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Abstract. In this work, piezoceramics of (1-x)(Bi0.5Na0.5)TiO3–x(K0.5Na0.5)NbO3, (1-x)BNT–xKNN, in the compositional range 0.00 B x B 0.07, were prepared by a mechanochemically activated solid-state method. The structural phase
formation and microstructural, dielectric, and ferroelectric properties were studied. Although changes, in symmetry of the
perovskite structure, were not detected with the composition (i.e., from a perspective of its intrinsic properties), the
microstructural evolution was strongly dependent on the content of the KNN phase (i.e., based on its extrinsic properties).
Specifically, KNN favoured the formation of a microstructure with cubic grains, typical morphology of the alkaline
niobate ceramics. After KNN addition, both the maximum permittivity temperature and the long-range to short-range
ordered transition temperature were reduced. Additionally, ferroelectric loops and strain deformation curves also reflect
the long-range to short-range order evolution with KNN addition and temperature.
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Introduction

Lead zirconate–titanate (Pb(Zr,Ti)O3, known as PZT)
ceramics are the most widely used and studied materials for
piezoelectric applications [1–3]. However, the lead oxide
used in its manufacture is toxic and worldwide legislations
are limiting its application to replace it with environmentally friendly materials [4,5]. Several lead-free ceramics,
such as alkaline niobate-based systems, alkaline titanates
systems, Bi-layer structure systems and BaTiO3-based
systems have been studied [6,7]. Among them, much
attention has been paid to K0.5Na0.5NbO3 (KNN)-based
ceramics, since Saito et al [8] observed that (K0.44Na0.52
Li0.04)(Nb0.86Ta0.10Sb0.04)O3 (KNL–NTS) ceramics shows
ferroelectric properties comparable to PZT ceramics. Nevertheless, it was observed that it is very difficult to obtain
dense KNL–NTS ceramics because of the high volatility of
alkaline elements at high temperatures. As an alternative,
lead-free ferroelectric materials, such as bismuth sodium
titanate Bi0.5Na0.5TiO3 (BNT) have attracted extensive
interest due to their ferroelectric and piezoelectric properties [3,9]. At room temperature (RT), BNT has rhombohedral perovskite structure associated with the R3c space
group [10,11] and a morphotropic phase boundary (MPB),
which made it as a potential candidate for various applications, such as capacitors, actuators, sensors, piezoelectric

transformers, ultrasonic motors, filters and resonators
[3,10–12]. Nevertheless, BNT has several drawbacks, such
as dielectric loss, leakage current, conductivity and large
coercive field [13,14]. To overcome these problems, in
recent years, most complex solid solutions have received
considerable attention due to their interesting electromechanical properties in the MPB [15,16].
It has been reported that piezoelectric properties of BNT
can be optimized when additives are incorporated into the
formulation of traditional ferroelectric ceramics [17]. In this
way, the ternary Bi0.5Na0.5TiO3–BaTiO3–K0.5Na0.5NbO3
system has a lot of potential, because it can be induced with
a strain S having moderate electric fields, which is one of
the criteria for piezoelectrics intended for actuator applications. Then, a good understanding of its phase diagram is
crucial for further development and improvement [18]. The
addition of different ions to conventional BNT and KNN
systems generates distortions in the original structure network and produces a variation in the bonding strength
between the cation located at B-site of the original perovskite structure and oxygen coordination due to changes in
the link distance [19]. Besides, the disordered distribution
of ions due to different substitutions of A- and B-sites
generates diffuse phase transitions, which significantly
affect the electrical and ferroelectric properties of these
ceramic systems [20].

282

Page 2 of 9

Bull Mater Sci

Table 1. Nomenclature of the (1-x)(Bi0.5Na0.5TiO3)–xK0.5
Na0.5NbO3 solid solutions with 0 B x B 0.07.
Sample
BNT
BNT–1KNN
BNT–3KNN
BNT–5KNN
BNT–6KNN
BNT–7KNN

Bi0.5Na0.5TiO3

K0.5Na0.5NbO3

1
0.99
0.97
0.95
0.94
0.93

0
0.01
0.03
0.05
0.06
0.07

In this work, an analysis of the structural, microstructural,
dielectric and ferroelectric properties of (1-x)(Bi0.5Na0.5)
TiO3–x(K0.5Na0.5)NbO3 ceramic samples is carried out. The
obtained results confirm that the addition of the KNN phase
produces significant modifications at the microstructural
level. Also, it is observed that the different ions incorporation in the BNT lattice significantly affects the final
properties of the devices, especially the ferroelectric strain
or energy storage; which are relevant to piezoelectric and
ferroelectric devices.

2.

Experimental

(1-x)(Bi0.5Na0.5TiO3)–xK0.5Na0.5NbO3 with (x = 0.01,
0.02, 0.03, 0.04, 0.05, 0.06 and 0.07) powders were synthesized by the mechanochemically activated solid-state
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reaction. The corresponding nomenclature is detailed in
table 1. For the synthesis, Bi2O3 (Aldrich 99.9%), TiO2
(Aldrich 99%), Na2CO3 (Biopack 99.5%), K2CO3 (Cicarelli
99.99%) and Nb2O5 (Aldrich 99.9%) reactants were
mechanochemically activated using zirconia balls in an
alcoholic medium for 3 h, in a planetary mill (Fritsch,
Pulverisette 7, 1450 rpm) and, subsequently, were heattreated at 750°C for 2 h. The obtained powders were uniaxially pressed into discs of 8 mm diameter and 1 mm
thickness and sintered at 1150°C for 2 h.
Structural analyses were performed through X-ray
diffraction (XRD) patterns using a PANalytical, X’pert Pro
equipment employing nickel filter and CuKa radiation,
while Raman spectroscopy studies were carried out on a
Renishaw multichannel microspectrometer In Via Reflex.
Density values were determined by the Archimede’s
method. Microstructural characterization was assessed
using a scanning electron microscope of field emission
(FESEM, Sigma, Zeiss, Germany). The size distribution of
each solid solution was determined using an image analyzer
and the composition was analysed through X-ray energy
dispersion spectroscopy (EDS, JEOL JXA 8230, Japan).
For the electrical measurements, electrodes were painted
on the plane parallel surfaces using an Ag/Pd paint that was
thermally treated at 700°C for 20 min. Dielectric measurements were made in the frequency range of
100 Hz–1 MHz and temperatures of 25–500°C, using an
impedance analyzer (LCR meter HP4284A). For

Figure 1. XRD patterns of sintered samples at 1150°C corresponding to the (1 - x)BNT–xKNN
system with 0.01 B x B 0.07. (a) To the right of the main figure, (b and c) the extensions of the XRD
peaks corresponding to the crystallographic (003) and (021), and (202) planes, respectively, are
represented. In both cases, as a visual guide of the reader, a dashed line has been incorporated to
detect a displacement of the XRD peaks associated with the expansion of the BNT lattice.
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polarization, samples were immersed in a silicone oil bath
at 90°C applying a DC field of 2.5 kV mm-1 for 10 min and
cooled to room temperature under the electric field. Piezoelectric coefficients were determined using a quasistatic d33
piezoelectric meter (YE2730, Sinoceramics). The polarization and induced deformation curves vs. the applied
electric field were carried out using an aixACCT TF2000
analyser (aixACCT Co., Aachen, Germany) from RT to
150°C.

3.
3.1

Results and discussion
Structural and microstructural characterization

Figure 1 shows the diffraction patterns of the (1 - x)BNT–
xKNN ceramic samples sintered at 1150°C. All patterns
correspond to the perovskite structure with rhombohedral
symmetry (JCPDS 36-340). Going in deep in the XRDpeaks located between 38.5° \ 2h \ 41.5° corresponding to
the (003) and (021) planes (figure 1b) and 46° \ 2h \ 48°
corresponding to the (202) plane (figure 1c), a small left
shift of the diffraction patterns is detected as the KNN
concentration increases. It is noteworthy that the peak corresponding to the (202) plane displays the contribution of the
Ka2 wavelength whose intensity is half of that corresponding

Figure 2. Raman spectra of (1 - x)BNT–xKNN (0.01 B x B
0.07) sintered samples.
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to the length Ka1. Using Bragg’s law (2d sin h = nk), it can be
deduced that smaller 2h values correspond to larger interplanar spacing. Therefore, the left shift could be associated
with the replacement of Bi3? (ionic radius = 0.133 nm) or
Na? (ionic radius = 0.139 nm) by K? (ionic radius = 0.164
nm), producing expansion of the BNT lattice. The equivalent
effect is recorded in solid BNT solutions with BKT in which
the increase in potassium concentration induces a shift at
lower angles due to an expansion of the BNKT lattice [21].
Through this technique, it was not possible to detect a
structural change or the coexistence of rhombohedral and
tetragonal (or pseudo-cubic) symmetries between 0.03 B
x B 0.05, as observed by other authors [22–24]. Moreover,
the result of the crystalline structure evolution suggests that
the chemical modification with the KNN system does not
produce changes in the rhombohedral symmetry of the
perovskite structure. However, the (002) peaks position and,
as a consequence, the corresponding lattice parameters shift
depending on the x content, distorting the rhombohedral
symmetry.
Generally, the formation of secondary impurity phases is
commonly observed in many of the bismuth sodium titanate-based piezoceramics [25,26]. Specifically, the secondary impurity phases are assigned to Na2Ti2O13 (JCPDS#
14-0277) and Na2Ti3O7 (JCPDS# 31-1329) with monoclinic structure [26,27]. Note that the apparition of these
secondary phases is the result of slight changes in the stoichiometric ratio due to highly volatile and alkaline bismuth
elements during the sintering process.
It is known that the apparition of these secondary phases
in the sintered ceramics affects the piezoelectric response
[28]. However, from XRD patterns, the formation of the
secondary phases have not been detected (see figure 1); or
the secondary impurity phases cannot be detected because
of their low concentrations (\2% of the main phases).
As a summary, the XRD patterns show the formation of a
single-phase with perovskite structure, indicating the effectiveness of the synthesis process to the formation of different
(1-x)Bi0.5Na0.5TiO3–xK0.5Na0.5NbO3 solid solutions. Two
experimental evidences support the previous argument. First,
the progressive insertion of the KNN phase into the BNT
system distorts the BNT lattice and, as a consequence, the
increase in cell size [29]. Second, the absence of secondary
phases formed in the sintered samples.
Additionally, the evolution of the crystalline structure
was evaluated by Raman spectroscopy. The rhombohedral
structure of the BNT ceramics presents a space group
(R3c) with two molecular formulae per unit cell. In this unit
cell, the bismuth and sodium atoms are coordinated to six
oxygen atoms, forming the distorted octahedral [BiO6] and
[NaO6] clusters. Additionally, the titanium atoms are hexacoordinated to six oxygen atoms, giving place to the formation of the octahedral [TiO6] clusters. Consequently, the
rhombohedral structure of BNT presents 13 Raman-active
modes, which can be represented as (CRaman = 7A1 ? 6E),
due to the distorted octahedral [BiO6] and [NaO6] clusters
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Figure 3. FESEM images of the (1-x)BNT–xKNN ceramic samples with their corresponding grain size distributions. (a) BNT,
(b) BNT–1KNN, (c) BNT–3KNN, (d) BNT–5KNN, (e) BNT–6KNN and (f) BNT–7KNN.

Figure 4.

Bi-dimensional elements distribution of 0.95BNT–0.05KNN sample.

[30,31]. All the A1 and E modes are classified into longitudinal (LO) and transverse (TO) components because of
the electronic structure with a polar character of the lattice.
Furthermore, the existence of long-range electrostatic forces
in the cubic ferroelectric phase split each of the A1 and E
modes into longitudinal and transverse modes also. However, it is possible to detect only six Raman-active modes
located at 120, 280, 530, 580, 700 and 900 cm-1 in
agreement with other authors [30,31]. Moreover, the great
amplitude and the superposition of the Raman bands reflect
a strong anomaly and the A-site disorder of the perovskite
structure due to the multiple elements existence in that
position (K?, Na? and Bi3?) [32–34]. The band around

120 cm-1 is associated with the vibrations of A-site (Na–O,
K–O and Bi–O) in the perovskite lattice [22]. On the other
hand, the broadband near 270 cm-1 corresponds to Ti–O
vibrations, where the inclination of the TiO6 octahedron can
produce a change in the frequency. Since, in these samples,
the bands located at 305 and 720 cm-1, attributable to the
formation of the tetragonal structure, are not observed; it is
possible to conclude that in agreement with the results
obtained by XRD (figure 1), the KNN addition only produces the rhombohedral phase stabilization. Otherwise, a
slight change in the frequency of the band located at
280 cm-1, when the KNN content is increased, is observed.
This change could be associated with a distortion of the
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Figure 5. (a) Dielectric permittivity and (b) dielectric loss (tan
d) vs. temperature, at 10 KHz, of (1-x)BNT–xKNN (0.01 B x B
0.07) solid solutions sintered at 1150°C. In the panel (a), the
maximum temperature value (Tm) on the (1-x)BNT–xKNN
system decreases with the KNN addition, which is represented in
grey colour. This effect is accompanied by a decrease in the TF-R
temperature (evolution marked in red colour).

perovskite structure [29], as observed through the XRD
diagrams when the content of the KNN phase is increased.
In the region of wavenumbers [500 cm-1, the observed
vibrations are associated with oxygen octahedra. The mode
located at 530 cm-1 corresponds to the vibration of the
symmetric stretch O–B–O of the octahedron [BO6] (where
B can be Ti?4 or Nb?5), while the mode located at 580
cm-1 is dominated by vibrations, which mainly involve
displacements of oxygen. Additionally, the broadbands
between 700 and 900 cm-1 are associated with A1 (longitudinal optical) and E (transverse optical) modes which are
overlapped. Figure 2 shows that all these bands are very
wide due to the disordered structure. The low-frequency
shift of the broadband centred near 270 cm-1, which is
assigned to the A1 symmetry of the T–O vibration, can be
attributed to the larger mass of Nb compared to Ti. In this
way, the peak A1 shifts slightly to a lower frequency when
the KNN amount increases due to a decrease in the strength
constant caused by enlarging the distance between B-type
ions and their coordinated oxygens. These results are in
good agreement with the evolution of the crystalline
structure observed by XRD.
Figure 3 shows the FESEM images of the (1 - x)BNT–
xKNN sintered samples where two particular behaviours,
depending on the KNN content, can be detected. It is
observed that the addition of an adequate amount of KNN
modulates the extrinsic behaviour of the solid solution,
causing that low KNN content to induce the grain size
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diminution, as a result of the titanium vacancies formation,
which decreases the mobility of the grain boundary [35].
With the increase in the concentration of KNN (i.e., compositions x C 0.05), the trend in grain size changes. Thus,
with the increase in the amount of KNN doping, there is a
tendency of the grain size variation of irregular V-type,
which is attributed to greater internal stress existing in
ceramics with high KNN contents [26]. This behaviour is
associated with an evolution of grain morphology. For
compositions between 0.00 \ x \ 0.03, the grains have
hexagonal morphological characteristics, typical of BNT
ceramics. Additionally, in this compositional range, the
formation of small grains with table morphology embedded
in the grain edges, which find their origin in the ionic
rearrangement of the (1 - x)BNT–xKNN solid solution, as
will be discussed below, is observed. By contrast, for
compositions with x C 0.05, the grain-shape changes drastically to faceted cubic grains. It should be noted that this
behaviour resembles the characteristic morphology of KNN
pure, confirming that K? and Nb?5 diffuse into BNT lattice
to form the expected solid solution with the corresponding
defect formation, as observed in equations (1–3) [36].
K2 O þ 2BiBi þ 2OO ! 2K00Bi þ 2V
O þ Bi2 O3 ;

ð1Þ

Na2 O þ 2BiBi þ 2OO ! 2Na00Bi þ 2V
O þ Bi2 O3 ;

ð2Þ

2Nb2 O5 þ 5TiTi !

4NbTi

þ

V0000
Ti

þ 5TiO2 :

ð3Þ

To analyse the formation of different microstructures and
the corresponding morphologies, the distribution of twodimensional elements of the 0.95BNT–0.05KNN sample
was collected by EDS and the results are shown in figure 4.
This analysis indicates the existence of a homogeneous
elements distribution in the BNT–KNN matrix. Moreover,
the analysis indicates that these samples do not present the
formation of any secondary phase.

3.2

Electrical and ferroelectric characterizations

Figure 5 illustrates the dependence of dielectric permittivity and dielectric loss as a function of temperature, for
different (1-x)BNT–xKNN solid solutions. Firstly, it
should be noted that at low KNN (x = 0.01 and 0.03)
concentrations, the dielectric properties of these ceramics
decrease markedly with respect to pure BNT. Also, a
small increase in dielectric permittivity values can be
observed for x = 0.05 and 0.06 concentrations. In all cases,
the maximum permittivity value is lower than that corresponding to the BNT pure phase. From the obtained
results, it is observed that KNN addition reduces the
maximum temperature value (Tm) of the BNT system and
widens the peak. This widening is associated with the
existence of diffuse phase transition caused by a more
cations’ disorderly distribution [37,38] due to the K? and
Nb?5 ions incorporation at the A- and B-sites of the
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Hysteresis loops at different temperatures of (1-x)BNT–xKNN (0.01 B x B 0.07) sintered samples.

perovskite structure, respectively. This higher degree of
structural disorder decreases the temperature at which the
depolarization of the material occurs. It should be noted
that although the increase in grain size recorded for
samples with 0.03 B x B 0.07 could lead to a reduction in
the relaxor nature of the samples, the effect of the compositional change on the disorder degree exhibits a relevant influence on dielectric permittivity.
In general, although the addition of KNN reduces
dielectric losses of solid solutions at high temperature, all
samples show an increase in dielectric losses at low temperature (figure 4b) that can be attributed to thermally
activated conduction processes [38,39]. The evolution of
the permittivity peak at temperatures around 150°C (TF-R) is
also clearly observed. This peak becomes more perceptible
at high KNN concentrations (x = 0.06 and 0.07) and can be
related to the ceramic depolarization when passing from the
ferroelectric state with long-range order to the relaxor state
with polar nanoregions when the temperature increases
[40].
As expected for our (1-x)(Bi0.5Na0.5)TiO3–x(K0.5
Na0.5)NbO3 system, the dielectric response is modulated by
distortion on the rhombohedral symmetry (i.e., the disordered distribution of ions due to the different substitutions
of A- and B-sites). These features are reflected in (i) a

reduction in the dielectric permittivity, (ii) the shift in
maximum temperature value (Tm), (iii) the widening of the
Tm, and/or (iv) the evolution of the permittivity peak at
temperatures around 150°C.
From the functional perspective of these ceramics, it is
necessary to evaluate the ferroelectric behaviour of solid
solutions, which is affected by composition, homogeneity,
external field and orientation of domains. Figure 6 shows
the polarization hysteresis cycles in the temperature range
between 25 and 150°C, for different compositions of the
(1-x)BNT–xKNN-based ceramics. It can be seen that pure
BNT ceramics exhibit the typical unsaturated hysteresis
loops. In the samples with low KNN composition, x = 0.01
and 0.03, the hysteresis loops are opened with temperature
and present a slight increase in the remnant polarization
with temperature. This behaviour is attributed to uniformly
oriented domain structures that increase the ferroelectric
properties showing that in this composition range, the ferroelectric (FE) long-range order still predominates. With the
increase in KNN concentration, it is observed that the
remnant polarization (Pr) at room temperature increases
from 10.2 to 16.1 lC cm-2 for x = 0.03, and then drastically
decreases to 6.1 lC cm-2 at x = 0.07 (see figure 5). As can
be seen for the samples corresponding to x = 0.07 (BNT–
7KNN), both Pr and Ec decrease considerably over the
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Ferroelectric strain at different temperatures of BNT–KNN samples with KNN between 0.01 and 0.07.

Table 2. Density (q), piezoelectric constant (d33), dielectric permittivity (e0 ), the temperature of maximum permittivity (Tm), loss
tangent (tan d), remnant polarization (Pr) and coercive field (Ec) of BNT–KNN ceramics at 25°C and 10 kHz.
Sample
BNT
BNT–1KNN
BNT–3KNN
BNT–5KNN
BNT–6KNN
BNT–7KNN

q (g cm-3)

q* (g cm-3)

d33 (pC N-1)

e0

Tm (°C)

tan d

Pr (lC cm-2)

Ec (kV cm-1)

5.69
5.63
5.55
5.55
5.58
5.63

5.99
5.97
5.94
5.91
5.90
5.88

80
75
79
56
36
70

688
802
870
996
980
802

364
312
315
314
275
270

0.052
0.042
0.048
0.041
0.040
0.042

10.2
14.3
16.1
15.5
9.9
6.1

3.8
3.4
3.7
3.2
2.5
1.6

The theoretical density (q*) for each composition was calculated by the law of mixtures, considering the density of the pure phases of (Bi0.5Na0.5)TiO3 and
(K0.5Na0.5)NbO3, which were 5.99 (ISCD 98-006-3231) and 4.49 g cm-3 (ICSD 186341), respectively.

entire temperature range. This behaviour can be attributed
to the interruption of the ferroelectric (FE) long-range order
BNT ceramics with KNN addition. Consequently, when the
applied electric field is removed, the remnant polarization
decreases considerably and the ferroelectric cycles become
thin [39,41]. It is noteworthy that since at room temperature,
the applied field is insufficient to achieve the polarization of
the material, the hysteresis loops are not fully defined. This
variation in remnant polarization and coercive field with

KNN addition is considered to be the result of distortion and
deformation of the crystal structure [42].
Although from the carried out studies, there is no obvious
change at the structural level, the small increase in the
remnant polarization of BNT–3KNN ceramics indicates the
presence of an optimal composition region, which is mainly
governed by extrinsic factors (i.e., by microstructure modulation) establishing close to this region, the best properties
for the BNT–KNN system.
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The induced deformation vs. applied electric field curves
(S–E) for the binary BNT–KNN solid solutions are shown
in figure 7. The maximum deformation values (Smax) are
obtained for x = 0.05 and 0.06 at 150°C with an approximate deformation of 0.20% and a dynamic piezoelectric
coefficient value of 330 pm V-1. It is important to mention
that this temperature coincides with the phase transition
from the long-range ferroelectric order to the relaxor state,
as was evidenced in the dielectric permittivity curves presented in figure 5. The displacement of this transition at a
lower temperature is directly related to obtaining the maximum electrical deformation. This result demonstrates the
potential that this solid solution for technological applications where the dielectric and ferroelectric response can be
tuned through the composition.
Theoretical and measured densities (q), piezoelectric
constant (d33), dielectric permittivity (e0 ), the temperature of
maximum permittivity (Tm), loss tangent, remnant polarization (Pr) and coercive field (Ec) of (1 - x)BNT–xKNN
ceramics are displayed in table 2. It shows that although
density and piezoelectric properties of solid solutions are
reduced concerning pure BNT, the dielectric permittivity
value at room temperature increases significantly without
affecting the dielectric loss values.
It can also be observed that at room temperature, the
highest remnant polarization value is obtained for samples
with x = 0.03, while for higher KNN contents, the remnant
polarization and coercive field decrease. The sample with
the highest concentration of KNN has a significant decrease
in the remnant polarization and coercive field values. This
change in both parameters with KNN addition is considered
to be the result of distortion and deformation of the crystal
structure (i.e., lattice parameters change). Furthermore, the
remnant polarization and coercive field diminution suggest
the possible use of rich-KNN compositions for energy
storage.

4.

Conclusions

In the (1 - x)BNT–xKNN solid solutions, a distortion of
the rhombohedral perovskite with composition was
revealed by XRD and Raman spectroscopy studies. The
morphology of the grains changed with the increase in
KNN content, evolving from hexagonal to the cubic-typical
morphology of KNN ceramics. Additionally, the grain size
developed irregular V-type progress, which is attributed to
greater internal stress existing in ceramics with high KNN
contents.
Although it was not possible to find exactly a morphotropic phase boundary for the (1 - x)BNT–xKNN binary system, it is possible to find ideal concentration values
with the best properties. Specifically, we have stabilized a
microstructure with a uniform and sub-micrometre grain
size, close to the optimal region, which is suitable as it leads
to functional properties enhancement of this system.

Bull Mater Sci

(2020) 43:282

The resulting distortion and deformation of the crystal
structure and stabilized microstructure with KNN module
dielectric and ferroelectric properties. Indeed, KNN addition
reduces the maximum temperature (Tm) and the transition
from long-range to short-range order temperature (TF-R) of
BNT ceramics and induces a further diffuse transition. At
room temperature, the highest remnant polarization value is
obtained for samples with x = 0.03, while for higher KNN
contents, the remnant polarization and the coercive field
decrease. Indeed, for the highest KNN studied 0.93BNT–
0.07KNN sample the significant remnant polarization and
coercive field reduction encourage its possible use for
energy storage.
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