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Abstract

Anovel (1 —x)BiysNag5TiO;—xKTaOj; system was characterized using X-ray powder diffraction, scanning electron microscopy, as well as dielectric
and ferroelectric measurements. The results showed the formation of solid solutions across the whole concentration range; however, using a solid-
state reaction method it was not possible to obtain single-phase ceramics. The secondary phases formed in the system were alkali-hexatitanate and
-tetratantalate. The formation of the solid solutions initially starts with the formation of the BiysNaysTiO3- and KTaOs-rich phases, which then
react towards the nominal composition at higher temperatures. We observed that the structural and dielectric properties are strongly influenced by
the heat-treatment conditions. Typical relaxor properties with a frequency dispersion of the dielectric maximum were obtained only after annealing
at a higher temperature, which considerably improved the homogeneity of the perovskite phase. In accordance with the decreasing temperature of
the permittivity maximum, ferroelectric measurements showed a changing of the properties from ferroelectric through relaxor to paraelectric with

an increasing content of KTaOj;.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The excellent dielectric and piezoelectric properties of the
members of the PbZr;_,Ti,O3 (PZT) and Pb(Mg;,3Nby/3)03
(PMN) families of ferroelectric and relaxor materials have led
to numerous applications in electrical devices, such as actu-
ators, sensors, accelerators, piezoelectric motors, transducers,
filters, and resonators.! However, despite the exceptional prop-
erties of the lead-containing materials, alternative lead-free
materials have been under rigorous investigation in the past
decade. The most promising lead-free materials come from
the alkali-niobium- (Kg5NagsNbO3z (KNN)), bismuth-alkali-
(Bip5Nag 5TiO3 (BNT), Big5KosTiO3 (BKT)) and bismuth
layer-structured ferroelectrics-based groups.? In fact several dis-
tinct compositions were found that exhibit specific properties
comparable to conventional lead-based materials.” For a fur-
ther improvement of lead-free materials, complex solid solutions
with substantial doping will have to be explored, as these pro-
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vide an increasing number of degrees of freedom for identifying
enhanced properties.>

BNT,*° with aremanent polarization P, =38 pC/cmz, acoer-
cive field E.=73kV/cm and high temperature of dielectric
maximum T, =320 °C, has been considered to be a good can-
didate for lead-free piezoelectric ceramics,>> especially when
forming a morphotropic phase-boundary (MPB) region in com-
bination with other perovskite materials. The phase sequence of
BNT is unique® and the nature of the rhombohedral—tetragonal
phase transition is not well understood yet. Recently, a new
orthorhombic phase was observed in-between the rhombohe-
dral and tetragonal phases by an in situ temperature analysis
of the transmission electron diffractions of the structures of
BNT.” Numerous BNT perovskite-based solid solutions have
been investigated for a possible MPB to improve the electrome-
chanical properties and to study the phase transition behaviour
of BNT.® BNT solid solutions with tetragonal KBT*!? and
orthorhombic KNN!!12 have attracted great attention, however,
some of the most enhanced electromechanical properties were
observed in ternary BNT-BT-KBT? and BNT-BT-KNN3 sys-
tems. Among the investigated BNT-based materials, systems
with incipient ferroelectrics SrTiO3 14 CaTiOs!? and NaTaO5 16


dx.doi.org/10.1016/j.jeurceramsoc.2011.04.007
mailto:jakob.konig@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2011.04.007

1988 J. Konig et al. / Journal of the European Ceramic Society 31 (2011) 1987-1995

that shift the Curie temperature 7, to lower temperatures have
also been reported. CaTiO3 and NaTaOsz additions induce
orthorhombic distortion and, additionally, MPB compositions
were observed in the BNT-rich part of the systems. In contrast,
the occurrence of a strong dispersion of the permittivity with a
relaxor-like behaviour within the whole composition range of
the solid solutions was observed in the BNT-SrTiO3 system. !

Potassium-containing compounds have turned out to be effec-
tive additives used to enhance the properties of BNT. Due
to the hygroscopic nature of the alkali carbonates and the
volatilization-prone Bi, K, and Na components, powder pro-
cessing and heat treatment are the key factors in controlling the
synthesis and microstructure, and, therewith, the repeatability
of the electrical properties of such ceramics. Similar processes
as observed in the above-mentioned systems are also expected
to occur in the Big 5Nag sTiO3—KTaO3 (BNT-KTa) system. The
addition of KTaO3 (KTa), which is an incipient ferroelectric, has
not been investigated yet and is thus of high scientific interest.
The aim of this study was to investigate the solid-state synthesis,
the formation of solid solutions and the phase composition of
the BNT-KTa system. We focused on the influence of the syn-
thesis conditions on the crystal and phase structure as well as on
the dielectric properties of the BNT-KTa system. Additionally,
the influence of KTa additions on the ferroelectric properties of
BNT was evaluated.

2. Experimental procedure

Ceramic samples with compositions corresponding to the for-
mula (1 — x)Big sNag 5 TiO3—xKTaO3 [(1 — x)BNT-xKTa] were
prepared by the solid-state reaction method. Stoichiometric
amounts of reagent-grade Na,COs (Alfa Aesar, Karlsruhe,
Germany, 99.997%), K,CO3 (Alfa Aesar, 99.997%), Bi,O3
(Alfa Aesar, 99.975%), TiO, (Alfa Aesar, 99.8%), and TayOs
(Alfa Aesar, 99.993%) were weighed and mixed thoroughly in
an agate mortar under ethanol. Prior to weighing, the Na;CO3
and K, CO3 powders were dried at 200 °C for 2 h to remove any
water content, cooled to room temperature in a silica-gel-filled
desiccator and then weighed in air quickly. The mixed powders
were dried, uniaxially pressed into pellets under a pressure of
100 MPa and calcined in air at 750 and 850 °C for 10 h with inter-
mediate cooling and grinding. The calcined samples were milled
in aplanetary mill at 200 rpm for 1 h using 3-mm yttria-stabilized
zirconia balls and ethanol media. Then a part of the powder was
uniaxially pressed (at 100 MPa) and sintered, while the other part
was exposed to high-temperature annealing before the sinter-
ing. The annealing was performed at 950 and twice at 1100 °C,
each for 10h. Between the firings the samples were cooled
and milled using the same conditions as described above. The
high-temperature annealed samples were then cold isostatically
pressed (at 750 MPa) and sintered at 1150 °C (1230-1300 °C for
sample with 90 mol% of KTa) for 5h. The preparation proce-
dure for both synthesis paths is shown in Fig. 1. The sintering
was performed in a tube furnace in an atmosphere of air with
heating and cooling rates of 10 °C/min. Alumina crucibles were
used, however, at temperatures above 1000 °C, platinum foil was
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Fig. 1. Preparation of the samples from the (1—x)BNT-xKTa system according
to the preliminary route and the high-temperature annealing route. (BM: ball
milling, and CIP: cold isostatic pressing.)

put under the pellets. The density of the sintered samples was
measured using Archimedes’ method.

X-ray powder diffraction (XRD) was used to determine
the crystal structure of the samples after each firing. Room-
temperature XRD patterns were recorded in the 26 range
10-70° using a powder diffractometer with Cu K, radiation
(D4 Endeavor, Bruker AXS, Karlsruhe, Germany). The step size
and the counting time were 0.04° and 2 s, respectively. In order
to enhance the resolution, selected reflections were scanned
with a 0.01° step size and 5s counting time. The XRD pat-
terns were inspected using the EVA software package (Bruker
AXS, Karlsruhe, Germany) to identify the phases present. The
microstructures of polished sintered samples were observed in a
scanning electron microscope (SEM: JEOL JXA 840A, Tokyo,
Japan) equipped with an energy-dispersive X-ray spectrome-
ter (EDS). The temperature-dependent dielectric measurements
were performed during heating from —180 to 450 °C using an
LCR meter (HP 4284A, Hewlett—Packard Co., Palo Alto, CA)
at frequencies from 1 kHz to 1 MHz. Silver paste was fired onto
the samples at 550 °C for 15min to serve as the electrode.
Polarization—electric field hysteresis loops were measured at
room temperature using a Precision LC 10V apparatus (Radiant
Technology, Albuquerque, NM) and a 10-kV voltage amplifier
(Trek, Medina, NY). The measurements were performed at a
frequency of 10 Hz and the amplitude of the applied signal was
90kV/cm.

3. Results and discussion
3.1. Preliminary route

A preliminary synthesis of the (1 —x)BNT—xKTa samples
with x=0.05, 0.1 and 0.2 was performed as described in Fig. 1.
After the first calcination, all the samples exhibited a perovskite
main phase as well as a small amount of a secondary phase iden-
tified as Bi4 Ti3O17. After a subsequent calcination and sintering,
the XRD analyses revealed single-phase samples. However, with
the increasing concentration of KTa, the positions of the diffrac-
tion peaks were shifted towards lower 26 values, in accordance
with the larger unit cell of the KTa (V},c =63.48 A7 compared
to the BNT (Vpe =58.72 A%)®. Continuous shifting of the per-
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Fig.2. XRD patterns of the sample with x = 0.2 after successive firings at 750 °C,
850°C and 1100 °C. The arrows indicate broadening of the diffraction peaks.

ovskite peak positions indicates the existence of solid solutions
between the BNT and the KTa in the investigated concentration
range.

The XRD phase analyses of the sample with x=0.2 after
every firing is shown in Fig. 2. After the initial firings the diffrac-
tion peaks were very broad and exhibited a tail on the lower
26-value side of the diffraction peaks, indicating the inhomoge-
neous composition of the sample. However, after the firing at
1100 °C the diffraction peaks become narrower and more pro-
nounced. A detailed examination of the diffraction peaks also
showed that after the sintering they remained broad for the sam-
ple with x=0.05, while the samples with x=0.1 and 0.2 become
cubic. The broadening of the peaks for the sample with x=0.05 is
discussed later for the sample prepared by the high-temperature
annealing route.

The microstructure analysis of the polished samples revealed
the presence of small inclusions of a dark secondary phase.
Moreover, the sample with x=0.2 (Fig. 3a) also contains some
larger grains of a secondary phase. Using EDS, this secondary
phase was identified as potassium hexatitanate K> TigO13. How-
ever, in some of the secondary-phase grains a part of the
potassium was replaced by sodium (up to 10 mol%). The visually
estimated volume fraction of the secondary phase in the synthe-
sized samples is below 0.5%. The formation of the K>TigO13
secondary phase indicates similar processes as observed during
the synthesis of BKT,'® where the formation of the potas-
sium polytitanate phase already during calcinations and the

a
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volatilization of the potassium and bismuth components dur-
ing the synthesis were observed. The EDS analysis also revealed
that the compositions of the main perovskite phase coincide well
with samples’ nominal compositions. Nevertheless, the obtained
EDS data indicated that the perovskite phase is not completely
homogeneous since compositional variations across the main
phase are bigger than the analytical error of the method. The
inhomogeneity is clearly visible in Fig. 3b, where brighter spots
within the main phase are observed. The density of the samples
was 94-95% of the theoretical density.

3.2. High-temperature annealing route

In order to eliminate the secondary phase and to improve
the homogeneity of the perovskite phase a different synthesis
procedure with high-temperature annealing was applied. Addi-
tional firings were performed according to the schematic shown
in Fig. 1. Samples with x ranging between 0.05 and 0.9 were
prepared. After the calcination at 950 °C, the characteristics of
the XRD spectra were mainly unchanged when compared to the
spectra after the calcination at 850 °C. Obviously, this temper-
ature is not high enough to actuate the homogenization of the
perovskite phase. Since the symmetry of the materials in the pre-
liminary study becomes more defined after sintering at 1100 °C,
this temperature was selected for additional firings. Two 10-h fir-
ings were performed at 1100 °C with intermediate cooling and
milling.

The XRD patterns of the sample with x=0.2 prepared by
the high-temperature annealing route are shown in Fig. 4. For
comparison, a pattern of the sintered sample prepared by the
preliminary synthesis is added. Significant changes among the
patterns were observed only after high-temperature firings. The
intensities of the diffraction peaks at 26 ~ 23° and 52° decrease
with increasing sintering temperature, while the other peaks
become sharper and their symmetry characteristics become more
evident. These characteristics also indicate a more homoge-
neous composition of the perovskite phase. All the XRD patterns
exhibit a single-phase sample composition.

The XRD patterns of the sintered samples from the
(1 —x)BNT-xKTa system are shown in Fig. 5a. The diffrac-
tion peaks are sharp for all the prepared materials, indicating
good homogeneity of the perovskite phase after multiple high-
temperature firings. With an increasing content of KTa, the peaks
are shifted towards lower 26 values, in accordance with the larger

b

Fig. 3. SEM micrographs of the sintered sample with x = 0.2 prepared by the preliminary synthesis: (a) lower magnification, (b) higher magnification with enhanced

Z-contrast.
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Fig. 4. XRD patterns of the sample with x=0.2 according to the synthesis with
high-temperature annealing. For comparison, the XRD pattern of the sintered
sample prepared by the preliminary synthesis is added.
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Fig. 5. XRD patterns of the sintered samples from the (1—x)BNT—xKTa system
prepared according to the synthesis with high-temperature annealing showing

(a) 260 range from 20° to 70° and (b) a detail at 26 ~ 57°. For comparison, data
for pure BNT according to the literature’ are added in (b).

volume of the KTa perovskite cell compared to the BNT. Another
feature of the system is a weakening of specific reflections for
different compositions; e.g., a weakening of the peak at 26 ~ 23°
for the sample with x=0.2 and the peak at 20 ~ 40° for the sam-
ple with x=0.5. In general, the intensity of the diffracted beam
is proportional to the structure factor, which combines the posi-
tions of all the atoms in the unit cell together with their scattering
powers. Since in BNT-KTa solid solutions many different ions
form a unit cell, it is very likely that for a certain composition
the atomic scattering factors of different ions cancel each other
out for a specific crystal plane and, consequently, the structural
factor for this plane is reduced. In such a case the diffraction line
that is normally allowed by Bragg’s law is weak or even miss-
ing. Our experimental data were further proven by the simulation
of the diffraction spectra using CaRIne Crystallography'® soft-
ware, which showed that for compositions with x=0.2 and 0.5
the intensities of the diffraction lines at 26 ~23° and 26 ~ 40°,
respectively, are in fact weakened due to the cancellation of the
atomic scattering factors.

The crystal symmetry can be determined from a detailed
recording of the diffraction peaks at 26 ~57°, which is rep-
resented in Fig. 5b. For comparison, the rhombohedral BNT
diffraction pattern is added. Samples with x ranging from 0.9
to 0.1 exhibit a cubic symmetry, while the sample with x=0.05
possesses a broad diffraction. For the latter sample, the peak
from the k4> radiation is not so clearly separated from the main
peak as for the other samples with cubic symmetry. Compared
to the preliminary prepared sample no difference in the XRD
pattern for this sample was observed. An additional investiga-
tion of the sample with x=0.05 using an X-ray diffractometer
equipped with a monochromator confirmed the broad symmetry
of the sample with no detectable splitting. Such an observa-
tion indicates a smaller rhombohedral distortion with respect to
the BNT, which is due to the vicinity of the phase transition.
Since we could not determine the rhombohedral and tetrago-
nal or cubic diffraction peaks simultaneously, the existence of a
morphotropic phase boundary was ruled out. The macroscopic
polar nature of the rhombohedral phase predicted for the sample
with x=0.05 is also in accordance with the measured electrical
properties for this sample described below. Except in the sample
with x=0.9, for which the diffraction peaks of the tetratantalate
K;TasO1 phase were observed, no secondary-phase reflections
were detected by XRD analyses after the sintering.

Further XRD analyses revealed some additional features of
the reaction mechanism in the BNT-KTa system. A compar-
ison of the diffraction patterns for the different compositions
shows that after the calcination at 750 °C only the BNT- and
KTa-rich phases form (Fig. 6a). In the samples with the KTa
concentration below 50 mol% the BNT-rich phase is prevailing
and vice versa. At higher temperatures these initially formed
phases react towards the nominal composition, as seen for the
sample with x=0.5 in Fig. 6b. Such behaviour indicates that the
perovskite phase is inhomogeneous after the low-temperature
firings and since the reaction between the initially formed per-
ovskite phases is slow, high-temperature annealing is needed for
the homogenization of the main perovskite phase.
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Fig. 6. Evolution of the XRD diffraction lines for (a) the (1—x)BNT-xKTa
samples with different composition after calcination at 750 °C and (b) the sample
with x=0.5 after subsequent firing at different temperatures. In (a) vertical line
denotes BigsNag sTiO3 diffraction and dotted line denotes KTaOs5 diffraction.

Unlike the XRD analyses, the SEM analyses revealed the
presence of secondary phases (representative microstructures
of the system are shown in Fig. 7). Except for the sample with
x=0.9, all the microstructures contained a dark secondary phase,
which was identified by means of EDS as K;TigO13, with a
part of the potassium replaced by sodium (up to 10 mol%). In
the sample with x=0.05, predominantly small inclusions of the
secondary phase were present. In addition, large grains of dark
secondary phase were also observed; among them some show an
anisotropic whisker-like shape. The concentration of large grains
increased with the increase of the KTa content up to x=0.5,
while in the sample with x=0.7 only small inclusions of dark
phase were present again. Compared to the preliminary prepared
samples the content of the K> TigO13 secondary phase noticeably

increased and was visually estimated to be 1.0-1.5 vol%. In sam-
ples with x=0.7 and 0.9, a bright secondary phase was observed.
In the sample with x=0.7 only a few large (10-50 m) rectangu-
lar grains of the bright phase were found (Fig. 7d). The sample
with x=0.9 showed very poor sinterability and was therefore
sintered at 1300 °C; however, the porosity was still high. More-
over, the concentration of the bright secondary phase for that
sample strongly increased with the increasing sintering temper-
ature, indicating a rapid decomposition of the main phase. EDS
analyses suggested the bright phase to be rich in tantalum (K:Ta
ratio ~1:2), which is in accordance with the composition of the
K;TasO1; phase, detected by XRD analysis. The EDS analysis
of the main perovskite phase also revealed that its composition
coincides well with the nominal composition, thus confirming
the existence of the solid solutions between the BNT and KTa
end members across the whole concentration range. The den-
sity of the samples prepared by the high-temperature annealing
route was higher (partly because of the additional cold isostatic
pressing before sintering) and was above 96% of the theoretical
value except for the sample with x=0.9.

According to the results of the XRD and SEM analyses,
high-temperature annealing improved the chemical homogene-
ity of the perovskite phase. A comparison of the microstructures
(Figs. 3b and 7c) reveals a smaller contrast and concentration
of brighter spots within the perovskite phase in the samples
annealed at high temperature. In contrast, the content of the
dark phase noticeably increased after several firings at high
temperatures. The performed experiments indicate that once
the potassium poly-titanate phase is formed, its further reac-
tion towards a compound with the nominal composition is
hindered, even by a heat-treatment process, and its concentra-
tion increases with additional annealing, which is most probably
due to the volatilization from the sample. From the DTA data,
the mass loss during the high-temperature annealing for the
sample with x=0.2 was estimated to be below 0.5% when

Fig. 7. Selected SEM micrographs of the sintered samples from the (1—x)BNT—xKTa system prepared by the synthesis with high-temperature annealing: (a) x=0.05,

(b) and (¢) x=0.2, (d) x=0.7.
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Table 1
Comparison of room-temperature dielectric properties of samples from the
(1—x)BNT-xKTa system prepared by different procedures.

Compositional Preliminary Synthesis with
fraction synthesis high-temperature
X annealing

e[/ tand [/] e [N tan $ [/]
0.05 456 0.055 878 0.056
0.1 780 0.079 1288 0.092
0.2 1156 0.096 1337 0.123

the samples are heat treated in a pellet form. However, the
quantification of the losses will be reported in a forthcoming
paper on the further optimization of the synthesis. The synthesis
behaviour in the BNT-KTa system is similar to the formation
mechanism of BKT'® that involves the same elements as the
investigated BNT-KTa system. According to the analysis of
the BKT synthesis, the thermal instability of the potassium-
containing perovskite phase is responsible for an increased
amount of K,TigO13 secondary phase in the high-temperature
annealed samples. Nevertheless, according to the EDS results
and the shifting of the diffraction lines with the variation of the
nominal composition, the solid solutions between BNT and KTa
exist across the whole concentration range.

3.3. Dielectric properties

The influence of the synthesis route on the dielectric prop-
erties was investigated for samples with x=0.05, 0.1 and 0.2.
The dielectric properties of the samples, measured at room tem-
perature and a frequency of 1 MHz, are shown in Table 1. The
results show that the samples prepared by the longer route have
much higher dielectric constants, almost two times higher in
the case of the sample with x=0.05, but also higher dielec-
tric losses. With the improved homogeneity of the perovskite
phase in the samples prepared by the high-temperature anneal-
ing route, compared to the preliminary prepared samples, the
permittivity significantly increases. Such behaviour indicates
a change in the properties of the main phase and its higher
polarizability. A notable increase in the dielectric losses was
observed for the samples with x=0.1 and 0.2, while the increase
in the sample with x=0.05 was only minor. Since the increase
of the secondary-phase content after high-temperature anneal-
ing compared to the preliminary prepared samples in the three
compositions is similar, the increase of the losses is most likely
also connected with the change in the properties of the main
phase.

The temperature dependence of the permittivity for the
preliminarily prepared samples is presented in Fig. 8. For com-
parison the permittivity of the pure BNT prepared according to
the literature data® is added. With an increasing content of KTa,
the permittivity maximum shifts towards lower temperatures, as
expected for the addition of an incipient ferroelectric. With the
addition of KTa the permittivity maximum also decreases and
the hump becomes less evident or it even disappears. However,
the decrease of the maximum is not continuous, since the maxi-
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Fig. 8. Temperature dependence of (a) the relative permittivity and (b) the
dielectric losses of the preliminary prepared samples from the (1—x)BNT-xKTa
system. In (b), the dielectric losses at 1 MHz and, additionally, for sample with
x=0.2 at 1, 10 and 100kHz are shown. For comparison, data for pure BNT
according to the literature’ are added.

mum is higher for the sample with x = 0.2 compared to the sample
with x=0.1. Moreover, the maximum noticeably broadens with
an increasing KTa content. The maxima in the dielectric losses
coincide with the first half of the permittivity maxima, where the
strongest frequency dispersion occurs. Especially in the sam-
ple with x=0.2, a smaller hump at higher temperatures can be
observed in addition to the main peak. Within the measured
frequency range, the dielectric properties show the frequency
dispersion of the permittivity, indicating the relaxor nature of
the materials. However, the frequency dispersion of the Ty, is
less evident than that observed in a typical relaxor.”® A broad
permittivity maximum and a rather undefined frequency disper-
sion of T, indicate a non-homogeneous composition of the main
perovskite phase with polar nano-regions that possess a different
relaxation times due to compositional variations.

The dielectric properties of the samples prepared by the
high-temperature annealing route are shown in Fig. 9. Some
distinctive dielectric characteristics of the BNT-KTa system are:
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Fig.9. Temperature dependence of (a) the relative permittivity and (b) the dielec-
tric losses of the high-temperature annealed samples from the (1—x)BNT-xKTa
system. In (b), the dielectric losses at 1 MHz and, additionally, for sample with
x=0.2 at 1, 10 and 100 kHz are shown.

e With an increase of the KTa content, the dielectric maximum
is reduced and shifted towards lower temperatures.

e In the sample with x=0.05, the dielectric maximum and the
frequency-dispersive anomaly (as observed in pure BNT) are
present. Their values of the permittivity are similar, resulting
in a broad permittivity maximum.

e Insamples withx > 0.1, only one anomaly remains: the dielec-
tric maximum which shows a distinct frequency dispersion.
It is reflected in an anomaly in the dielectric loss curves.

e With an increasing content of KTa, the maximum in the dielec-
tric losses is gradually shifted towards lower temperatures.

A comparison of the dielectric properties of the materials
prepared by different routes (Figs. 8 and 9) shows significant
differences. In the samples prepared by the high-temperature
annealing route the relaxor characteristics of the materials are
much more emphasized. Moreover, the permittivity maximum
continuously decreases and shifts towards lower temperatures
with the increasing content of KTa. The observed changes in
the dielectric properties indicate that after the high-temperature

annealing polar nano-regions are more uniform due to the
improved homogeneity of the main perovskite phase. This
improved homogeneity was observed with an XRD analysis that
showed sharper diffraction peaks after the multiple firings at high
temperatures with respect to the preliminary route. Therefore,
typical relaxor properties with a distinct frequency dispersion of
the permittivity maximum are observed.

For all the samples a strong temperature and frequency
(shown for sample with x=0.2 in Fig. 9b) dependence of the
dielectric losses was observed. The temperature interval of the
loss tangent maximum coincides with the temperature interval of
the maximum frequency dispersion of the dielectric properties.
The temperature and the value of the dielectric loss maximum
increase as the measurement frequency increases, which are
characteristics of a relaxor material.2% In the temperature range
where no frequency dispersion is observed, the dielectric losses
are small, below 0.01. The results of the temperature depen-
dence of the dielectric losses showed that a predominant part
of the dielectric losses is attributed to the relaxor nature of the
perovskite phase. Thereafter, the contribution of the secondary
phase(s) to the loss tangent is negligible.

The temperature of the dielectric maximum (at 320 °C in pure
BNT) decreases faster than the temperature of the frequency-
dispersive anomaly (hump at ~220°C in pure BNT). In the
sample with x=0.05, both anomalies are present, forming a
broad dielectric maximum at 160-260°C (at a frequency of
1 kHz). Such behaviour indicates that the sequence of the phases
in this sample remains the same as in pure BNT, and is only
shifted towards lower temperatures. On decreasing the tem-
perature, the dielectric losses in sample with x=0.05 start to
increase at 190 °C and the loss maximum broadens over a wide
temperature range, with a maximum in the room-temperature
region. The observed characteristics of the loss maximum,
which in the case of the BNT is ascribed to the stabilization
of the rhombohedral phase,>?! thus indicates a gradual sta-
bilization of the rhombohedral phase. The maximum of the
dielectric losses located at 25 °C indicates that the stabiliza-
tion at room temperature is just completed. However, the newly
formed phase has only a small rhombohedral distortion due to
the vicinity of the phase transition, which is reflected in the XRD
results.

In the sample with x=0.1 only one anomaly is present.
The frequency dispersed permittivity maximum is observed
closer to room temperature and the maximum of the dielectric
losses tightens. This indicates that the phase sequence com-
pared to BNT has changed, and the sample shows typical relaxor
behaviour. By connecting the dielectric behaviour with the XRD
results, showing the cubic symmetry of the sample, we assume
that stable polar regions are dispersed in the cubic non-polar
matrix phase. In the samples with x = 0.2 and 0.3, the size of these
polar regions as well as the correlation among them are further
decreased, and the frequency-dispersive maximum is shifted into
the room-temperature region. With larger additions of KTa, the
dielectric maximum is shifted to below room temperature and
a paraelectric character of the samples at room temperature is
presumed.
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Fig. 10. Polarization—electric field hystereses of samples from the
(1—x)BNT-xKTa system prepared by the high-temperature annealing
route. Broken line shows data for the preliminary prepared sample with
x=0.05.

The observed evolution of the dielectric properties with the
annealing conditions gives us the possibility to tailor the dielec-
tric properties of such a material for a specific need. When
applying only a low-temperature heat treatment, homogeniza-
tion can be limited. In such a case the material consists of BNT-
and KTa-rich regions. The corresponding polar regions, in the
compositionally different areas of the material, possess differ-
ent relaxation times. The broad distribution of the relaxation
frequencies results in a broad permittivity maximum with a
smaller temperature dependence of the permittivity and a mod-
erate value of the permittivity. In contrast, by applying sufficient
temperature and time for the phase homogenization, a compo-
sition close to nominal can be achieved. In such a case, the
relaxation times of the polar regions are more uniform, result-
ing in a sharper dielectric maximum with a higher value of the
permittivity.

3.4. Ferroelectric properties

The results of the room-temperature hysteresis measurements
(Fig. 10) show a decrease in the remanent polarization and
the coercive field with an increase of the KTa content. The
shape of the hysteresis loops gradually changed from ferro-
electric (x=0.05) through relaxor (0.1 <x < 0.3) to paraelectric
(x>0.5). With an increasing concentration of KTa, the content
of the polar (thombohedral) phase decreases, while the content
of the paraelectric (cubic) phase increases. For comparison, a
hysteresis of the preliminary prepared sample with x=0.05 is
shown in Fig. 10. Both samples with x=0.05 prepared by the
different routes exhibit a typical ferroelectric hysteresis; how-
ever, the hysteresis of the preliminary prepared sample is more
square-shaped with a higher remanent polarization (33 wC/cm?)
and a higher coercive field (59 kV/cm). These values are closer to
the values of pure BNT, since in the preliminary prepared sample
the added KTa is incorporated to a lesser extent into the matrix
phase, which thus contains a higher content of BNT compared
to the high-temperature annealed sample. Similar behaviour was
observed in the samples with x=0.1 and 0.2.

In the sample with x=0.05, a typical ferroelectric hysteresis
is obtained, indicating that a long-range polar order is main-
tained. Such results support the interpretation that this sample
is rhombohedral, since in the presence of a high-temperature
phase the remanent polarization quickly vanishes, as observed
for pure BNT above 200 °C.” In the sample with x=0.1, a slim
hysteresis loop with a small remanent polarization and a rela-
tively high maximum polarization, characteristic for relaxors,
is observed. The small value of the remanent polarization is
caused by the presence of the cubic phase that separates the polar
regions. These are, however, responsible for the high maximum
polarization, since the polarization of the regions increases in
proportion to the applied electric field. In samples with x=0.2
and 0.3, the content and size of the polar regions decrease, which
results in a smaller value of the maximum polarization. How-
ever, the shape of the hysteresis retains the relaxor properties,
which are supported by the dielectric measurements, as the per-
mittivity maximum is located in the room-temperature region.
Since the polar regions are small and their content is low, the
XRD analyses showed the cubic symmetry of the samples. In
samples with x=0.5 and 0.7, a paraelectric hysteresis loop is
observed. Such an observation is in accordance with the results
of the dielectric measurements, where a shift of the permittivity
maximum to below room temperature was observed for these
two samples.

4. Conclusions

The results showed that the formation of the solid solu-
tions between BigsNag5TiO3 (BNT) and KTaO3 (KTa) starts
with the formation of the BNT- and KTa-rich phases, which
then react towards the nominal composition. Better homo-
geneity of the perovskite phase can be achieved with multiple
high-temperature firings. An effective way to follow the homog-
enization of the main phase is by observing the symmetry of
the diffraction lines, which becomes more distinct with increas-
ing homogeneity. However, irrespective of the firing conditions,
it was not possible to obtain single-phase ceramics. The sec-
ondary phases formed in the system were alkali-hexatitanate
and -tetratantalate.

We also showed that the homogeneity of the main perovskite
phase has a profound influence on the dielectric properties
of the materials, while the influence of the secondary phases
was negligible. At room temperature, the permittivity of the
high-temperature annealed samples was up to two times the
permittivity of the samples heat treated only at lower tem-
peratures. The relaxor dielectric properties for samples with
an inhomogeneous main phase were less evident than for the
high-temperature annealed samples with a substantially higher
homogeneity of the main perovskite phase. In the latter case, the
dielectric maximum with a clear frequency dispersion was con-
tinuously shifted towards lower temperatures with an increasing
KTa content and, additionally, its maximum value continuously
decreased. The observed evolution of the dielectric properties
gives us the possibility to tailor the dielectric properties of such
a material with the proper choice of the firing conditions. The
polarization—electric field hysteresis properties of the samples
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gradually changed from ferroelectric through relaxor to para-
electric with an increasing KTa content.
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