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bstract

novel (1 − x)Bi0.5Na0.5TiO3–xKTaO3 system was characterized using X-ray powder diffraction, scanning electron microscopy, as well as dielectric
nd ferroelectric measurements. The results showed the formation of solid solutions across the whole concentration range; however, using a solid-
tate 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 Bi0.5Na0.5TiO3- and KTaO3-rich phases, which then
eact towards the nominal composition at higher temperatures. We observed that the structural and dielectric properties are strongly influenced by
he heat-treatment conditions. Typical relaxor properties with a frequency dispersion of the dielectric maximum were obtained only after annealing

t a higher temperature, which considerably improved the homogeneity of the perovskite phase. In accordance with the decreasing temperature of
he permittivity maximum, ferroelectric measurements showed a changing of the properties from ferroelectric through relaxor to paraelectric with
n increasing content of KTaO3.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The excellent dielectric and piezoelectric properties of the
embers of the PbZr1−xTixO3 (PZT) and Pb(Mg1/3Nb2/3)O3

PMN) families of ferroelectric and relaxor materials have led
o numerous applications in electrical devices, such as actu-
tors, sensors, accelerators, piezoelectric motors, transducers,
lters, and resonators.1 However, despite the exceptional prop-
rties of the lead-containing materials, alternative lead-free
aterials have been under rigorous investigation in the past

ecade. The most promising lead-free materials come from
he alkali-niobium- (K0.5Na0.5NbO3 (KNN)), bismuth-alkali-
Bi0.5Na0.5TiO3 (BNT), Bi0.5K0.5TiO3 (BKT)) and bismuth
ayer-structured ferroelectrics-based groups.2 In fact several dis-
inct compositions were found that exhibit specific properties

2
omparable to conventional lead-based materials. For a fur-
her improvement of lead-free materials, complex solid solutions
ith substantial doping will have to be explored, as these pro-
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ide an increasing number of degrees of freedom for identifying
nhanced properties.3

BNT,4,5 with a remanent polarization Pr = 38 �C/cm2, a coer-
ive field Ec = 73 kV/cm and high temperature of dielectric
aximum Tm = 320 ◦C, has been considered to be a good can-

idate for lead-free piezoelectric ceramics,2,3 especially when
orming a morphotropic phase-boundary (MPB) region in com-
ination with other perovskite materials. The phase sequence of
NT is unique6 and the nature of the rhombohedral–tetragonal
hase transition is not well understood yet. Recently, a new
rthorhombic phase was observed in-between the rhombohe-
ral and tetragonal phases by an in situ temperature analysis
f the transmission electron diffractions of the structures of
NT.7 Numerous BNT perovskite-based solid solutions have
een investigated for a possible MPB to improve the electrome-
hanical properties and to study the phase transition behaviour
f BNT.8 BNT solid solutions with tetragonal KBT9,10 and
rthorhombic KNN11,12 have attracted great attention, however,
ome of the most enhanced electromechanical properties were

bserved in ternary BNT–BT–KBT2 and BNT–BT–KNN13 sys-
ems. Among the investigated BNT-based materials, systems
ith incipient ferroelectrics SrTiO3

14, CaTiO3
15 and NaTaO3

16
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Fig. 1. Preparation of the samples from the (1−x)BNT–xKTa system according
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hat shift the Curie temperature Tc to lower temperatures have
lso been reported. CaTiO3 and NaTaO3 additions induce
rthorhombic distortion and, additionally, MPB compositions
ere observed in the BNT-rich part of the systems. In contrast,

he occurrence of a strong dispersion of the permittivity with a
elaxor-like behaviour within the whole composition range of
he solid solutions was observed in the BNT–SrTiO3 system.14

Potassium-containing compounds have turned out to be effec-
ive additives used to enhance the properties of BNT. Due
o the hygroscopic nature of the alkali carbonates and the
olatilization-prone Bi, K, and Na components, powder pro-
essing and heat treatment are the key factors in controlling the
ynthesis and microstructure, and, therewith, the repeatability
f the electrical properties of such ceramics. Similar processes
s observed in the above-mentioned systems are also expected
o occur in the Bi0.5Na0.5TiO3–KTaO3 (BNT–KTa) system. The
ddition of KTaO3 (KTa), which is an incipient ferroelectric, has
ot been investigated yet and is thus of high scientific interest.
he aim of this study was to investigate the solid-state synthesis,

he formation of solid solutions and the phase composition of
he BNT–KTa system. We focused on the influence of the syn-
hesis conditions on the crystal and phase structure as well as on
he dielectric properties of the BNT–KTa system. Additionally,
he influence of KTa additions on the ferroelectric properties of
NT was evaluated.

. Experimental procedure

Ceramic samples with compositions corresponding to the for-
ula (1 − x)Bi0.5Na0.5TiO3–xKTaO3 [(1 − x)BNT–xKTa] were

repared by the solid-state reaction method. Stoichiometric
mounts of reagent-grade Na2CO3 (Alfa Aesar, Karlsruhe,
ermany, 99.997%), K2CO3 (Alfa Aesar, 99.997%), Bi2O3

Alfa Aesar, 99.975%), TiO2 (Alfa Aesar, 99.8%), and Ta2O5
Alfa Aesar, 99.993%) were weighed and mixed thoroughly in
n agate mortar under ethanol. Prior to weighing, the Na2CO3
nd K2CO3 powders were dried at 200 ◦C for 2 h to remove any
ater content, cooled to room temperature in a silica-gel-filled
esiccator and then weighed in air quickly. The mixed powders
ere dried, uniaxially pressed into pellets under a pressure of
00 MPa and calcined in air at 750 and 850 ◦C for 10 h with inter-
ediate cooling and grinding. The calcined samples were milled

n a planetary mill at 200 rpm for 1 h using 3-mm yttria-stabilized
irconia balls and ethanol media. Then a part of the powder was
niaxially pressed (at 100 MPa) and sintered, while the other part
as exposed to high-temperature annealing before the sinter-

ng. The annealing was performed at 950 and twice at 1100 ◦C,
ach for 10 h. Between the firings the samples were cooled
nd milled using the same conditions as described above. The
igh-temperature annealed samples were then cold isostatically
ressed (at 750 MPa) and sintered at 1150 ◦C (1230–1300 ◦C for
ample with 90 mol% of KTa) for 5 h. The preparation proce-

ure for both synthesis paths is shown in Fig. 1. The sintering
as performed in a tube furnace in an atmosphere of air with
eating and cooling rates of 10 ◦C/min. Alumina crucibles were
sed, however, at temperatures above 1000 ◦C, platinum foil was

t
w
t

o the preliminary route and the high-temperature annealing route. (BM: ball
illing, and CIP: cold isostatic pressing.)

ut under the pellets. The density of the sintered samples was
easured using Archimedes’ method.
X-ray powder diffraction (XRD) was used to determine

he crystal structure of the samples after each firing. Room-
emperature XRD patterns were recorded in the 2θ range
0–70◦ using a powder diffractometer with Cu K� radiation
D4 Endeavor, Bruker AXS, Karlsruhe, Germany). The step size
nd the counting time were 0.04◦ and 2 s, respectively. In order
o enhance the resolution, selected reflections were scanned
ith a 0.01◦ step size and 5 s counting time. The XRD pat-

erns were inspected using the EVA software package (Bruker
XS, Karlsruhe, Germany) to identify the phases present. The
icrostructures of polished sintered samples were observed in a

canning electron microscope (SEM: JEOL JXA 840A, Tokyo,
apan) equipped with an energy-dispersive X-ray spectrome-
er (EDS). The temperature-dependent dielectric measurements
ere performed during heating from −180 to 450 ◦C using an
CR meter (HP 4284A, Hewlett–Packard Co., Palo Alto, CA)
t frequencies from 1 kHz to 1 MHz. Silver paste was fired onto
he samples at 550 ◦C for 15 min to serve as the electrode.
olarization–electric field hysteresis loops were measured at
oom temperature using a Precision LC 10V apparatus (Radiant
echnology, Albuquerque, NM) and a 10-kV voltage amplifier
Trek, Medina, NY). The measurements were performed at a
requency of 10 Hz and the amplitude of the applied signal was
0 kV/cm.

. Results and discussion

.1. Preliminary route

A preliminary synthesis of the (1 − x)BNT–xKTa samples
ith x = 0.05, 0.1 and 0.2 was performed as described in Fig. 1.
fter the first calcination, all the samples exhibited a perovskite
ain phase as well as a small amount of a secondary phase iden-

ified as Bi4Ti3O12. After a subsequent calcination and sintering,
he XRD analyses revealed single-phase samples. However, with
he increasing concentration of KTa, the positions of the diffrac-

ion peaks were shifted towards lower 2θ values, in accordance
ith the larger unit cell of the KTa (Vpc = 63.48 Å3)17 compared

o the BNT (Vpc = 58.72 Å3)6. 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,
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tion peaks are sharp for all the prepared materials, indicating

F
Z

50 ◦C and 1100 ◦C. The arrows indicate broadening of the diffraction peaks.

vskite peak positions indicates the existence of solid solutions
etween the BNT and the KTa in the investigated concentration
ange.

The XRD phase analyses of the sample with x = 0.2 after
very firing is shown in Fig. 2. After the initial firings the diffrac-
ion peaks were very broad and exhibited a tail on the lower
θ-value side of the diffraction peaks, indicating the inhomoge-
eous composition of the sample. However, after the firing at
100 ◦C the diffraction peaks become narrower and more pro-
ounced. A detailed examination of the diffraction peaks also
howed that after the sintering they remained broad for the sam-
le with x = 0.05, while the samples with x = 0.1 and 0.2 become
ubic. The broadening of the peaks for the sample with x = 0.05 is
iscussed later for the sample prepared by the high-temperature
nnealing route.

The microstructure analysis of the polished samples revealed
he presence of small inclusions of a dark secondary phase.

oreover, the sample with x = 0.2 (Fig. 3a) also contains some
arger grains of a secondary phase. Using EDS, this secondary
hase was identified as potassium hexatitanate K2Ti6O13. How-
ver, in some of the secondary-phase grains a part of the
otassium was replaced by sodium (up to 10 mol%). The visually
stimated volume fraction of the secondary phase in the synthe-
ized samples is below 0.5%. The formation of the K2Ti6O13

econdary phase indicates similar processes as observed during
he synthesis of BKT,18 where the formation of the potas-
ium polytitanate phase already during calcinations and the

g
t
a

ig. 3. SEM micrographs of the sintered sample with x = 0.2 prepared by the prelimin
-contrast.
ramic Society 31 (2011) 1987–1995 1989

olatilization of the potassium and bismuth components dur-
ng the synthesis were observed. The EDS analysis also revealed
hat the compositions of the main perovskite phase coincide well
ith samples’ nominal compositions. Nevertheless, the obtained
DS data indicated that the perovskite phase is not completely
omogeneous since compositional variations across the main
hase are bigger than the analytical error of the method. The
nhomogeneity is clearly visible in Fig. 3b, where brighter spots
ithin the main phase are observed. The density of the samples
as 94–95% of the theoretical density.

.2. High-temperature annealing route

In order to eliminate the secondary phase and to improve
he homogeneity of the perovskite phase a different synthesis
rocedure with high-temperature annealing was applied. Addi-
ional firings were performed according to the schematic shown
n Fig. 1. Samples with x ranging between 0.05 and 0.9 were
repared. After the calcination at 950 ◦C, the characteristics of
he XRD spectra were mainly unchanged when compared to the
pectra after the calcination at 850 ◦C. Obviously, this temper-
ture is not high enough to actuate the homogenization of the
erovskite phase. Since the symmetry of the materials in the pre-
iminary study becomes more defined after sintering at 1100 ◦C,
his temperature was selected for additional firings. Two 10-h fir-
ngs were performed at 1100 ◦C with intermediate cooling and
illing.
The XRD patterns of the sample with x = 0.2 prepared by

he high-temperature annealing route are shown in Fig. 4. For
omparison, a pattern of the sintered sample prepared by the
reliminary synthesis is added. Significant changes among the
atterns were observed only after high-temperature firings. The
ntensities of the diffraction peaks at 2θ ∼ 23◦ and 52◦ decrease
ith increasing sintering temperature, while the other peaks
ecome sharper and their symmetry characteristics become more
vident. These characteristics also indicate a more homoge-
eous composition of the perovskite phase. All the XRD patterns
xhibit 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-
ood homogeneity of the perovskite phase after multiple high-
emperature firings. With an increasing content of KTa, the peaks
re shifted towards lower 2θ values, in accordance with the larger

ary synthesis: (a) lower magnification, (b) higher magnification with enhanced
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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.

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) 2θ range from 20◦ to 70◦ and (b) a detail at 2θ ∼ 57◦. For comparison, data
for pure BNT according to the literature5 are added in (b).
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olume of the KTa perovskite cell compared to the BNT. Another
eature of the system is a weakening of specific reflections for
ifferent compositions; e.g., a weakening of the peak at 2θ ∼ 23◦
or the sample with x = 0.2 and the peak at 2θ ∼ 40◦ for the sam-
le with x = 0.5. In general, the intensity of the diffracted beam
s proportional to the structure factor, which combines the posi-
ions of all the atoms in the unit cell together with their scattering
owers. Since in BNT–KTa solid solutions many different ions
orm a unit cell, it is very likely that for a certain composition
he atomic scattering factors of different ions cancel each other
ut for a specific crystal plane and, consequently, the structural
actor for this plane is reduced. In such a case the diffraction line
hat is normally allowed by Bragg’s law is weak or even miss-
ng. Our experimental data were further proven by the simulation
f the diffraction spectra using CaRIne Crystallography19 soft-
are, which showed that for compositions with x = 0.2 and 0.5

he intensities of the diffraction lines at 2θ ∼ 23◦ and 2θ ∼ 40◦,
espectively, are in fact weakened due to the cancellation of the
tomic scattering factors.

The crystal symmetry can be determined from a detailed
ecording of the diffraction peaks at 2θ ∼ 57◦, which is rep-
esented in Fig. 5b. For comparison, the rhombohedral BNT
iffraction pattern is added. Samples with x ranging from 0.9
o 0.1 exhibit a cubic symmetry, while the sample with x = 0.05
ossesses a broad diffraction. For the latter sample, the peak
rom the k�2 radiation is not so clearly separated from the main
eak as for the other samples with cubic symmetry. Compared
o the preliminary prepared sample no difference in the XRD
attern for this sample was observed. An additional investiga-
ion of the sample with x = 0.05 using an X-ray diffractometer
quipped with a monochromator confirmed the broad symmetry
f the sample with no detectable splitting. Such an observa-
ion indicates a smaller rhombohedral distortion with respect to
he BNT, which is due to the vicinity of the phase transition.
ince we could not determine the rhombohedral and tetrago-
al or cubic diffraction peaks simultaneously, the existence of a
orphotropic phase boundary was ruled out. The macroscopic

olar nature of the rhombohedral phase predicted for the sample
ith x = 0.05 is also in accordance with the measured electrical
roperties for this sample described below. Except in the sample
ith x = 0.9, for which the diffraction peaks of the tetratantalate
2Ta4O11 phase were observed, no secondary-phase reflections
ere detected by XRD analyses after the sintering.
Further XRD analyses revealed some additional features of

he reaction mechanism in the BNT–KTa system. A compar-
son of the diffraction patterns for the different compositions
hows that after the calcination at 750 ◦C only the BNT- and
Ta-rich phases form (Fig. 6a). In the samples with the KTa

oncentration below 50 mol% the BNT-rich phase is prevailing
nd vice versa. At higher temperatures these initially formed
hases react towards the nominal composition, as seen for the
ample with x = 0.5 in Fig. 6b. Such behaviour indicates that the
erovskite phase is inhomogeneous after the low-temperature

rings and since the reaction between the initially formed per-
vskite phases is slow, high-temperature annealing is needed for
he 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
w
d

p
o
x
w
p
t
s
s
a
i
w
p
s

i
p
I
l
w
s
o
s
a
a
r
K
o
c
t
e
s
r
p
v

h
i
(
o
a
d
t
t
t
h
t

F
(

ith x = 0.5 after subsequent firing at different temperatures. In (a) vertical line
enotes Bi0.5Na0.5TiO3 diffraction and dotted line denotes KTaO3 diffraction.

Unlike the XRD analyses, the SEM analyses revealed the
resence of secondary phases (representative microstructures
f the system are shown in Fig. 7). Except for the sample with
= 0.9, all the microstructures contained a dark secondary phase,
hich was identified by means of EDS as K2Ti6O13, with a
art of the potassium replaced by sodium (up to 10 mol%). In
he sample with x = 0.05, predominantly small inclusions of the
econdary phase were present. In addition, large grains of dark
econdary phase were also observed; among them some show an
nisotropic whisker-like shape. The concentration of large grains
ncreased with the increase of the KTa content up to x = 0.5,

hile in the sample with x = 0.7 only small inclusions of dark
hase were present again. Compared to the preliminary prepared
amples the content of the K2Ti6O13 secondary phase noticeably

d
t
s

ig. 7. Selected SEM micrographs of the sintered samples from the (1−x)BNT–xKTa
b) and (c) x = 0.2, (d) x = 0.7.
ramic Society 31 (2011) 1987–1995 1991

ncreased and was visually estimated to be 1.0–1.5 vol%. In sam-
les with x = 0.7 and 0.9, a bright secondary phase was observed.
n the sample with x = 0.7 only a few large (10–50 �m) rectangu-
ar grains of the bright phase were found (Fig. 7d). The sample
ith x = 0.9 showed very poor sinterability and was therefore

intered at 1300 ◦C; however, the porosity was still high. More-
ver, the concentration of the bright secondary phase for that
ample strongly increased with the increasing sintering temper-
ture, indicating a rapid decomposition of the main phase. EDS
nalyses suggested the bright phase to be rich in tantalum (K:Ta
atio ∼1:2), which is in accordance with the composition of the

2Ta4O11 phase, detected by XRD analysis. The EDS analysis
f the main perovskite phase also revealed that its composition
oincides well with the nominal composition, thus confirming
he existence of the solid solutions between the BNT and KTa
nd members across the whole concentration range. The den-
ity of the samples prepared by the high-temperature annealing
oute was higher (partly because of the additional cold isostatic
ressing before sintering) and was above 96% of the theoretical
alue except for the sample with x = 0.9.

According to the results of the XRD and SEM analyses,
igh-temperature annealing improved the chemical homogene-
ty of the perovskite phase. A comparison of the microstructures
Figs. 3b and 7c) reveals a smaller contrast and concentration
f brighter spots within the perovskite phase in the samples
nnealed at high temperature. In contrast, the content of the
ark phase noticeably increased after several firings at high
emperatures. The performed experiments indicate that once
he potassium poly-titanate phase is formed, its further reac-
ion towards a compound with the nominal composition is
indered, even by a heat-treatment process, and its concentra-
ion increases with additional annealing, which is most probably

ue to the volatilization from the sample. From the DTA data,
he mass loss during the high-temperature annealing for the
ample with x = 0.2 was estimated to be below 0.5% when

system prepared by the synthesis with high-temperature annealing: (a) x = 0.05,
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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
fraction
x

Preliminary
synthesis

Synthesis with
high-temperature
annealing

ε [/] tan δ [/] ε [/] tan δ [/]

0.05 456 0.055 878 0.056
0.1 780 0.079 1288 0.092
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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 100 kHz are shown. For comparison, data for pure BNT
according to the literature5 are added.
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he samples are heat treated in a pellet form. However, the
uantification of the losses will be reported in a forthcoming
aper on the further optimization of the synthesis. The synthesis
ehaviour in the BNT–KTa system is similar to the formation
echanism of BKT18 that involves the same elements as the

nvestigated BNT–KTa system. According to the analysis of
he BKT synthesis, the thermal instability of the potassium-
ontaining perovskite phase is responsible for an increased
mount of K2Ti6O13 secondary phase in the high-temperature
nnealed samples. Nevertheless, according to the EDS results
nd the shifting of the diffraction lines with the variation of the
ominal composition, the solid solutions between BNT and KTa
xist across the whole concentration range.

.3. Dielectric properties

The influence of the synthesis route on the dielectric prop-
rties was investigated for samples with x = 0.05, 0.1 and 0.2.
he dielectric properties of the samples, measured at room tem-
erature and a frequency of 1 MHz, are shown in Table 1. The
esults show that the samples prepared by the longer route have
uch higher dielectric constants, almost two times higher in

he case of the sample with x = 0.05, but also higher dielec-
ric losses. With the improved homogeneity of the perovskite
hase in the samples prepared by the high-temperature anneal-
ng route, compared to the preliminary prepared samples, the
ermittivity significantly increases. Such behaviour indicates
change in the properties of the main phase and its higher

olarizability. A notable increase in the dielectric losses was
bserved for the samples with x = 0.1 and 0.2, while the increase
n the sample with x = 0.05 was only minor. Since the increase
f the secondary-phase content after high-temperature anneal-
ng compared to the preliminary prepared samples in the three
ompositions is similar, the increase of the losses is most likely
lso connected with the change in the properties of the main
hase.

The temperature dependence of the permittivity for the
reliminarily prepared samples is presented in Fig. 8. For com-
arison the permittivity of the pure BNT prepared according to
he literature data5 is added. With an increasing content of KTa,
he permittivity maximum shifts towards lower temperatures, as
xpected for the addition of an incipient ferroelectric. With the

ddition of KTa the permittivity maximum also decreases and
he hump becomes less evident or it even disappears. However,
he decrease of the maximum is not continuous, since the maxi-

h
d

um is higher for the sample with x = 0.2 compared to the sample
ith x = 0.1. Moreover, the maximum noticeably broadens with

n increasing KTa content. The maxima in the dielectric losses
oincide with the first half of the permittivity maxima, where the
trongest frequency dispersion occurs. Especially in the sam-
le with x = 0.2, a smaller hump at higher temperatures can be
bserved in addition to the main peak. Within the measured
requency range, the dielectric properties show the frequency
ispersion of the permittivity, indicating the relaxor nature of
he materials. However, the frequency dispersion of the Tm is
ess evident than that observed in a typical relaxor.20 A broad
ermittivity maximum and a rather undefined frequency disper-
ion of Tm indicate a non-homogeneous composition of the main
erovskite phase with polar nano-regions that possess a different
elaxation times due to compositional variations.

The dielectric properties of the samples prepared by the
igh-temperature annealing route are shown in Fig. 9. Some

istinctive 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
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dielectric maximum is shifted to below room temperature and
ystem. In (b), the dielectric losses at 1 MHz and, additionally, for sample with
= 0.2 at 1, 10 and 100 kHz are shown.

With an increase of the KTa content, the dielectric maximum
is reduced and shifted towards lower temperatures.
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.
In samples with x ≥ 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.
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
repared by different routes (Figs. 8 and 9) shows significant
ifferences. In the samples prepared by the high-temperature
nnealing route the relaxor characteristics of the materials are
uch more emphasized. Moreover, the permittivity maximum
ontinuously decreases and shifts towards lower temperatures
ith the increasing content of KTa. The observed changes in

he dielectric properties indicate that after the high-temperature
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nnealing polar nano-regions are more uniform due to the
mproved homogeneity of the main perovskite phase. This
mproved homogeneity was observed with an XRD analysis that
howed sharper diffraction peaks after the multiple firings at high
emperatures with respect to the preliminary route. Therefore,
ypical relaxor properties with a distinct frequency dispersion of
he 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
ielectric losses was observed. The temperature interval of the
oss tangent maximum coincides with the temperature interval of
he maximum frequency dispersion of the dielectric properties.
he temperature and the value of the dielectric loss maximum

ncrease as the measurement frequency increases, which are
haracteristics of a relaxor material.20 In the temperature range
here no frequency dispersion is observed, the dielectric losses

re small, below 0.01. The results of the temperature depen-
ence of the dielectric losses showed that a predominant part
f the dielectric losses is attributed to the relaxor nature of the
erovskite phase. Thereafter, the contribution of the secondary
hase(s) to the loss tangent is negligible.

The temperature of the dielectric maximum (at 320 ◦C in pure
NT) decreases faster than the temperature of the frequency-
ispersive anomaly (hump at ∼220 ◦C in pure BNT). In the
ample with x = 0.05, both anomalies are present, forming a
road dielectric maximum at 160–260 ◦C (at a frequency of
kHz). Such behaviour indicates that the sequence of the phases

n this sample remains the same as in pure BNT, and is only
hifted towards lower temperatures. On decreasing the tem-
erature, the dielectric losses in sample with x = 0.05 start to
ncrease at 190 ◦C and the loss maximum broadens over a wide
emperature range, with a maximum in the room-temperature
egion. The observed characteristics of the loss maximum,
hich in the case of the BNT is ascribed to the stabilization
f the rhombohedral phase,5,21 thus indicates a gradual sta-
ilization of the rhombohedral phase. The maximum of the
ielectric losses located at 25 ◦C indicates that the stabiliza-
ion at room temperature is just completed. However, the newly
ormed phase has only a small rhombohedral distortion due to
he vicinity of the phase transition, which is reflected in the XRD
esults.

In the sample with x = 0.1 only one anomaly is present.
he frequency dispersed permittivity maximum is observed
loser to room temperature and the maximum of the dielectric
osses tightens. This indicates that the phase sequence com-
ared to BNT has changed, and the sample shows typical relaxor
ehaviour. By connecting the dielectric behaviour with the XRD
esults, showing the cubic symmetry of the sample, we assume
hat stable polar regions are dispersed in the cubic non-polar

atrix phase. In the samples with x = 0.2 and 0.3, the size of these
olar regions as well as the correlation among them are further
ecreased, and the frequency-dispersive maximum is shifted into
he room-temperature region. With larger additions of KTa, the
paraelectric character of the samples at room temperature is
resumed.
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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
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decreased. The observed evolution of the dielectric properties
oute. Broken line shows data for the preliminary prepared sample with
= 0.05.

The observed evolution of the dielectric properties with the
nnealing conditions gives us the possibility to tailor the dielec-
ric properties of such a material for a specific need. When
pplying only a low-temperature heat treatment, homogeniza-
ion can be limited. In such a case the material consists of BNT-
nd KTa-rich regions. The corresponding polar regions, in the
ompositionally different areas of the material, possess differ-
nt relaxation times. The broad distribution of the relaxation
requencies results in a broad permittivity maximum with a
maller temperature dependence of the permittivity and a mod-
rate value of the permittivity. In contrast, by applying sufficient
emperature and time for the phase homogenization, a compo-
ition close to nominal can be achieved. In such a case, the
elaxation times of the polar regions are more uniform, result-
ng in a sharper dielectric maximum with a higher value of the
ermittivity.

.4. Ferroelectric properties

The results of the room-temperature hysteresis measurements
Fig. 10) show a decrease in the remanent polarization and
he coercive field with an increase of the KTa content. The
hape of the hysteresis loops gradually changed from ferro-
lectric (x = 0.05) through relaxor (0.1 ≤ x ≤ 0.3) to paraelectric
x ≥ 0.5). With an increasing concentration of KTa, the content
f the polar (rhombohedral) phase decreases, while the content
f the paraelectric (cubic) phase increases. For comparison, a
ysteresis of the preliminary prepared sample with x = 0.05 is
hown in Fig. 10. Both samples with x = 0.05 prepared by the
ifferent routes exhibit a typical ferroelectric hysteresis; how-
ver, the hysteresis of the preliminary prepared sample is more
quare-shaped with a higher remanent polarization (33 �C/cm2)
nd a higher coercive field (59 kV/cm). These values are closer to
he values of pure BNT, since in the preliminary prepared sample
he added KTa is incorporated to a lesser extent into the matrix

hase, which thus contains a higher content of BNT compared
o the high-temperature annealed sample. Similar behaviour was
bserved in the samples with x = 0.1 and 0.2.
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In the sample with x = 0.05, a typical ferroelectric hysteresis
s obtained, indicating that a long-range polar order is main-
ained. Such results support the interpretation that this sample
s rhombohedral, since in the presence of a high-temperature
hase the remanent polarization quickly vanishes, as observed
or pure BNT above 200 ◦C.7 In the sample with x = 0.1, a slim
ysteresis loop with a small remanent polarization and a rela-
ively high maximum polarization, characteristic for relaxors,
s observed. The small value of the remanent polarization is
aused by the presence of the cubic phase that separates the polar
egions. These are, however, responsible for the high maximum
olarization, since the polarization of the regions increases in
roportion to the applied electric field. In samples with x = 0.2
nd 0.3, the content and size of the polar regions decrease, which
esults in a smaller value of the maximum polarization. How-
ver, the shape of the hysteresis retains the relaxor properties,
hich are supported by the dielectric measurements, as the per-
ittivity maximum is located in the room-temperature region.
ince the polar regions are small and their content is low, the
RD analyses showed the cubic symmetry of the samples. In

amples with x = 0.5 and 0.7, a paraelectric hysteresis loop is
bserved. Such an observation is in accordance with the results
f the dielectric measurements, where a shift of the permittivity
aximum to below room temperature was observed for these

wo samples.

. Conclusions

The results showed that the formation of the solid solu-
ions between Bi0.5Na0.5TiO3 (BNT) and KTaO3 (KTa) starts
ith the formation of the BNT- and KTa-rich phases, which

hen react towards the nominal composition. Better homo-
eneity of the perovskite phase can be achieved with multiple
igh-temperature firings. An effective way to follow the homog-
nization of the main phase is by observing the symmetry of
he diffraction lines, which becomes more distinct with increas-
ng homogeneity. However, irrespective of the firing conditions,
t was not possible to obtain single-phase ceramics. The sec-
ndary phases formed in the system were alkali-hexatitanate
nd -tetratantalate.

We also showed that the homogeneity of the main perovskite
hase has a profound influence on the dielectric properties
f the materials, while the influence of the secondary phases
as negligible. At room temperature, the permittivity of the
igh-temperature annealed samples was up to two times the
ermittivity of the samples heat treated only at lower tem-
eratures. The relaxor dielectric properties for samples with
n inhomogeneous main phase were less evident than for the
igh-temperature annealed samples with a substantially higher
omogeneity of the main perovskite phase. In the latter case, the
ielectric maximum with a clear frequency dispersion was con-
inuously shifted towards lower temperatures with an increasing
Ta content and, additionally, its maximum value continuously
ives us the possibility to tailor the dielectric properties of such
material with the proper choice of the firing conditions. The

olarization–electric field hysteresis properties of the samples
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