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ABSTRACT
Structure, microstructure, dielectric, ferroelectric, and local piezoelectric
properties of perovskite ceramics in the systems (1-x)(K0.5Na0.5)NbO3 –
x(Bi0.5Na0.5)TiO3 (x¼ 0� 0.1) and (1-x)(K0.5Na0.5)NbO3 – x(Bi0.5Na0.5)ZrO3

(x¼ 0.01� 0.05) have been studied. Improvement of dielectric
parameters and effective d33 piezoelectric coefficient was obtained in
compositions with x¼ 0.03 and 0.05, correspondingly.
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1. Introduction

Lead-free ferroelectric materials based on potassium-sodium niobate (K,Na)NbO3

(KNN) perovskites are being intensively studied as they are considered among the most
promising materials for replacement of piezoelectric ones containing toxic lead oxide
[1–26]. However, difficulties in preparation of stoichiometric compositions due to
sodium and potassium high volatility in course of narrow sintering temperature interval
prevented commercialization of KNN-based materials [10–18].
Influence of various cation substitutions on structure and functional properties was

studied in the systems on the base of sodium-potassium niobate (K0.5Na0.5)NbO3 (KNN)
[14–26]. Initial KNN samples are characterized by the orthorhombic (O) phase at room
temperature transforming to the tetragonal (T) and then to a paraelectric one with
increasing temperature [9–11]. It was proved that various A- and B-sublattices dopants
could enhance piezoelectricity in KNN-based compositions by shifting temperature of
the transition from orthorhombic phase to tetragonal one to room temperature [16–20].
However, usually, Morphotropic Phase Boundary (MPB) in KNN-based compositions

depends on temperature and phase coexistence and high d33 values are not maintained
at increasing temperature. In particular, good piezoelectric properties were revealed in
compositions (1-x)(K1-yNay)NbO3 – x(Bi1/2Na1/2)ZrO3 at room temperature [20].
However, a dramatic decrease in properties with increasing temperature was observed.
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In this work, effects of modification of KNN compositions by donor (Bi3þ) and
acceptor dopants (Ti4þ and Zr4þ) in the A- and B-sites of perovskite lattice on structure,
microstructure, dielectric, ferroelectric, and local piezoelectric properties of ceramic solid
solutions (1-x)(K0.5Na0.5)NbO3 – x(Bi0.5Na0.5)TiO3 (KNN-NBT) (x¼ 0� 0.1) and (1-
x)(K0.5Na0.5)NbO3 – x(Bi0.5Na0.5)ZrO3 (KNN-BNZ) (x¼ 0.01� 0.05) have been studied.

2. Experimental

Ceramic samples in the systems (1-x)(K0.5Na0.5)NbO3 – x(Bi0.5Na0.5)TiO3 (x¼ 0� 0.1,
Dx¼ 0.01) and (1-x)(K0.5Na0.5)NbO3 – x(Bi0.5Na0.5)ZrO3 (x¼ 0.01, 0.03, 0.05) were

Figure 1. (a) X-ray diffraction patterns of the KNN-NBT samples with x¼ 0.0 (1), 0.02 (2), 0.04 (3),
0.06 (4), 0.08 (5), and 0.10 (6). (b) Parts of the X-ray diffraction patterns of the KNN-NBT samples with
hkl -200 and 020.

Figure 2. Parts of the X-ray diffraction patterns of the KNN-NBT samples with x¼ 0.0 (a), 0.02 (b),
and 0.1 (c); and KNN-BNZ with x¼ 0.01 (d), 0.03 (e), and 0.05 (f) simulated using ProfitVZ program.
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prepared by the two-step solid-state reaction method at calcination temperatures of T1

¼ 1070 K (6 h), and sintering temperatures of T2 ¼ 1370� 1440 K (2 h). The samples
were additionally modified by small amounts of KCl additives in order to improve sin-
tering of ceramics [22, 25, 26]. Sodium carbonate Na2CO3, potassium carbonate K2CO3,
Nb2O5, Bi2O3, TiO2, and ZrO2 oxides (“pure” grade), and KCl, were used as starting

Figure 3. Microstructure of the samples (a) KNN-BNT and (b, c) KNN-BNZ with x¼ 0.01 (a); 0.03 (b),
and 0.05 (c). Bars – 2mm.

Figure 4. Temperature dependences of (a) dielectric permittivity e(T), (b) dielectric loss tand(T) and (c)
electroconductivity of the samples KNN-NBT (1–3) with x¼ 0.01 (1), 0.03 (2), and 0.05 (3) measured at
frequencies f¼ 1, 10, 100, 300 kHz, and 1MHz.
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materials. Before synthesis, carbonates were dried at 673 K (2 h) in order to remove
absorbed water.
A complex of physicochemical methods was used to characterize phase content and

structure parameters, microstructure, ferroelectric, dielectric, and local piezoelectric
properties of the samples: the X-ray diffraction (DRON-3M, Cu-Ka radiation with wave-
length k¼ 1.5405 A, 2 theta range of 5� 70 degrees), Scanning Electron Microscopy
(SEM) (JEOL YSM-7401F with a JEOL JED-2300 energy dispersive X-ray spectrometer
system), Differential Scanning Calorimetry (DSC) (SDT Q-600 thermal analyzer with
scan rate of 10 K/min), Second Harmonic Generation (SHG) (Nd:YAG laser, k¼ 1.064
mm in the reflection), Dielectric Spectroscopy (DS) (Agilent 4284 A; 1 V) on heating
and cooling with 10 K/min. in the temperature interval of 300� 1000 K, and the fre-
quency range of 100Hz�1MHz, and Atomic Force Microscopy (AFM) in
Piezoresponse Force Microscopy (PFM) mode (MFP-3D, Asylum Research, USA). Ti/
Ir-coated cantilevers (Asyelec-02, Asylum Research, USA) with a radius of curvature
� 28 nm were used. The PFM out-of-plane images (mixed signal) were scanned in the
PFM Dual AC Resonance Tracking (DART) mode at 1� 2 V and a frequency of
� 980 kHz.

Figure 5. Temperature dependences of (a) dielectric permittivity e(T), (b) dielectric loss tand(T) and (c)
electroconductivity of the samples KNN-NBZ (1-3) with x¼ 0.01 (1), 0.03 (2), and 0.05 (3) measured at
frequencies f¼ 1, 10, 100, 300 kHz, and 1MHz.
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3. Results and discussion

Pure ceramic samples with perovskite structure were prepared (Figure 1). Initial KNN
samples revealed orthorhombic structure. Introduction of Ti4þ cations into B-sites of
perovskite lattice led to the formation of MPB, which included phases with different
symmetry – O and T (Figure 2a–c). Simulation of separate peaks using ProfitVZ pro-
gram [27] revealed that BNT additives stimulated transition from O phase to mixture of
O and T phases (MPB) and then to T phase (MPB), while in compositions with BNZ
additives rhombohedral (R) phase was present (Figure 2d–f). The observed changes in
the unit cell volume of the KNN-based ceramics correlated with cation substitutions.
Slight decrease in the orthorhombic unit cell parameters was revealed in the samples
modified by smaller A-site cations (Bi,Na) and B-site cations (Ti4þ). These data con-
firmed a conclusion on the existence of MPB between O and T ferroelectric phases in
the KNN-NBT compositions and between O and R ones in the KNN-BNZ compositions
[16, 20].
Microstructure of the samples was sensitive to substitutions and sintering conditions

as well (Figure 3). Slight decrease of mean size of grains was observed in KNN-BNZ
ceramics with increasing x.

Figure 6. Concentration dependences of (a) dielectric permittivity, (b) dielectric loss, and (c) SHG signal of
the samples KNN-NBT (1) and KNN-NBZ (2) measured at the room temperature at f¼ 1kHz (a, b). (d)
Temperature dependences of the Heat Flow of the samples KNN-NBT with x¼ 0.00 (1) and 0.08 (2).
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Using the dielectric spectroscopy method, steps near 400� 300 K and maxima at
650� 600 K were revealed in the dielectric permittivity versus temperature curves
(Figures 4 and 5). Slight decrease in temperatures of both phase transitions was
observed in ceramic solid solutions doped by Ti4þ or Zr4þ cations. Increase in dielectric
permittivity at the room temperature was characteristic for the KNN-BNT with x¼ 0.03
and for the KNN-BNZ samples with x¼ 0.03� 0.05 (Figure 6a), though dielectric loss
increased for all the samples studied (Figure 6b). Using the SHG method, polar nature
of the samples indicating their ferroelectric properties was proved, and position of MPB
in the KNN-NBT system was confirmed at x¼ 0.03 (Figure 6c). DSC data confirmed
slight decrease in TC value for the KNN-NBT samples (Figure 6d).
PFM method was used to characterize surface morphology, as-grown domain struc-

ture, and local piezoelectric hysteresis loops of the samples prepared. Before PFM char-
acterization, the samples were preliminary polished using polycrystalline diamond till
the root mean square roughness of the samples reached < 10 nm.
Complex domain structure consisting of multiple domain patterns was found in the

investigated ceramics (Figures 7 and 8). In order to study the domain switching

Figure 7. Initial PFM images of KNN-BNT, PFM images immediately after poling, and after 2 hours
(relaxation). Blue squares – poling at �30V, red squares – poling at þ30V.
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behavior of the KNN ceramics doped with BNT and BNZ additives, we wrote a
7.5� 7.5 mm2 positively polarized domain embedded in a 15� 15 mm2 equivalent nega-
tively polarized domain. Figures 7 and 8 (middle columns) present information of the
writing voltage, and the dark and bright areas are obtained by application of –30 V and
þ30 V DC biases, respectively. Strong PFM contrast suggests complete switching pro-
cess under poling only for piezoelectric activity grains. Local PFM hysteresis loops
observed indicated ferroelectric polarization switching at nanoscale for the samples
studied. An AC voltage (1� 2 V) was superimposed onto a triangular square-stepping
wave (f¼ 0.5Hz, with writing and reading times 25ms, and bias window up to ± 30 V)
during the remnant piezoelectric hysteresis loops measurements. Remnant hysteresis
loops were obtained for separate grains (Figure 9). All PFM hysteresis loops are dis-
tinctly asymmetric along the axis Y. According to Jesse et al. [28], this offset is mainly
attributed to the electrostatic effect. Moreover, the local PFM hysteresis loops account
for the polarization switching process in a nanoscale, just below the tip. Therefore,
intrinsic polarization in the nanoregion may also contribute to the offset and asymmetry
of the local piezoresponse hysteresis loops [29]. Local PFM hysteresis loops revealed

Figure 8. Initial PFM images of KNN-BNZ, PFM images immediately after poling, and after 2 hours
(relaxation). Blue squares – poling at -30V, red squares – poling at þ30V.
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that d33 piezoelectric coefficient reached the highest value of 180 pm/V for the samples
KNN-BNT with x¼ 0.03 and 290 pm/V for the samples KNN-BNZ with x¼ 0.05, with
the saturation of loops reached at voltage value � 30 V. Lower d33 value of the samples
KNN-BNT may point to influence of acceptor additives hindering the domain walls
movement [30, 31].

4. Conclusion

Phase content, structure parameters, microstructure, dielectric, ferroelectric, and local
piezoelectric properties of the KNN ceramics doped with BNT and BNZ additives were
studied. Slight changes in the unit cell volume, mean size of grains, and temperatures of
phase transitions were observed depending on composition. The best saturation loops
and high values of effective d33 piezoelectric coefficients were observed for the KNN-
based ceramics doped by the BNT with x¼ 0.03 and BNZ with x¼ 0.05, thus confirm-
ing that these ceramics are promising candidates for lead-free piezoelectric materials
development.
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