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A comparative study of microwave and conventional sintering of lead-free Bi, ,(Na,4,K,4),,.TiOs—BaZrO;—CuO
ceramics is presented. It was found that microwave sintering (MWS) can be successfully applied to the fabrication of
large strain Bi-perovskite with electric field-induced strains comparable to those obtained with conventional sintering
(CFS). Although MWS resulted in smaller grained microstructures than CFS, the ferroelectric properties were stronger
in MWS-derived specimens than in the CFS-derived ones. The piezoelectric strain constant dy;* of the CFS-derived
specimens reached a maximum value of 372 pm/V after sintering at 1100°C, whereas that of MWS-derived specimens

peaked at 950°C with a d,,* value of 324 pm/V.
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1. INTRODUCTION

The use of microwave energy in the processing of various
materials—such as ceramics, metals, and composites—offers
several advantages over conventional heating methods; smaller
grained microstructures, improved product yields, energy savings,
and reductions in manufacturing costs can be obtained, and new
materials can be synthesized [1-7]. It has also been reported that
microwave sintering can be successfully applied to the co-firing
of multilayer ceramic devices—in which ceramic and metal thick
films are alternatively stacked—including BaTiO, multilayer ceramic
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capacitors [8,9], ferrite chip inductors [10,11], and integrated
passive devices [12].

Lead-free piezoelectric materials have been of great interest
over the last decade, because of the increased concerns with the
elimination of environmentally harmful elements in the electronic
and automotive industries [13-16]. Lead zirconate titanate, which
has been primarily used for various piezoelectric sensors and
actuators, contains more than 60 wt% of Pb. However, no lead-free
alternatives capable of perfectly replacing lead zirconate titanate
have hitherto been reported, even though extensive and intensive
studies to develop new lead-free alternatives have been carried out.
Being a new approach in process technologies, microwave sintering
(MWS) has also been investigated, by examining the effect of the
fast firing method on the ferroelectric and piezoelectric properties
of lead-free piezoelectric ceramics such as BaTiO,-based [6,17],
(K,Na)NbO,-based [18-20], (Bi,Na)TiO,-based [21], and (Sr,Ba)Nb,O;
[22] ceramics.

In the case of piezoelectric actuators, the electric field-induced
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strain is one of the most important parameters. In this respect, Bi-
perovskite compounds have also attracted much attention as lead-
free actuator materials, because of their large strains [16,23-31]. The
large strain observed at the normal and relaxor ferroelectric phase
boundary was recently found to be closely related to the nanoscale
composite of the normal and relaxor ferroelectric phases [30]. In
particular, BaZrO,-modified Bi,,,(Na,K),,,TiO; (BNKT) was found
to exhibit not only relatively large strains (above 400 pm/V) but
also small strain hysteresis, when compared with other bismuth-
sodium-titanate-based compounds [32-35]. These advantages make
it a promising material for a wide range of precision mechatronic
systems, such as fuel injectors for diesel and gasoline engines,
position control systems for precision stages, and electronic
motors, where low voltage driving is strongly required. To meet
such industrial demands, the ceramic devices are manufactured
in the form of multilayer actuators (MLAs), in which thick film
piezoelectric layers are alternatively stacked with metal electrodes.
Noble metals—such as expensive Pd or Pt—are inevitably used as the
inner electrode, because of their thermal stability at the co-firing
step.

To use less expensive Ag or Cu as the inner electrode of MLAs,
piezoelectric ceramics should be fired at temperatures lower than
1000°C, below the melting point of the inner electrode metal;
in particular, the sintering temperature should be lower than
963°C for Ag electrodes, or 1085°C for Cu electrodes. However, as
is known, BNKT ceramics are fired at temperatures higher than
1150°C, to achieve enough densification [16,23-31]. Therefore, low-
temperature sintering is particularly important in the utilization of
BNKT ceramics as the piezoelectrically active lead-free layer in low-
cost MLAs.

In this work, and considering the above background, we
investigated the effect of excess CuO and MWS on the sintering
behavior and the dielectric, ferroelectric, and piezoelectric
properties of BNKT ceramics. For comparison, the microstructure
and piezoelectric properties of conventionally sintered specimens
were also examined.

2. EXPERIMENTS

A conventional ceramics processing technique was used to
prepare a 0.96Bi,,,(Na, Ky 15),,,1105-0.04BaZrO; (BNKT-4BZ)
powder. Powders of Bi,O;, K,CO;, BaCO;, ZrO,, Na,CO,, and
TiO, (99.9%, Kojundo Chemical) were used as raw materials.
The starting materials were weighed according to the chemical
formula for BNKT-4BZ, ball-milled for 24 h in anhydrous ethanol,
and calcined at 850°C for 2 h. CuO (at 2 mol%) was added to the
calcined batch (as a sintering aid), which was then mixed with
a binder (polyvinyl alcohol; PVA), and compacted into 12-mm-
diameter circular disks at 98 MPa. The green disks were sintered
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Fig. 1. Firing cycle comparison between conventional furnace
sintering (CFS) and microwave sintering (MWS), as used in this work.
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via one of two different sintering approaches: conventional
furnace sintering (CFS) at 950~1100°C for 4 h, or MWS using a
microwave heater (UMF 01, 2.45 GHz, Unicera, Korea). The firing
cycles used with the two sintering methods are compared in Fig.
1. In the case of CFS, the heating rate was 5°C/min, with a single
holding step at 550°C, to remove the binder. The heating rate of
MWS was 50°C/min, with two holding steps. The first holding step
(at 100°C) was used to remove the moisture resulting from the
higher heating rate, and the second holding step (at 550°C) was
required for burning the binder out.

The resulting crystal structure was analyzed using an X-ray
diffractometer (XRD; RAD III, Rigaku, Japan), and the surface
morphology was examined with field-emission scanning electron
microscopy (JEOL, JSM-650FE Japan). Electrical measurements
were made after screen-printing Ag paste on both sides of a disk-
shaped specimen and subsequent firing at 700°C for 30 min. The
electric-field-induced strain measurements were carried out using
alinear variable differential transducer.

3. RESULTS AND DISCUSSION

Two different sintering approaches, CFS and MWS, were
compared in terms of the resulting microstructure and crystal
structure of CuO-added BNKT-BZ ceramics. Figure 2 contrasts
the micrographs of the thermally etched surfaces of specimens
prepared with the two different sintering methods. Both approaches
resulted in dense microstructures at temperatures as low as 950°C.
However, the grain size increased with the increase in the sintering
temperature.

The average grain size (AGS) and relative density of CFS- and
MWS-derived specimens, as a function of the sintering temperature,
are shown in Fig. 3. The average grain size was determined by
the linear intercept method [36], using field-emission scanning
electron microscopy photos. The relative density was calculated
based both on the real density (determined using an Archimedes

Fig. 2. Morphology micrographs of the polished and thermally etched
surface of specimens prepared via (a) conventional furnace sintering
and (b) microwave sintering, at different sintering temperatures.
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Fig. 3. Average grain size and relative density of conventional furnace
sintering (CFS) and microwave sintering (MWS) specimens, as a
function of the sintering temperature.

method) and the theoretical density (the unit cell volume was
determined from the XRD results). All the sintered specimens
showed a relative density above 96% of the theoretical density, as
shown in Fig. 3. The AGS of the CFS-derived specimen was 0.75 m
after sintering at 950°C, and increased with T, reaching 0.96 m at
1100°C. In contrast, MWS led to smaller grained microstructures, as
seen in Figs. 2 and 3—as was also observed in MWS-derived (K,Na)
NbO, based ceramics [19]. The AGS of MWS-derived specimens
increased slightly from 0.65 m to 0.70 m when T, increased from
925°C to 1000°C. Further increases in T, resulted in the melting of
the specimens.

The crystal structure of the specimens was analyzed via X-ray
diffraction (XRD) analysis; the obtained results are presented in Fig.
4. For all specimens, the reflections perfectly matched a perovskite
structure with pseudocubic symmetry. Careful observation of (200)
reflections in the CFS-derived specimens (see Fig. 4(a)) indicates

(a) CFS
(110}
{200} {211}
{11 220}
{210}
J 1100°C

A ,I A 2 1050°C
A__,l L ) 1000°C
JL A A A . 950°C

35 40 45 50 55 60 65 70 75 39 40 41 45464748
20 (degrees)

{200}
111}

Intensity (arb. unit)

dade
F

(b) MWS

(110}

aig 200 o1y 200
210

2203 {111}

A A A 1000°C
ﬂ A A 975°C
I n A A 950°C
J A A A 925°C

35 40 45 50 55 60 65 70 75 39 40 41 45464748
20 (degrees)

Intensity (arb. unit)

Crorr
Cee

Fig. 4. X-ray diffraction patterns of BaZrO;-modified bismuth sodium
potassium titanate ceramics prepared with two different sintering
methods: (a) conventional furnace sintering (CFS) and (b) microwave
sintering (MWS).

that the full-width half-maximum decreases with 7;, denoting an
improved crystallinity [37], which is probably due to the increased
grain size at higher values of T, (as can be seen in Fig. 2).

In contrast, the XRD patterns of the MWS-derived specimens
in Fig. 4(b) show two definite differences from those of the CFS-
derived specimens. First, the full-width half-maximum of (200)
reflections is much larger than that of the CFS-derived specimens,
which might be attributed to the smaller grained microstructure
of the MWS-derived specimens. Such a peak broadening was also
observed in MWS of Bi(Ni, ,Ti, ;) O;-PbTiO; ceramics [38]. Second,
in the case of MWS, higher values of T, resulted in broader XRD
peaks. We propose that the broadened peaks at higher values of 7; in
the MWS-derived ceramics may be ascribed to the improvement in
density and/or grain size, which contributes to decrease the leakage
current and enhances the ferroelectricity. It was also reported
that the increased sintering temperature in (Na,;K,;) NbO,-based
materials can enhance ferroelectricity [39] or rhombohedral
symmetry in MWS-derived specimens [16,23-31]. Previous studies
on the effect of BaZrO, (BZ)-modification on the crystal structure
of BNKT ceramics [32] have found that the BZ modification
induces a phase transition from rhombohedral to pseudocubic
symmetry. However, the present results suggest that MWS inhibits
the rhombohedral-to-pseudocubic transition. Jiang et al. [38] also
observed higher lattice anisotropy in MWS-derived Bi(Ni,,Ti,,) Os-
PbTiO, ceramics than in CFS-derived ones, which was attributed to
larger internal stresses in smaller grained microstructures [40].

The polarization-electric field (P-E) hysteresis loops for
specimens obtained with the two different sintering methods
are shown in Fig. 5. As seen in Fig. 5(a), CFS resulted in slimmed
P-E loops, which are typically observed in relaxors [16,23-31].
In contrast, MWS provided well-defined ferroelectricity in all
specimens, as can be seen in Fig. 5(b), which was evidenced by
the observed definite remnant polarization (P,) and coercive field
(E). Interestingly, the CFS- and MWS-derived ceramics showed
different trends as a function of temperature (see Fig. 5), which may
possibly be ascribed to a few different factors. First, the excessive
volatilization of alkali elements at higher sintering temperatures
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Fig. 5. Polarization versus electric field hysteresis loops for the

BaZrO;-modified bismuth sodium potassium titanate ceramics

prepared with two different sintering methods: (a) conventional

furnace sintering (CFS) and (b) microwave sintering (MWS).
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Fig. 6. Effect of the sintering method on the (a) remnant polarization
Pr and (b) coercive field Ec of BaZrO;-modified bismuth sodium
potassium titanate ceramics.

should explain the smaller P, and larger E, observed in Fig.
5(a) for the CFS-derived specimens. Second, the MWS-derived
specimens sintered at 925°C exhibited a leaky behavior; their P,,,,
and P, values were therefore the highest, as observed in Fig 5(b).
Third, because of the higher heating rate, shorter holding time,
and lower sintering temperature of the MWS-derived specimens
sintered at temperatures from 950°C to 1000°C, the volatilization of
alkali metals in the MWS-derived specimens was lower than that of
the CFS-derived specimens. Therefore, an increase in the sintering
temperature with increasing grain size and/or ferroelectricity
enhancement of the MWS-derived specimens led to an increase of
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Fig. 7. Strain versus bipolar electric field BaZrO,-modified bismuth
sodium potassium titanate ceramics prepared using two different
sintering methods: (a) conventional furnace sintering (CFS) and (b)
microwave sintering (MWS).
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the P, and P, values, as observed in Fig. 5(b). (The P, and E, can
be derived from the locations where the P-E loops cross the X- and
Y-axes, respectively.)

The P, and E, values obtained from the P-E loops are plotted
in Fig. 6, as a function of T, for both sintering approaches. In the
case of CFS, both P, and E, initially increased with 7;, and then
decreased when 7; reached 1100°C. All the CFS-derived specimens
showed much smaller P, and E, values than those of BNKT, which
have been reported as P, = 30 pC/cm2 and E, = 35 kV/cm [32].
The small P, value of CFS-derived specimens is also in agreement
with previously reported results on BZ-modified BNKT ceramics
[32,33,35], indicating that the BZ-modification induced a phase
transition in the BNKT from ferroelectric to relaxor. On the other
hand, such a phase transition was not observed in the MWS-derived
specimens, which exhibited values of P, from 20 to 54 uC/ cm?, and
of E, from 16 to 21 kV/cm, as shown in Fig. 6(b). This phenomenon
seems to be related with the differences in the microstructure and
crystal structure between the specimens obtained with distinct
approaches; however, further studies may be needed to fully clarify
the reason for this difference.
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Fig. 8. Strain versus electric field (P-E) hysteresis loops for BNKT-BZ
ceramics prepared using two different sintering methods; (a) CFS
and (b) MWS.
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The strain versus bipolar electric field hysteresis loops, as a
function of T, are shown in Fig. 7. In the case of the CFS-derived
specimens (shown in Fig. 7(a)), the negative strain (S,,) observed
at E, is small, whereas the maximum strain reaches 0.185% at
T=1100°C. In the case of the MWS-derived specimens, the S,
corresponding to the tail of the butterfly-shaped curve is not
negligible in comparison with that of the specimens prepared
with CFS. The considerable S, implies that these MWS-derived
specimens contained ferroelectric domains, because S,., was
observed when the domain orientation was reversed under the
electric field. In addition, the MWS-derived specimens sintered
at 925°C exhibited leaky behavior, and increasing the sintering
temperature in the other MWS-derived specimens enhanced the
ferroelectricity. Therefore, the similar low strain properties of the
925°C- and 1000°C-sintered specimens observable in Fig. 7(b)
result from the high conductivity and high ferroelectricity of these
specimens. The maximum strain was observed for the MWS-
derived specimen sintered at 950°C, which can be attributed to the
higher bulk density, lower conductivity, and sufficient amount of
ferroelectricity of this sample. These results agree well with those of
the XRD (Fig. 4) and with the P-Eloops presented in Fig. 5, where
the MWS-derived specimens strongly exhibit lattice anisotropy and
ferroelectricity, whereas the CFS-derived specimens exhibit not
only isotropic lattice, but also relaxor behavior.

The unipolar electric-field-induced strain loops obtained for
specimens prepared with both CFS and MWS are compared as
shown in Fig. 8. As shown, CFS resulted in larger strains than MWS.
From the loops, the piezoelectric strain constant d,;;* —which is
defined as S,/ En.« — Was determined; it is plotted in Fig. 9 as a
function of T,. The d;* value of MWS-derived specimens was very
sensitive to T; and peaked at 950°C with a value of 330 pm/V. In
contrast, the d;;* value of the specimens prepared with CFS was less
sensitive to T, and reached a maximum value of 370 pm/V when T;
=1100°C.

4. CONCLUSIONS

This study compared the effects of CFS and MWS on the
microstructure, crystal structure, ferroelectricity, and piezoelectric
properties of CuO-added BNKT-BZ ceramics. In comparison with
CFS, MWS provided a ten times faster sintering process; however,
it resulted in smaller grained microstructures and stronger
ferroelectricity. In terms of strain properties, this study evidenced
that MWS can lead to d;;* values comparable to those of Bi-based
lead-free ceramics prepared with CFS.
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