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Abstract

The effect of sintering process, particularly the sintering time, on ferroelectric properties of Bij 5(Na, ¢K(,) sT105 (BNKT)
has been studied and compared with Bij sNa, sTiO; (BNT) and Bi, 5K, sTiO; (BKT) ceramics. Ceramic powders were
prepared by the solid-state reaction method, employing a mechanochemical activation step, and sintered at different times.
Samples were characterized by X-ray diffraction (XRD), Raman microspectroscopy, Scanning Electron Microscopy (SEM),
impedance spectroscopy and ferroelectric hysteresis loops. Through XRD and Raman results, the perovskite structure was
detected. In addition, a secondary phase was observed by SEM images. As the sintering time was increased, the medium
grain size grew, and the amount of the secondary phase raised. Moreover, dielectric properties were modified by the result-

ing grain size and the amount of the secondary phase.

1 Introduction

Piezoelectric ceramics are widely used for many applications
such as sensors, actuators, and transducers due to their elec-
tromechanical properties. In this way, lead titanate—zirconate
piezoceramics are the most extensively used materials for
these devices, although lead toxicity is a serious threat to
human health and environment [1]. Therefore, considerable
efforts, regulations and restrictions on using hazardous sub-
stances in electronic devices have been devoted towards the
development of lead-free piezoelectric ceramics.

Recent reports on lead-free piezo-ceramics can be cat-
egorized into two main perovskite families: (K,Na)NbO,
(KNN) and (Bi, Na)TiO; (NBT) or (Bi,K)TiO5 (BKT) [2—4].
K sNajy sNbO; (KNN) system has attracted much attention,
due to its elevated Curie temperature (about 420 °C) and
high piezoelectric properties close to the morphotropic
phase boundary (MPB) [5]. Nevertheless, it is difficult to
obtain pure KNN-based ceramics with high density and
great piezoelectric performance.

Sodium bismuth titanate Na sBij sTiO; (BNT) with rela-
tively large remnant polarization at room temperature and
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high Curie temperature could be considered as a promis-
ing candidate to lead-free piezoelectric ceramics [6]. The
high strain observed in the BNT system under a strong elec-
tric field is due to the 90° domain reorientation [7] which
increases the coercive field and hinders the development of
desired piezoelectric properties. Consequently, numerous
studies have been carried out to improve electrical properties
of BNT by the formation of solid solutions with other ABO,
perovskites [8—10]. In fact, the partial substitution of sodium
by potassium in Bi, sNa,, sTiO3-Bi, 5K, sTiO5 (BNKT) sys-
tems results in ceramics with ferroelectric properties [11]
due to the formation of a rhombohedral-tetragonal morpho-
tropic phase boundary (MPB) at the optimal composition of
Bi 5(Na gK(y5)y sTiO5 [9]. In a previous work, the formation
of a secondary phase of composition close to K, _,Na, TicO,;
was observed [12]. This phase was detected when samples
were sintered at temperatures higher than 1100 °C and its
formation was associated with the mechanochemical activa-
tion of powders in the solid-state reaction method.

In this work, we present a facile method to prepare
Bi, s(Na, _,K,), sTiO5-based lead-free piezoelectric ceram-
ics by the solid-state reaction method using a previous mech-
anochemical activation step of reagents. The main achieve-
ment is the clarification of the effect of the sintering time
on the structure, microstructure, dielectric and piezoelectric
properties of Bij, 5(Na, gK »)y 5T105-based system and com-
pared with BNT and BKT ceramics. It should be emphasized
that when the sintering time is increased, the grain size and
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the content of secondary phases increases. Consequently,
piezoelectric and dielectric properties of these ceramics
were influenced by the sintering time.

2 Experimental procedure

Bi, s(Na, gK; ) 5TiO; (BNKT), Bi, sNa, sTiO; (BNT) and
Bi, 5K, 5TiO; (BKT) were synthesized through solid state
reaction, using K,CO; and Na,CO; (Aldrich 99.5%; USA),
Bi,05 (Aldrich 99.8%; USA) and TiO, (Aldrich 99.9%;
USA). Powders were mixed and milled using zirconia balls
in an alcoholic medium for 3 h in a planetary mill (Fritsch,
Pulverisette 7, 1010 rpm). Powders were dried and calcined
at700 °C for 2 h. The resulting powders were milled again
and pressed into disks. In order to improve samples den-
sification and to avoid alkaline volatilization, particularly
potassium, sintering temperatures were selected taken into
account previous studies reported in literature [12]. Disks
of BNKT were sintered at 1100 °C for 2, 5 or 8 h (hereafter,
denoted as BNKT-2, BNKT-5 and BNKT-8), disks of BNT
were sintered at 1150 °C for 2 h, and disks of BKT were
sintered at 1025 for 2 h.

Crystalline phases were characterized by X-ray diffrac-
tion (XRD) (XRD, PANalytical, X pert Pro, CuK,). Den-
sity values were determined using the Archimedes’ method.
Ceramic samples were polished and grain boundaries were
highlighted through a chemically etching step employing a
solution of HCI and HF. Etched samples were analyzed by
Scanning Electron Microscope, SEM (Jeol JSM-6460LV).

Raman microspectrometric analyses of samples were per-
formed on a multichannel Renishaw In Via Reflex micro-
spectrometer. Excitation was provided by the 514 nm line of
a Ar laser. To achieve enhanced signal-to-noise ratio, 30-50
scans were accumulated, each of 15 s exposure time with
laser power ranging between 30 and 300 mW.

Before the electrical measurements, a fired silver paste
was used for the electric contacts. The temperature depend-
ence of the dielectric properties was determined using an
impedance analyzer (Hewlett—Packard, HP4284A) over a
frequency range of 20 Hz—1 MHz. Samples were polled
in a silicone oil bath at 100 °C by applying a DC field of
30.0 kV/cm for 10 min. The piezoelectric constant d;; was
measured using a piezo d;; meter (YE2730A d;; METER,
APC International, Ltd., USA). The polarization—electric
field (P-E) hysteresis loops were measured in a silicon oil
bath using a modified Sawyer—Tower circuit. The electro-
mechanical planar coupling factor (Kp) was calculated from
the impedance curves of the polarized ceramics, according
to Eq. 1 [13].

Kp=\/2.51 x {(ff—_f} M
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where, f, is the anti-resonance frequency and f, is the reso-
nance frequency.

3 Results and discussion

As mentioned before ceramics were sintered for different
times (2, 5, 8 h) in order to establish the sintering time
influence on final properties of the BNKT system and com-
pared with sintered BNT and BKT samples. XRD patterns
of sintered samples are shown in Fig. 1. All patterns can
be assigned to a perovskite structure associated with BNT
(JCDS No 36-0340), BKT (JCDS No 36-0340) and a BNKT
calculated pattern [14], respectively. Moreover, BNKT
peaks are displaced between BNT and BKT peaks. After
analyzing the peaks of sintered samples located between
39.5°<20<40.5° and 46° <20 <47°, the diminution of the
39.83° and 46.43° peaks can be attributed to the pseudo-
cubic structure, while the increase of 40.00° to 40.09°, and
46.52° to 46.64° peaks are related to the rhombohedral struc-
ture. Consequently, XRD patterns suggest the rhombohe-
dral structure stabilization as the sintering time is increased.
Additionally, the full-width at half-maximum peak (FWHW)
decreases with increasing sintering time, which is attributed
to the increasing grain size.

Figure 2 shows Raman spectra of BNT, BNKT (2, 5 and
8 h) and BKT samples. Raman results agree with previously
reported data. Peaks around 240 and 400 cm™! could be
attributed to the K—O-Ti stretching containing short Ti—O
bonds, whereas bands at 615 cm™ !, approximately, can be
assigned to the Ti—O-Ti stretch in edge-shared TiO4. Bands
close to 870 cm™! are related to a short Ti—O stretching
vibration in distorted TiO¢. Broad bands due to the A-site
disorder structure and to different Raman-modes overlapped
are observed [15].

In addition, differences between BKT, BNT and BNKT
are observed. From 200 to 400 cm™!, the overlapping into
three bands in BKT is detected (210, 275, 345 cm™!).
Moreover, two BKT Raman bands (525 and 635 cm™ ') are
separated between 400 and 700 cm~'. However, in BNT
samples only two overlapped bands are observed between
200 and 400 cm™! (273 and 295 cm™") and the overlapping
of bands located at 535 and 577 cm™! is observed. These
modifications can be assigned to differences in the K—-O-Ti
and Na—O-Ti stretching vibration. The K* cations compete
with Na™ in the occupancy of A sites of the ABO; perovskite
to form a solid solution. The large distortion caused by the
incorporation of K* cations modified the structure of the
solid solution. Clearly, the position of bands associated with
Na—O-Ti to higher wavenumber when potassium is incor-
porated can be assigned to an increase in the bond strength
caused by the shortening of the distance between B>*-type
ions and oxygen. Contrary, bands located between 700 and
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Fig. 1 XRD patterns of sintered
samples. All peaks are associ-
ated with the perovskite phase.
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Although Raman spectra of BNKT-based ceramics match
| | between the ones of BNT and BKT-based samples, the struc-
I | | BKT ture evolution during sintering time cannot be established
| from these spectra.
s | The SEM images, Fig. 3a—e, illustrates the microstructure
.*g BNKT-8 of the BNT (a), BNKT sintered during 2 to 8 h (b—d) and
=] BKT (e) ceramics. The average grain size increases from
g BKT, BNKT to BNT. Furthermore, in BNKT samples, a
= {\_/ 1\! secondary phase with bar-like morphology is detected. As
g \ .4/"\1\ BNKT-5 the sintering time is increased, the secondary phase growths
= i 3 without the formation of new nucleus (see Fig. 3c, d). Con-
> — g
= trary, in the sample sintered for 8 h (Fig. 3e), new nucleus of
& BNKT-2 this secondary phase are dispersed throughout the sample.
= This secondary phase, was previously observed by authors
and it was established that the amount of this phase, attrib-
uted to K, _,Na,TisO,5, increased with the sintering tem-
BNT perature [12].
Figure 4 shows magnifications of SEM images of BNKT-
— T T T T T T T T 2, -5 and -8 samples. It can be observed, that the average
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Fig.2 Raman spectra of BNT, BNKT-2, -5, -8 and BKT samples

900 cm™ ', which are associated with a short Ti—O stretch-
ing vibration in distorted TiOg, do not show differences in
all samples.

grain size increases from 0.55 um in samples sintered for
2 h, to 0.85 in samples sintered for 5 h, and to 1.1 um for
samples sintered for 8 h. Taking into account the micro-
structural analyses and XRD results, it can be inferred that
the reduced grain size of sintered samples for 2 h favors the
stabilization of the pseudo-cubic structure in the main phase.
On the other hand, considering that the secondary phase
retains potassium ions, as the sintering time increases the
main phase become potassium-less and the stoichiometry
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Fig.3 SEM images of BNT (a), BKT (b), BNKT-2 (¢), BNKT-5 (d) and BNKT-8 (e). (bar=10 pum)

Fig.4 SEM images of BNKT-2
(a), BNKT-5 (b) and BNKT-8
(c). Evolution of the average
grain size is with the sintering
time (d). (Bar=5 um)
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and stabilized structure become similar to the ones of the
BNT sample. Potassium capture by the secondary phase is
responsible of the stabilized rhombohedral structure at the
highest sintering time and avoids the tetragonal-rhombohe-
dral morphotropic boundary.
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Dielectric curves as function of temperature (a, b) and as
function of frequency (c, d) are displayed in Fig. 5. It can be
observed that depolarization temperature (T,) is displaced
to lower temperatures as the sintering temperature increases.
Contrary, the maximum temperature moves to higher values
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Fig.5 a, b Temperature-dependence at 100 kHz, and ¢, d frequency-dependence at room temperature of dielectric permittivity (a, ¢) and dielec-

tric loss (b, d) of BNT, BNKT-2 to -8 and BKT

as the sintering temperature increases. These results sug-
gest that the increasing sintering time enhances the relaxor
behavior due to the reduction of the long-range arrangement.
Figure 5b shows dielectric loss curves as function of tem-
perature. The dielectric losses rise with the sintering time,
can be related to the size and content of the secondary phase.

BNKT samples exhibit higher real permittivity values
than BNT samples (see Fig. 5¢). BKT samples show high
real permittivity values at low frequency whereas a dimi-
nution at high frequencies is observed. Furthermore, from
Fig. 5d. dielectric loss of BKT samples prevents the possible
use of these materials as piezoelectric devices.

Hysteresis loops of BNT and BNKT series are shown in
Fig. 6. For BKT-based ceramics hysteresis loops were not
obtained due to the high dielectric loss values registered.
The maximum fields used in this work were limited by the
equipment available in our laboratory. In order to compare
the complete set of samples, the same maximum field was
used for all the specimens. At room temperature BNKT sam-
ples exhibit higher remnant polarization values (Pr) 4.01,
4.78 and 3.97 uC/cm? (for BNKT-2, BNKT-5 and BNKT-8,
respectively) than BNT samples (Pr: 0.71 uC/cm?). Moreo-
ver, remnant polarization rises, and coercive field decreases
from 14.45, 12.97 to 10.07 kV/cm when the sintering time
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Fig.6 Ferroelectric hysteresis loops of BNT, BNKT-2, -5, and -8
ceramics as function of temperature, measured at 50 Hz

increases. This behavior is related to the average grain
growth increasing which is strongly influenced by the sin-
tering time. Furthermore, the softening of hysteresis loops
at lower temperatures can be attributed to the depolarization
temperature diminution as the sintering temperature rises.
Finally, Table 1 illustrates the density, dielectrics prop-
erties, and piezoelectric constants (ds; and K of sintered
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Table 1 Density values,

Density (g/cm’ Densificati ' tan § d K
densification level of sintered ensity (g/em’) le\e/ZIS 1(%(;;1 ron € an 33 P
samples, real permittivity
(¢"), dielectric loss (tan 8), BNT 5.620 94.60 590 0.045 87 0.21
Plezoelectric constant (ds) BNKT-2 h 5.755 96.40 941 0.082 108 0.20
and electromechanical planar
coupling factor (K,) of the BNKT-5 h 5.768 96.61 1059 0.059 111 0.19
samples measured at 30 °C and BNKT-8 h 5.785 96.89 1075 0.064 58 0.17
10 kHz BKT 5.681 96.50 1260 3.57 - -

samples. Samples sintered for 8 h presents the highest den-
sity value, whereas the highest piezoelectric constant is reg-
istered in samples sintered for 5 h. Moreover, piezoelectric
constant is reduced in samples sintered for 8 h due to the
influence of the secondary phases which modifies the com-
position of the main phase. Electromechanical planar cou-
pling factor decreases as the sintering time is increased due
to the influence of the secondary phase. Taking into account
piezoelectric constant, electromechanical coupling factor
and densification level, optimum properties are achieved in
BNKT samples sintered for 5 h. Furthermore, although sin-
tering temperature of BKT is 75 °C lower than the sintering
temperature of BNKT, the final densification level of both
samples is similar. This result is indicative of the right tem-
perature selection for this comparative study.

4 Conclusions

The influence of the sintering process on ferroelectric
properties of Bi, s(Na, gK ), 5T105 lead-free piezoelectric
ceramics has been reported. Ceramic powders were prepared
by the solid-state reaction method employing a mechano-
chemical activation step and sintered for different times. The
increasing in the sintering time favored the grain growth
of the main phase and the development of the secondary
phase. From electron microscopy analyses and XRD pat-
terns the formation of a secondary phase and the evolution
of the main phase from pseudocubic to rhombohedral struc-
ture avoiding the stabilization of the morphotropic phase
boundary was confirmed. Furthermore, the secondary phase
captured potassium ions and the main phase composition
and structure become close to the ones of the BNT-sample.

Dielectric and piezoelectric properties were influenced
by modifications in the structure and microstructure evo-
lution with sintering time. Certainly, samples sintered for
5 h registered an improvement in the piezoelectric constant
whereas a diminution was observed in samples sintered
for 8 h. Additionally, as the sintering time was raised, the
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long-range arrangement and the depolarization temperature
were reduced and ferroelectric properties were softened.

To sum up, dielectric and piezoelectric properties in
BNKT-based ceramics were increased when the sintering
time favored the grain size growth, the main phase composi-
tion was not substantially modified by the formation of the
secondary phase, and the rhombohedral structure was not
completely stabilized.
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