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The lead-free solid solution (1 — x)(KO,48Na0.52)0_95Li0.05Nb0.95Sb0.0503-
xBag 5(Big 5sNag 5)05ZrOs [KNLNS-xBBNZ] with 0.02 < x < 0.05 was success-
fully prepared by a conventional solid-state route. The effect of BBNZ on the
KNLNS phase structure, microstructure and electrical properties was inves-
tigated. X-ray diffraction patterns demonstrated a single-phase perovskite-
type structure and for 0.02 < x < 0.03 a rhombohedral-tetragonal (R-T)
phase coexistence. In addition, the average crystal size greatly decreased with
BBNZ doping. Furthermore, the piezoelectric and ferroelectric properties of
the KNLNS-xBBNZ ceramics were enhanced at x = 0.02 (d33 = 292 pC/N,
—ds1 = 100 pC/N, k, = 48%, & = 5876, tand = 0.03) due to a high polariz-
ability at a local level. For x = 0.02, the solid solution showed good thermal
stability of the dss piezoelectric constant. As a result, this lead-free solid
solution holds potential for applications in electric generators and high-tem-
perature sensors.
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INTRODUCTION

The ‘state of the art’ in the synthesis, processing
and electrical properties of lead-free ceramics
reveals that doped potassium—sodium niobate
(KNN) materials are the most promising candidates
to replace lead zirconate-titanate (PZT) materials.
Recent studies have reported that KNN-based
materials have piezoelectric properties that are
similar—and sometlmes superior—to those of PZT-
based ceramics.’™ The high dss and — ds; values,
together with a good electromechanical couphng
factor (k) and high Curie temperature (T¢) make

(Received April 23, 2018; accepted June 27, 2018;
published online July 11, 2018)

these compositions suitable for applications such as
high-temperature sensors, actuators and
generators.

The enhanced piezo-ferroelectric properties of
these compositions arise from the coexistence of
rhombohedral-tetragonal (R-T) or rhombohedral—
orthorhombic—tetragonal (R-O-T) phases as
reported elsewhere.”™ The polymorphlc phase tran-
sition (PPT) or phase coexistence, improves the
electrical behaviour of these materials, although
most of them are highly temperature dependent.
Consequently, thermal stability is a critical issue
that must be considered during the design of
electronic devices.”'°

Most studies investigating the synthesis of KNN
ceramics highlight the difficulty associated with
achieving high-density materials lacking impurity
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phases.!® Accordingly, a variety of synthesis meth-
ods have been tested, including sol-gel, hydrother-
mal, microwave-hydrothermal and conventional
solid-state reactions.'*™'7 In terms of practical use,
the conventional solid-state reaction represents a
low-cost method, given that carbonates and oxide
reagents are inexpensive.

On the other hand, there are few reports con-
cerning the final technological applications of lead-
free KNN ceramics.’®?? Some of the above men-
tioned drawbacks are related to the thermal stabil-
ity and the presence of impurity phases. Both issues
have influenced the final electric performance. In
this work, the synthesis and piezo-ferroelectric
properties of KNLNS-xBBNZ ceramics are reported,
with special emphasis on the thermal stability of
their piezoelectric properties.

EXPERIMENTAL PROCEDURE
Powder Preparation and Sintering

Ceramics with 1- x(KO.48Na0_52)0.95Li0_05
Nby.955b0.0503-xBag 5(Big sNag 5)0.5Zr03 (KNLNS-x
BBNZ) (x = 0, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045
and 0.05) compositions, were prepared by conven-
tional solid-state reaction from the adequate mix-
ture of oxides and carbonates. Na,CO3z; (Merck,
999%), leCO3 (Slgma-Aldrlch, 9999%), KZCO3
(JT Baker, 99.8%), BaCO;3; (Sigma-Aldrich, 99%),
NbyOs5 (Sigma-Aldrich, 99.99%), ZrO, (Sigma-
Aldrich, 99%), BiyOs (Sigma-Aldrich, 99.9%) and
Sby05 (Sigma-Aldrich, 99.99%) were used as start-
ing raw materials. Reagents were dried at 170°C for
4 h to eliminate the adsorbed moisture before being
used. They were then weighed and mixed using
acetone. The mixture was calcined at 850°C for 3 h.
Afterwards, the powders were ball milled in a
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plastic jar with zirconia grinding media for 12 h in
ethanol and dried at 120°C for 4 h. Samples 13 mm
in diameter and 2 mm thick were uniaxially pressed
at 260 MPa and sintered between 1120°C and
1180°C for 4 h. The samples required different
sintering temperatures to obtain optimal properties
because the studied solid solutions have different
melting points. Moreover, the density of the sin-
tered samples was determined using the Archi-
medes method.

Structural and Microstructural Analysis

The sintered pellets were analyzed to identify the
crystalline phases by x-ray diffraction (XRD) using
a Bruker D8 Advance diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany; CuK, radiation,
A =1.5406 A). The XRD patterns were recorded
over an angular range of 20-80° (20) with 0.02°
step size, using a working voltage and current of
40 kV and 40 mA, respectively. The samples were
microstructurally characterized using a field emis-
sion scanning electron microscope (SEM; JEOL-
J7600F, Tokyo, Japan).

Piezoelectric and Ferroelectric Properties

For the electrical measurements, samples were
polished and silver electrodes were coated on both
sides of the sintered samples and fired at 500°C for
30 min. Ceramics were polarized at room tempera-
ture under a 4 kV/mm dc electric field in a silicone
oil bath for 30 min. The piezoelectric constant ds;3
was measured using a PiezoMeter (Piezotest, UK).
The d3; and electromechanical coupling coefficient
(kp) were determined at room temperature by an
iterative automatic method for analysis of complex
impedance measurements.?® The dielectric constant
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Fig. 1. XRD diffraction patterns of KNLNS-xBBNZ sintered ceramics between 20° and 80° (20), including a magnification of the (002/200) peak

at 44.5-46.5° (20).
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Fig. 2. SEM micrographs of KNLNS-xBBNZ sintered ceramic with x =

0.05.

Table I. Piezoelectric properties and average crystal size of KNLNS-xBBNZ and pure KNLNS sintered

ceramics

Composition (x) dss (pC/N) —ds; (pC/N)
0 242 72
0.020 292 100
0.025 276 103
0.030 275 94
0.035 271 96
0.040 266 90
0.045 246 76
0.050 236 78

ky (%) & (Max) Grain size (um)
42 6064 4.6
48 5876 0.8
44 5375 0.6
44 5480 0.7
42 5326 0.5
41 5774 0.5
34 5872 0.3
34 4911 0.2

was determined at different temperatures using an
impedance analyzer (Agilent 4294A, Santa Clara,
CA, USA) at 100 kHz. Finally, the ferroelectric
loops were acquired using a RT66B ferroelectric
tester (Radiant Technologies, Albuquerque, NM,
USA) at 100 Hz.

RESULTS AND DISCUSSION

The phase evolution of KNLNS-xBBNZ sintered
pellets was characterized by XRD and the patterns
are shown in Fig. 1. Most of the compositions
revealed a pure perovskite structure indicating the
formation of a solid solution, except for x = 0.045
and 0.05, where the solubility limit is reached. The
observed impurity is typical in these materials®*
and consists of K3LioNbsO15 with a tungsten bronze
structure.?®> A magnification around 45° (002 and
200 reflections) is also plotted in Fig. 1. This gives a
clearer picture of the phase transition that occurs
with the addition of BBNZ. For pure KNLNS, the
crystal structure reveals an orthorhombic (O) phase
due to the higher intensity of the 002 peak

compared with the 200 reflection. For the
0.02 < x < 0.03 compositions, the coexistence of
tetragonal-rhombohedral (R-T) crystal structures
is apparent. This is evident from the change in the
002/200 peak intensities. Furthermore, samples
with x > 0.03 exhibited a dominant tetragonal (T)
structure.'”

In order to provide insight into the average
crystal size and morphology of KNLNS-xBBNZ
sintered samples, SEM images are shown in
Fig. 2. The crystals have a cubic-like morphology,
characteristic for these materials.?>?% Moreover, the
mean crystal size diminishes with an increase in
BBNZ content. The average crystal size was mea-
sured using the ImagedJ software and the results are
shown in Table I. It can be observed that the
average crystal size is between 0.8 and 0.2 um as x
increases from 0.02 to 0.05. Likewise, all samples
exhibited a dense surface morphology including
large and small grains. Therefore, a dense structure
developed because smaller grains occupy the gaps
among the larger ones, an important characteristic
for enhancing the electrical properties of these
materials.™?"*®
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The ferroelectric loops measured at room temper-
ature for KNLNS-xBBNZ ceramics are presented in
Fig. 3a. The average coercive field (E¢), calculated
from the positive and negative coercive fields, and
the remnant polarization (P,) are plotted in Fig. 3b.
All samples show well-saturated P-E loops, repre-
sentative of typical ferroelectrics. In addition, P,
increases with BBNZ content up to x = 0.025 and
then slightly decreases. For the un-doped sample, P,
is close to 7.5 uC/cm?, while compositions near the
PPT approach 12 ;C/cm?. This behavior agrees with
the XRD results, i.e. the polarization is maximum
for samples located near the tetragonal-rhombohe-
dral phase coexistence. On the other hand, the E¢
remains between 12 kV/cm and 14 kV/cm. It is well-
known that the presence of the PPT near room
temperature implies an easier domain reorientation
(i.e. remnant polarization enhancement) due to the
existence of more possible orientation directions for
the polarization vector.'” This is directly correlated
with improved dielectric and piezoelectric proper-
ties as discussed below.

The piezoelectric parameters for KNLNS-xBBNZ
ceramics are presented in Table I. From the results,
it is clearly observed that the highest piezoelectric
properties were measured at x = 0.02. The ds3 value
reported in this work is larger than those reported
in the KNN-based ceramic in other composi-
tions.??32 This behavior corresponds with the crys-
tallographic and ferroelectric characteristics. It is
well known that there are 14 polarization directions
(6-tetragonal, 8-rhombohedral) at the phase bound-
ary which leads to high electrical performance.®?
The coexistence of both tetragonal and rhombohe-
dral crystal structures contributes to the enhance-
ment of piezoelectric performance due to the easy
poling state of the samples. Figure 4 shows a
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resonance in the fundamental radial mode, of a
thin disk, thickness poled (t=1mm and D =
10.68 mm) at room temperature. The peaks of the
real part [resistance (R)] of the complex impedance
(Z*) and the real part [conductance (G)] of the
complex admittance (Y*) are used in the determi-
nation of some piezoelectric, dielectric and elastic
material coefficients. From these data, the reso-
nance and antiresonance frequencies, which are
initial values for the iterative calculation of the
piezoelectric parameters, were obtained. In our
case, the experimental and the fitted data are in
good agreement, indicating that the calculated
parameters are highly reliable. The good fit of the
x = 0.02 sample was mainly due to the density of the
ceramic material obtained (free of internal defects),
as well as the clear separation and intensity of the
resonance/antiresonance peaks.?
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Fig. 6. Piezoelectric dsz constant versus temperature of KNLNS-
xBBNZ (x = 0.02 and 0.03) and BCTZ sintered ceramics.

The dielectric permittivity (e,) for all KNLNS-
xBBNZ samples is shown in Fig. 5. It is observed
that upon increasing x both To_r and T¢ shift to
lower values, and Tg_o approaches room tempera-
ture when 0.02 < x < 0.03. This could be attributed
to the substitution of cations at the A and B sites of
the perovskite structure. For example, Nb>* has an
ionic radius of 0.64 A when it is sixfold coordinated
while Zr** is 0.72 A.3* On the other hand, it is well
known that (Bip sNag 5)>* and BaZrO; diminish both
To_r and T¢.” Thus, the PPT construction close to
room temperature enhances the ferroelectric, piezo-
electric and dielectric properties as explained above.
The permittivity or dielectric constant and the
remnant polarization increase because of the R-T
phase coexistence. Figure 5b demonstrates that
doping of the B-site of the perovskite structure
induces a shift of the Tc towards room temperature,
which is mainly produced by lattice distortions.?®

It is worth noting that the T'¢c remains high for all
compositions, which prevents facile depolarization.
Thus, samples with the best piezoelectric perfor-
mance were exposed to a depolarization treatment
to evaluate their piezoelectric stability. For compar-
iSOIl, a Bao.85Cao_15Tio.9Zr0,103 (BCTZ x = 0.15) 3,35
sample was also measured under the same
characteristics.

The obtained results are shown in Fig. 6. The dss3
piezoelectric constant remains high after the depo-
larization process at 200°C (~ 200 pC/N), and even
after heating at 300°C, the ds3 is around 60% of its
initial value (~ 175 pC/N), while the properties of
the BCTZ composition decreased by more than 70%
when the sample was heated at 100°C (~ 100 pC/N).
The depolarization process in piezo-ferroelectric
ceramics gradually occurs due to a ferroelectric—
ferroelectric phase coexistence, since the dipoles are
slowly reoriented. This can explain the wide stabil-
ity of the piezoelectric parameters. Therefore, the
KNLNS-xBBNZ with x =0.02 would be a suit-
able solid-solution for high-temperature sensor
applications.

CONCLUSIONS

(1 — x)(Ko.48Na0.52)0.95L:10.05Nb0.955b0.0503-xBag 5
(Big sNag 5)0 5ZrO3 lead-free solid solution piezoce-
ramic was synthesized by a conventional solid-
state method. The piezoelectric properties (ds3 and
kp) for the bulk ceramics were maximum at
x = 0.02 reaching 292 pC/N and 48%, respectively.
The enhancement of piezoelectric properties is
attributed to the coexistence of tetragonal and
rhombohedral phases. A remarkable temperature
stability for the electrical characteristics was
observed. For x = 0.02 the ds3 was close to 60% of
its original value (even after thermal depolariza-
tion treatment at 300°C). These properties make
the KNLNS-xBBNZ solid solution a suitable candi-
date for generators and high temperature sensors.
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