/cm? and the value is 41.6 pC/cm? for
MWS samples sintered at 1150 °C for 10 min. For BNKT specimens,
the P; value is 34.2 pC/cm? for the CS samples sintered at 1150 °C
for 2h and the value increases to 35.3 pC/cm? for the MWS
samples sintered at 1150 °C for 2 h. On the other hand, the coercive
field becomes smaller in the MWS process for BNKT and PBZNZT
specimens. These ferroelectric property parameters are listed in
Table 2. The values of the planar electromechanical coupling factor,
kp were measured and calculated. In PBZNZT ceramics, the value of
kp is 0.54 for CS specimens sintered at 1150 °C for 2 h and the value
is 0.6 for MWS specimens sintered at 1150 °C for 10 min. On the
other hand, BNKT specimens indicate that the kp is 0.28 for CS
specimens sintered at 1150 °C for 2 h and the value is 0.3 for MWS
specimens sintered at 1150 °C for 2 h. The results are also listed in
Table 2 and the electrical properties of the MWS samples are
higher, suggesting that MWS samples possess fewer defects and
better crystallization.

4. Conclusions

The microwave sintering process has been successfully per-
formed on PBZNZT and BNKT piezoelectric ceramics. The results

indicate that the grain sizes of the MWS process for PBZNZT and
BNKT specimens are smaller than these of the CS process for the
same densification, and PBZNZT samples could achieve a signifi-
cantly lower sintering temperature in the MWS process, implying
that PBZNZT specimens absorb microwave radiation more effi-
ciently. This could be attributed to the contribution of the dielectric
constant and dipole loss. Therefore, the dielectric properties might
dominate the microwave absorption ability of ferroelectric and
piezoelectric materials.

HRTEM and energy dispersive spectroscopic investigations
show that the grain boundaries of MW samples exhibit less PbO
and ZnO segregation than those of the CS samples for PBZNZT
specimens. The BNKT specimens display no compositional segre-
gation at grain boundaries for the CS and MWS processes. However,
the MWS process could efficiently achieve a more uniform
composition and crystallization for PBZNZT and BNKT ceramics, and
the results improve the electrical properties.
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