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Abstract

Synthesis and sintering of (K,Na)NbOj lead-free piezoelectric ceramics (KNN) were carried out using conventional and microwave heating
processes. Microwave calcination resulted in the formation of single-phase orthorhombic perovskite structure by heating up to 950 °C.
Characterization of synthesized powders with FTIR, XRD and DSC techniques revealed that without soaking time and in spite of the very short
heating time in microwave, the powder calcined at 950 °C has all physical properties similar to powder synthesized in conventional furnace at the
same temperature with a step by step heating regime. The bulk density of 93.8 %, piezoelectric charge coefficient (ds3) of 85 pC/N and remnant
polarization (P,) of 18 pC/cm?> were achieved for sample sintered in microwave furnace at 1115 °C. These values are satisfactorily comparable
with corresponding values of conventional sintering. Results showed that the microwave heating is a promising method in calcination, synthesis
and sintering of potassium sodium niobate lead-free piezoelectric ceramics.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

PZT and other lead-based ferroelectrics are widely used
because of their excellent piezoelectric properties. Due to
toxicity of lead oxide and its harmful effects on environment
and human beings, many efforts are done to find alternative
safe materials. Among the lead-free piezoelectric composi-
tions, potassium sodium niobate ((K,Na)NbO5;:KNN) is con-
sidered to be promising to replace PZT, due to its high curie
temperature and relatively strong piezoelectricity. However,
the volatility of Na and K at elevated temperature and the
sensitivity of the compound to the moisture make it difficult to
obtain dense and well-sintered KNN ceramic by conventional
sintering [1-4].

Several powder synthesis methods are studied to synthesize
KNN powder. Methods such as solid state reaction [5,6], sol—
gel [7,8], hydrothermal/microwave-hydrothermal [9,10] and
mechanochemical activation [11,12] have been studied in
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details and in some cases shown a good powder characteristic
in the terms of subsequent shaping and sintering process and
electrical properties. Besides, many techniques are utilized and
expanded for sintering of KNN ceramics such as normal and
pressureless sintering [13,14], hot pressing [15,16], spark
plasma sintering [17,18]. Additionally, sinter aids and addi-
tives [19,20] are studied in undoped KNN and doped with
some isovalent cations like Li*, Ta’* and Sb>*. However, all
above synthesis and sintering methods are costly, require
prolonged processing time and have relatively low efficiency.

Microwave heating is a process in which the material
absorbs the electromagnetic energy volumetrically and trans-
forms it into the heat by coupling with microwave radiation.
This is fundamentally different from conventional methods
where heat is transferred through the material by the mechan-
isms of conduction, radiation and convection. In conventional
heating, since the surface of the material is first heated, there is
a temperature gradient from the surface to the inside, while
microwave heating generates heat within the material first and
then heats the entire volume. The specificities and the interests
of microwave process are (i) heating rates induced up to
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several degrees per second, (ii) core heating and (iii) energy
utilization efficiency of 80-90%. Furthermore, it is a very
clean and non-polluting method and results in better reaction
yields [21,22].

Compared with conventional methods, a dense body with
improved microstructure can be obtained by microwave
heating in a much shorter time. Many papers have reported
the effect of microwave heating on the synthesis and sintering
of ceramic materials [23,24] and electroceramics [25,26].
In the present work, the effect of microwave heating on
calcination process and synthesis of the stoichiometric com-
pound of (K sNaj 5)NbO3 from carbonate-based raw materials
were considered and well characterized. Also, the sintering of
KNN ceramic using microwave heating was investigated and
compared with conventional heating process.

2. Materials and methods

The raw materials were Na,CO3 and K,COj3 (= 99% purity,
Sigma-Aldrich), and Nb,Os5 (= 99.9% purity, Sigma-Aldrich).
The powders were dried at 220 °C for 12h and weighted
carefully based on stoichiometric undoped KNN ((Kq sNag s)
NbOj3) formulation and were mixed for 6 h using zirconia balls
in a polyethylene jar with ethanol as medium. After drying the
slurry using hotplate-stirrer, the obtained powders were sieved
and calcined at 950 °C in conventional furnace and at 350
—950 °C in microwave furnace. The step by step heating
regime of conventional furnace was based on the results of
Nagata et al. [27] and our previous work [28] in which the
stoichiometric mixture of powders were heated in furnace with
the rate of 2 °C/min and were held isothermally at tempera-
tures of 600, 850 and 950 °C for 3, 5 and 2 h, respectively.
A schematic diagram of this step by step heating regime is
shown in Fig. 1.

On the other hand, to investigate the microwave synthesis
process, the initial mixed powders were heated at different
temperatures from 350 °C to 950 °C in microwave furnace.
The arrangement of microwave system was based on our
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Fig. 1. The heating regime of step by step calcination process in conventional
furnace.

previous setup [24] in which SiC crucible was used as
susceptor and temperature was measured accurately by an
optical pyrometer (RAYR312MSCL2G) focused through a
hole in the top of insulation on the surface of the sample. The
average heating rate was ~30 °C/min.

To characterize and compare the heat treated powders,
X-Ray Diffraction (XRD, Siemens, D-500 system), Fourier
Transform Infra Red spectroscopy (FTIR, Bruker, V33 spec-
trophotometer) and Differential Scanning Calorimetry (DSC,
DSC1, Mettler Toledo) were used. Cu—Koa monochromatized
radiation source with Ni filter were used for XRD in the range
20=10-80°. FTIR spectroscopy was carried out from 400 to
4000 cm™', using KBr pellets containing 1 wt% sample in
KBr. DSC measurement was carried out in the temperature
range of 25-500 °C at a heating rate of 5 °C/min under argon
atmosphere and was used to evaluate the transformation from
ferroelectric—orthorhombic to ferroelectric—tetragonal and from
ferroelectric—tetragonal to paraelectric—cubic of KNN powders
synthesized in conventional and microwave furnaces.

Particle Size Analyzer (PSA, Fritsch Particle Sizer, analy-
sette 22), Gas Pycnometry (Micromeritics, AccuPyc 1330) and
BET techniques (Micromeritics, Gemini 2375) were also used
to measure the physical properties of powders such as particle
size distribution, powder density and specific surface area,
respectively. The morphology of the powders and microstruc-
ture of sintered samples were investigated by using a Philips
Scanning Electron Microscope (SEM) operating at 20 kV.

In order to study and compare two different sintering routes,
the conventionally-synthesized KNN powder was uniaxially
pressed at 70 MPa into disks of 10 mm diameter and
~1.5 mm thickness. Sintering was carried out at 1115 °C for
both conventional and microwave heating processes. The bulk
density was measured by the Archimedes method. At least
three samples were used for every measurement and mean
value was reported. Samples were polished and electroded
with silver paste. Using a precision LCR-meter model
LCRS8110G (GWinsteck, Taiwan), the relative dielectric con-
stant (g), dissipation factor (tand) and the temperature
dependence of dielectric constant from room temperature to
550 °C were measured at 1 kHz. The ds3 piezoelectric charge
coefficient was measured one day after poling under a field
level of 4kV/mm for 30 min at 120 °C by means of a
Pennebaker model 8000 piezo ds; tester (APC Inc., USA).
P-E hysteresis loops were evaluated at room temperature
under 5 kV/mm AC field at 50 Hz with a test unit based on
modified Sawyer-Tower circuit.

3. Results and discussion

FTIR spectra of initial mixed powder and the powders heated in
microwave furnace from 350 °C to 950 °C are shown in Fig. 2.
The peaks in the range of 1000-2000 cm™" were related to CO,
(wavenumber of 1430 cm_l) and adsorbed water (wavenumber of
1630 cm™") vibrations. The broad peak in the vicinity of
3450 cm™! is related to the stretching of H,O [8,29]. The
maximum absorbance belongs to the bending vibrations of
carbonate groups in the stoichiometric mixture of raw powders.
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Fig. 2. FTIR spectra of initial mixed powder (raw powder), powders heated in
microwave furnace (MW) from 350 °C to 950 °C and in the conventional
furnace at 950 °C (CC-950).
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Fig. 3. XRD patterns of initial mixed powder (raw powder), powders heated in
microwave furnace (MW) from 350 °C to 950 °C and powder synthesized in
conventional furnace at 950 °C (CC-950).

By increasing the calcination temperature to 550 °C, this peak
disappeared and further increase in temperature up to 950 °C did
not considerably affect the FTIR spectra. FTIR spectrum of
conventionally synthesized KNN using step by step calcination
process is also shown in Fig. 2. It is seen that the synthesized
powders of both conventional and microwave heating at 950 °C
have similar FTIR spectra, specially at wavenumbers less than
1000 cm™" which are known as characteristic peaks of material and
are related to the Nb—O octahedral vibrations which is a sign of the
formation of perovskite structure [30,31].

The X-ray diffraction patterns of the KNN raw powders and
the powders heated in microwave furnace at 350—950 °C are
shown in Fig. 3. The main peaks of starting raw materials are

4 Exo

e Microwave
Conventional

Normalized Heat Flow (a.u.)

T, ,:192°C

50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 4. DSC curves of KNN calcined powders at 950 °C in conventional and
microwave furnaces.

observed at XRD pattern of mixed powders (raw powder)
before heat treatment. Increasing the microwave heating
temperature to 550 °C leads to the disappearance of these
peaks and the formation of perovskite KNN (PDF card number
32-0822). A further increase in the calcination temperature
from 750 °C to 950 °C leads to the splitting of some peaks,
specially at 20=45-47° and 51-53°, which indicates the
formation of single phase orthorhombic perovskite KNN at
950 °C in microwave furnace [32]. The XRD pattern of KNN
powder heated conventionally at 950 °C (CC-950) is also
shown in Fig. 3. As Fig. 3 reveals, there is no significant
difference between XRD patterns of conventionally and
microwave heated KNN powders at 950 °C.

XRD and FTIR results revealed that the orthorhombic
perovskite KNN phase synthesized at 950 °C in microwave
and conventional furnaces have the same characteristics. It is
worth to mention that the formation of single phase KNN in
conventional furnace needs about 18 h, while it only takes
around 31 min in microwave furnace without soaking time.

In order to further verify the characteristic of powders with
different heating processes, DSC analysis of powders calcined
in conventional and microwave furnaces were performed and
depicted in Fig. 4. Two endothermic peaks observed in each
graph correspond to the respective phase transitions, i.e.,
Tetragonal to Orthorhombic (Tt_g) and the Curie temperature
(Tc) [33]. According to Egerton and Dillon [34], these
temperatures are nominally 220 °C and 420 °C, respectively.
Fig. 4 shows nearly the same thermal behavior of powders
with different synthesis methods. Both curves have the same
Tr_o (192 °C). T¢ of microwave calcined powder is 403 °C
which is close to that of conventional calcination, 409 °C.
However, the lower T¢ of microwave calcined powder may be
attributed to the lower grain size [35].

The SEM micrographs of the powders calcined at 950 °C
via conventional and 550-950 °C via microwave heating are
shown in Fig. 5. Fig. 5(a)-(e) indicates that the particle size
increases slightly as the calcination temperature increases. The
morphological investigations revealed the presence of cuboid
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Fig. 5. SEM images of KNN powders of two different calcination routes: microwave heating at (a) 550 °C, (b) 650 °C, (c) 750 °C, (d) 850 °C, (e) 950 °C and (f)
conventional calcination at 950 °C. (All images have the same magnification, 5000 x .)

grains of about 0.6 pm (Fig. 5(e)) and 1.1 pm (Fig. 5(f)),
estimated by the linear intercept method, for powders synthe-
sized in microwave and conventional furnaces at 950 °C,
respectively.

Physical properties of powders such as powder density,
particle shape, particle size distribution and specific surface
area of powders calcined via these two heating methods are
summarized in Table 1. It is seen that both heating processes
lead to powders with nearly the same characteristic. However,
the powder heated in microwave at 950 °C has finer particles
and narrower distribution than that heated in conventional
furnace at the same temperature.

To evaluate the microwave-assisted sintering of KNN cera-
mic, the conventionally synthesized powder was pelletized and
sintered at 1115 °C in both conventional (with a heating rate of
5 °C/min and soaking time of 2 h [36]) and microwave (total
heating time of 36 min without soaking time) furnaces. Fig. 6
shows the SEM images of the fracture surface of KNN samples
sintered in (a) conventional and (b) microwave furnaces. As it is
observed, the cuboid grains sintered in microwave are notably
finer than those sintered in conventional furnace as a result of

much shorter heating time. The mean grain size of convention-
ally and microwave sintered samples was approximately 6.6 um
and 3.8 um, respectively. Density and electrical properties of
KNN samples sintered at 1115 °C are summarized in Table 2.
The bulk density of sample sintered in microwave was 4.22 g/
cm® (93.8% of theoretical density) which is close to the density
of the conventionally sintered sample (4.23 g/cm?).

As indicated in Table 2, the microwave sintered samples have
slightly lower & and higher tan & compared with conventionally
sintered samples. It has been reported in the literature that the
dielectric constant is highly dependent on the density of
ceramic, which is not the case here because of the similar
densities of microwave and conventionally sintered ceramics.
The reason can be attributed to the smaller grain size of samples
sintered in microwave. According to previous studies [37-40],
the grain size has two controversy effects on dielectric proper-
ties. On the one hand, the smaller grains may have a higher
domain wall density which in turn results in a higher extrinsic
contribution on dielectric properties. On the other hand, the
smaller grains may exhibit larger internal stresses inside the
grains and the absence of 90° domain walls in very fine grains
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Table 1

The characteristics of KNN powders calcined at 950 °C in conventional and microwave furnaces.

Calcination method Particle Shape Particle size distribution

dyo (nm) dsg (pm) doy (um)

Specific surface area (m*/g) Powder density (g/cm’®) Phase structure and composition

Conventional A 0.5 1.9 4.1 3.7
Microwave Cuboid 0.4 12 25 49

4.50

4.50 Pure orthorhombic KNN

Fig. 6. SEM images of the fracture surface of KNN ceramics sintered in (a) conventional and (b) microwave furnaces at 1115 °C. (Both images have the same

magnification, 5000 x .)

Table 2

Summary of physical and electrical properties of conventionally and microwave sintered KNN ceramic at 1115 °C.

Sintering process Density (g/cm3) Relative density (%) Mean grain size (pm) - tan & ds3 (pC/N) P, (pC/cmz) Ec (kV/em)
Conventional 4.23 94.0 6.6 468 0.031 88 20 12
Microwave 4.22 93.8 3.8 427 0.035 85 18 12

e Microwave 30 7

Conventional

P (pC/cmz)

T T T
20 40

E (kV/cm)

-30 -

Fig. 7. Polarization versus electric field hysteresis loops for KNN ceramics
sintered in conventional and microwave furnaces at 1115 °C.

makes the motion of domain walls difficult and subsequently
lower dielectric properties would be expected. In a research by
Kumar and Palei [41], they attributed the low dielectric constant
of KNN with small grains to the grain boundary width. They
also stated that the increase in grain size leads to a decrease in
the thickness of more insulating grain boundary layer and
eventually, €. decreases with decreasing grain size. Moreover,

the slightly higher tan 8 in microwave sintered samples may be
attributed to the difficulty in domain wall motion that results
from the smaller grain size [39,42].

The hysteresis loops of polarization versus electric field are
shown in Fig. 7. The remnant polarization, P,, and coercive
field, E¢, of sample sintered at 1115 °C in microwave furnace
are 18 pC/cm? and 12 kV/cm, respectively. These values are in
good agreement with the measured values of conventionally
sintered KNN in this work and the values reported by other
researchers [14,19]. Although the loops in Fig. 7 have nearly
identical values of P, and E¢, they are different in their slops.
The hysteresis loop of microwave sintered sample is tilted
compared to the conventionally sintered sample. Tilted loops
often appear if there is a surface layer on the top of the samples
or surface of the grains [43,44]. This is more likely to happen
in ceramics sintered with microwave since they have smaller
grains so a surface layer would have a larger effect.

The variations of dielectric constant and loss factor with
temperature for samples sintered in conventional and micro-
wave furnaces are shown in Fig. 8. The Curie temperature, ¢,
of conventionally and microwave sintered samples are 401 °C
and 398 °C, respectively. It is seen that T of microwave
sintered sample slightly shifted to lower temperatures com-
pared with sample sintered conventionally. Besides, the max-
imum dielectric constant for conventionally sintered sample is
to some extent higher than that sintered in microwave furnace.
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Fig. 8. Temperature dependence of dielectric constant and tan & for ceramics
sintered in conventional and microwave furnaces, measured at 1 kHz.

As Fig. 8 further reveals, the value of tand at Curie
temperature for sample sintered in conventional furnace is
higher than microwave sintered sample, but according to data
presented in Table 2, it has a lower value at room temperature.
Buixaderas et al. have reported a similar behavior for
temperature dependence of dielectric constant and loss for
pure KNN with different grain sizes [35].

4. Conclusion

Powder synthesis and sintering of potassium sodium niobate
lead-free piezoelectric ceramics were investigated in micro-
wave furnace and compared with conventional synthesis and
sintering process. Results showed that by using only about 3%
of the total time needed to synthesize the single phase
orthorhombic perovskite KNN powder via conventional heat-
ing route, powders with close physical characteristics can be
obtained by heating in microwave furnace. Moreover, micro-
wave sintering was shown to be a successful method in
obtaining dense ceramics with nearly the same dielectric,
piezoelectric and ferroelectric behavior as were obtained in
conventionally sintered ceramics. Therefore, microwave heat-
ing can be regarded as an economical, time-saving and
effective method for synthesis and sintering of KNN piezo-
electric ceramics.
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