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ABSTRACT
Influence of cation substitutions in (K0.5Na0.5)NbO3–Ba(Li2/5W3/5)O3
ceramics on structure parameters, microstructure, dielectric, ferro-
electric and local piezoelectric properties have been studied.
Depending on solid solutions compositions, changes in structure
parameters and effective d33 piezoelectric coefficient and other prop-
erties were observed.
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Introduction

Perovskite oxides based on potassium-sodium niobate (K,Na)NbO3 (KNN) are among
the most intensively studied last ten years as promising materials for replacement of
PZT materials containing toxic lead oxide [1–16].
Main endeavors for the development of new piezoelectric materials are mostly focused

on modifications of compositions close to the morphotropic phase boundary (MPB). This
approach was effectively used for PZT materials. In the case of KNN, compositions along
with cation substitutions lead to a shift of the MPB position and a shift of the transition
temperature from the orthorhombic to tetragonal phase at room temperature [5–9,11].
Special problems were determined by difficulties in the preparation of KNN-based stoi-
chiometric compositions due to the narrow sintering temperature interval [9–16].
In this work, the effects of the modification of compositions by cation substitutions

in A- and B-sites of KNN perovskite lattice on structure, microstructure, dielectric,
ferroelectric and local piezoelectric properties of (1-x)(K0.5Na0.5)NbO3–xBa(Li2/5W3/5)O3

ceramics have been studied.

Experimental

Ceramic samples (1-x)(K0.5Na0.5)NbO3–xBa(Li2/5W3/5)O3 (KNN-BLW) with (x¼ 0–0.1,
Dx¼ 0.02) were prepared by the solid-state reaction method with calcination
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temperatures of T1¼ 1073 K (6 h), and sintering temperatures of T2¼ 1273–1448K (2 h)
using as initial reagents carbonates K2CO3, Na2CO3, Li2CO3 and BaCO3, oxides Nb2O5

and WO3 (all “pure grade”). After synthesis, some samples were additionally modified
by 5 w. % of LiF additives with low melting temperature (1143K) in order to improve
sintering of ceramics [15,16].
Phase content and structure parameters of the samples were characterized by the x-

ray diffraction method (DRON-3M, Cu-Ka radiation with wavelength k¼ 1.5405A, 2
theta range of 5–80 degrees).
The microstructure of the samples was examined by the scanning electron micros-

copy (SEM) method using the JEOL YSM-7401F with a JEOL JED-2300 energy disper-
sive x-ray spectrometer system.
The second harmonic generation (SHG) method was used to characterize spontan-

eous polarization and phase transitions in the samples using Nd:YAG laser,
k¼ 1.064 mm in the reflection.

Figure 1. a) X-ray diffraction patterns of the KNN-BLW samples with x¼ 0.0 (1), 0.02 (2), 0.04 (3),
0.06 (4) sintered at 1448 K (2 h); b) of the KNN samples sintered at 1373 K (1), 1423 K (2), 1448 K (3);
c, d) parts of the X-ray diffraction patterns of the samples with x¼ 0.0 (1), 0.02 (2), 0.04 (3), 0.06 (4)
sintered at 1448 K (2 h) and 1373 K (2 h), respectively.
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Piezoresponse force microscopy (PFM) studies were carried out using an MFP-3D
(Asylum Research, Oxford Instruments, Santa Barbara, CA) with a TiIr coated Si canti-
lever (Asyelec-02) and a nominal 42N/m spring constant. An AC voltage (1-2Vpp) was
superimposed onto a triangular square-stepping wave (f¼ 0.5Hz, with writing and read-
ing times 25ms, and bias window up to ± 30V) during the remnant piezoelectric hys-
teresis loops measurements. To estimate the effective d33 piezoelectric constants, the
deflections and vibration sensitivity of the cantilever alignment were calibrated by
GetReal procedure using IgorPro software (Asylum Research, Oxford Instruments).

Results and discussion

Pure perovskite samples with the orthorhombic structure were prepared using synthesis
at T1¼ 1100 K and sintering at T2¼ 1373–1448K (Figure 1a). Only small amounts of
admixture phase K2Nb8O21 were observed in the X-ray diffraction patterns of the sam-
ples with x¼ 0.1. It should be noted that texturing effects were observed with sintering
temperature increasing (Figure 1b). A slight shift of the x-ray diffraction peaks to
smaller angles was observed with x increasing (Figure 1c,d). This points to a decrease in
the unit cell volume due to introduction of aliovalent cations with smaller average radii
into A- and B-positions of perovskite lattice.
The microstructure of the samples is also sensitive to cation substitutions (Figure 2).

Mean size of grains decreased with x increasing while slight enlargement of the mean
size of grains was observed with sintering temperature increasing.
In the dielectric permittivity versus temperature curves, steps near �400–450K and

maxima at �650–680K were revealed (Figure 3). A slight decrease in temperatures of
both phase transitions was observed for the samples studied. A decrease in the eRT and
tand values in compositions with x¼ 0–0.06 (Figure 4a) correlates with a decrease in
the SHG signal proportional to the spontaneous polarization value measured for ceram-
ics sintered at 1175K (Figure 4b, curve 3), while a further slight increase in the eRT and
tand values may be explained by an increase in total electroconductivity of the samples
with x> 0.06 (Figure 4a). Moreover, these effects are related to the appearance of

Figure 2. Microstructure of the samples doped by LiF sintered at 1373 K (2 h) with x¼ 0.02 (a) and
0.06 (b). Bars ¼ 1mm.
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additional anomalies in the e(T) curves near 800K which points to the formation of
dipoles relaxing in an alternative field due to oxygen deficiency stimulated by K and/or
Na loss at sintering (Figure 3, curves 3a and 4a).
The SHG measurements confirmed the polar nature of the samples reflecting their

ferroelectric properties (Figure 4b). With increasing BLW content, decrease in intensity
of the SHG signal was observed in samples with x> 0.04 sintered at different
temperatures.

Figure 3. Temperature dependences of dielectric permittivity e(T) (a), dielectric loss tan d(T) (b) and
lg r(1000/T) (c) of the samples with x¼ 0.0 (1a-c), 0.02 (2a-c), 0.06 (3a-c), 0.10 (4a-c) doped with 5 w.
% LiF sintered at T2¼ 1373 K (2 h) measured at frequencies f¼ 100Hz, 1,10,100 kHz, 1MHz.

204 E. D. POLITOVA ET AL.



Figure 5 (top row) depicts the initial domain structure of the KNN ceramic with dif-
ferent concentration of BLW with a scan size of 20 mm; the topography is not shown
because it does not provide additional information. Complex domain structure

Figure 4. a) Concentration dependences of dielectric permittivity eRT (1), dielectric loss tan d (2) and
lg r at the room temperature (3) and at 1000 K (4) of the samples with x¼ 0.0–0.1 doped with 5 w.
% LiF sintered at T2¼1373 K (2 h) measured at frequency f¼ 1 kHz; b) Concentration dependence of
the SHG signal for the KNN-BLW samples sintered at T2¼ 1272 K (8 h) (1), 1373 K (2 h) (2), 1373 K (2 h)
doped by with LiF (3), 1448 K (2 h) (4).

Figure 5. Initial domain structure and PFM images of polarized ceramics with x¼ 0.0 (a), 0.02 (b),
and 0.06 (c).
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consisting of multiple domain patterns, was found for ceramics with x¼ 0.0 and
x¼ 0.02. Simultaneously, with x increasing to 0.02, the ferroelectric domain size
decreased to 1–2 mm compared with x¼ 0.0 composition. Note that the island domains
for composition with x¼ 0.06 are composed of finer stripe domains with the width in
the range of 200–300 nm.
To study the effect of the electric field on the domain structure, two square areas of

15� 15mm and 7.5� 7.5mm (structure “box-in-box”) were scanned under a DC voltage of
�30V and þ30V applying to the cantilever, respectively (Figure 5, bottom row). In the
PFM images, areas with dark contrast represented domains with upward polarization orien-
tation, while areas with bright contrast represented the opposite case. For the pure KNN
ceramic, the piezoresponse image under ±30V indicated the polarization switched more
completely and the domain structure became more stable. In the samples with x¼ 0.02 and
0.06, only partial ferroelectric domain could be induced. Here it should be noted that
incomplete domain switching was a combined effect of the polarization switching and the
domain relaxation. Taking into account these effects, the poling behavior could be com-
pared among these three representative compositions which indicated that the KNN sam-
ples with higher x required higher electric field to realize the domain switching.
In order to further investigate the domain switching at nanoscale of the KNN-BLW

ceramic, remnant PFM hysteresis loops were measured, as shown in Figure 6. It
should be noted that in the samples studied the values of effective d33 measured at
þ30V do not coincide with d33 values recorded at �30V. Such effect may be
explained by the presence of non-180� domains in ceramics [17]. Furthermore, rem-
nant loops shift toward the negative voltage, indicating that internal bias field exists in
ceramics. The highest effective d33 piezoelectric coefficient values reached high values
�400 pm/V at VDC¼ 30 V and small coercive voltage in the samples with x¼ 0.02
(Figure 6). These data correlate with concentration dependences of spontaneous polar-
ization (Figure 4b).

Figure 6. Remnant effective d33 (V) piezoelectric hysteresis loops of the KNN-BLW samples with
x¼ 0.0, 0.02, 0.04 and 0.06.
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Conclusions

Structure, microstructure, dielectric, ferroelectric and piezoelectric properties of the (1-x)
(K0.5Na0.5)NbO3–xBa(Li2/5W3/5)O3 (x¼ 0–0.1) ceramics were studied. Slight changes in the
unit cell volume and temperatures of phase transitions were observed depending on com-
position and sintering conditions. The highest values of the effective d33 piezoelectric coeffi-
cients �400pm/V were observed for ceramics with x¼ 0.02. This confirms prospects of
these compositions for the development of new efficient piezoelectric materials.
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