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ABSTRACT: In this research, the (1−x)(BNKT-BST)-xBFTa ceramics were fabricated via a solid-state mixed oxide
method and sintered at the temperature of 1125 °C for 2 h dwell time in order to obtain dense ceramics. The XRD
and Raman data revealed the coexisting rhombohedral and tetragonal phases for all samples. The density increased
with increasing the additive content, which resulted in the improvements of mechanical and dielectric properties.
The maximum dielectric (εr = 1799) and mechanical properties (HV = 6.30 GPa, HK = 5.30 GPa, E = 97 GPa and
KIC = 1.95 MPa.m1/2) were observed. The leakage current density (J) increased with increasing amount of the
additive at high electric fields of 30 kV/cm while the resistivity (ρ) was also found to decrease with the additive.
The magnetocapacitance (-MC%) value also increased with increasing of the additive. The obtained results suggested
that the additive not only enhanced the mechanical but also improved electrical properties of the studied samples.
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INTRODUCTION

Although lead-based materials such as lead zir-
conate titanate (PZT) show good electrical proper-
ties, these materials are toxic, volatile, and harm-
ful to human health and the environment (PZT
contains 60 wt% of PbO) [1, 2]. Therefore, lead-
free materials have been developed, and intensively
studied due to the environmental concern [1–3].
Among the materials, bismuth sodium titanate or
(Bi0.5Na0.5)TiO3 (BNT) ceramic is an interesting
lead-free piezoelectric material due to the fact that
it presents good electrical properties such as good
ferroelectric and piezoelectric properties [2]. Much
attention has thus been focused on BNT-based ma-

terials, i.e., BNT-BT, BNT-BZ, and BNT-KNN [2].
Many modified BNT materials have been studied
due to some problems from the pure BNT such as
the large coercive field (Ec ∼ 73 kV/cm) and high
electrical conductivity which is not suitable for prac-
tical applications [4]. Furthermore, the modified
BNT materials present many interesting properties.
Many authors have reported that bismuth sodium
potassium titanate or Bi0.5(Na1−xKx)0.5TiO3 (BNKT)
ceramics, a modified BNT, possess many desire prop-
erties as compared to the pure BNT ceramic [4–7].
Jaita et al [6] reported that BNKT modified by
barium strontium titanate ((Ba0.70Sr0.30)TiO3) or
BNKT-BST showed many good electrical properties
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such as high electric field-induced strain response.
Many modified BNKT-BST ceramics have also been
developed, and these materials showed many high
electrical properties. For example, BNKT-BST doped
with La ceramics showed an improvement of electric
field-induced strain response [8], BNKT-BST doped
with Fe2O3 nanoparticles promoted a diffuse phase
transition and reduced resistivity with high elec-
tric field-induced strain [6], and BNKT-BST doped
with Nb presented high normalized strain coeffi-
cient (d∗33) [7]. Therefore, further modified BNKT-
BST materials are expected to be good for future
development of electronic materials.

Barium iron tantalate, Ba(Fe0.5Ta0.5)O3 or BFTa
is a high dielectric material which presents the
dielectric constant varying from 103–105 for a wide
temperature range with frequency dependence and
no ferroelectric property [9, 10]. At room tem-
perature (RT), BFTa ceramic has a space group
Pm3m (211) [10] and the lattice parameter of
4.056 Å [11]. Materials containing BFTa present
many advantage properties as compared with those
of a pure BFTa such as BFTa-Ba(Zn1/3Ta2/3)O3which
showed higher dielectric constants with lower
loss tangents [12], BFTa-BiFeO3 which presented
an improvement in magnetic properties [9] and
K0.5Na0.5NbO3-BFTa which presented an improve-
ment in the ferroelectric properties [13]. Phase
transition temperature of BaTiO3-BFTa system can
be tuned by BFTa additive [14]. It is expected that
properties of other materials which contain BFTa
may show many interesting properties.

For some applications, i.e., at high stress or high
electric field, the mechanical properties are needed.
However, most works for the modified BNKT-BST
ceramics are concentrated in only their electrical
properties. Furthermore, the mechanical properties
of the modified BNKT-BST ceramics have not been
widely investigated. In this work, the mechanical
properties of BNKT-BST ceramics modified by BFTa
were thus investigated. Electrical properties of these
ceramics were also studied. It was found that
BFTa additive could improve both mechanical and
electrical properties of the studied ceramics.

MATERIALS AND METHODS

The conventional mixed oxide technique
was applied to synthesize the mixed
powder of (1−x)[Bi0.5(Na0.80K0.20)0.5TiO3-
0.03(Ba0.70Sr0.03)TiO3]-xBa(Fe0.5Ta0.5)O3, referred
to as (1−x)(BNKT-BST)-xBFTa. Reagent-grade
powders of Bi2O3, Na2CO3, TiO2, K2CO3, BaCO3,
SrCO3, Fe2O3, and Ta2O5 were used as the starting

Table 1 The mix proportion (by mol%) of each condition
of the (1−x)(BNKT-BST)-xBFTa ceramics.

x BNKT-BST (g) BFTa (g) No. of sample

0 100 0 5
0.01 98.5844 1.4156 5
0.02 97.1806 2.8194 5
0.03 95.7885 4.2115 5

raw materials. All carbonate powders were first
dried at 120 °C for 24 h in order to remove any
moisture. The raw materials of BNKT-BST and
BFTa were separately stoichiometrically weighed
and mixed by ball milling in 99.9% ethanol for
24 h and the slurry was dried using an oven. Dried
BNKT-BST and BFTa powders were separately
calcined in a closed Al2O3 crucible at 900 °C/2 h
and 1200 °C/4 h, respectively. Both calcined
powders were then weighed and mixed in order
to produce an appropriate stoichiometry for the
compositions (1−x)(BNKT-BST)-xBFTa with x =
0, 0.01, 0.02, and 0.03 mol fraction. The mix
proportion (by mol%) of each condition of the
(1−x)(BNKT-BST)-xBFTa ceramics and number of
sample were showed in Table 1. After drying and
sieving, the powders were granulated by adding a
few drops of 4 wt% polyvinyl alcohol (PVA) as a
binder and then pressed into disks with 10 mm in
diameter and about 1.3 mm in thickness. Finally,
the pellets were placed in a sealed alumina crucible
and covered with a powder of the same composition
before being sintered at 1125 °C for 2 h dwell time
with a heating/cooling rate of 5 °C/min.

An X-ray diffractometer (XRD-Phillip, X-pert)
was used to identify phase of sintered ceramics.
Bulk density of all ceramics was determined us-
ing the Archimedes’ method. Raman spectra were
obtained by Raman spectroscopy for all ceramics.
For the measurement of mechanical properties, the
samples were polished to a mirror finish. The well-
polished ceramics were then subjected to micro-
hardness tester for both Knoop (HK) and Vickers
hardness (HV) determination. The indentation load
used was 1000 N which was applied for 15 s holding
time. Young modulus (E) was determined follow-
ing the method described by Marshall et al [15].
Fracture toughness (KIC) was also calculated from
the cracks’ length propagated from 4 corners of
the indentation impression following the method
described by Anstis et al [16]. For the electrical
measurements, the samples were polished to pro-
duce very smooth and parallel surfaces, and silver
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Table 2 Physical, microstructure and mechanical proper-
ties of the (1−x)(BNKT-BST)-xBFTa ceramics.

x Density Grain size HV HK E KIC
(g/cm3) (µm) (GPa) (GPa) (GPa) (MPa.m1/2)

0 5.80 0.59 5.30 4.10 62 1.35
0.01 5.83 0.58 4.85 4.85 80 1.58
0.02 5.85 0.57 5.00 5.00 82 1.86
0.03 5.86 0.55 5.30 5.30 97 1.95

Fig. 1 X-ray diffraction patterns (XRD) of the
(1−x)(BNKT-BST)-xBFTa ceramics: (a) d = 1.2–5.0 Å,
(b) d = 1.90–2.01 Å, and (c) d = 2.22–2.29 Å.

paste was coated on both sides of the samples and
fired at 700 °C for 30 min. Dielectric properties
were carried out using 4284A LCR-meter. Leakage
current density versus applied electric field (J-E)
curve was carried out at electric field of 30 kV/m.
The resistivity (ρ) and the magnetocapacitance (-
MC%) were also calculated.

RESULTS AND DISCUSSION

Green pellets of all compositions were sintered at
the optimum temperature of 1125 °C for 2 h. High
bulk densities of 5.80–5.86 g/cm3 were achieved
(Table 2). Based on the density values, it was clearly
found that the addition of BFTa into BNKT-BST ce-
ramic caused an increase in samples’ density value.
This is probably because BFT ceramic has the higher
density value (7.32–7.40 g/cm3) [9, 12] when com-
pared to that of BNKT-BST (5.80 g/cm3) [6]. Thus,
the increasing of density value was observed in the
studied system.

X-ray diffraction data for all ceramics are shown
in Fig. 1(a). It can be seen that all compositions
possess a single perovskite phase without secondary
phases or impurity peaks within the limit of the XRD
machine. The XRD data also revealed the coexisting
rhombohedral and tetragonal phases throughout
the entire compositional range [17] as evidenced
by a slight splitting of (111)R/(111)R rhombohedral

Fig. 2 Raman spectra of the (1−x)(BNKT-BST)-xBFTa
ceramics measured at room temperature.

peak at d = 2.22–2.28 Å and (002)T/(200)T tetrag-
onal peak d = 1.92–2.00 Å. For detailed analysis,
the XRD patterns for selected narrow angular ranges
of d = 1.90–2.01 Å and d = 2.22–2.29 Å are pre-
sented in Fig. 1(b) and (c), respectively. With an
increasing BFTa content, the XRD peaks gradually
shift to higher d-spacing. This can be caused by the
differences in the ionic radii between Na+, Bi3+, K+,
Sr2+, and Ba2+ at the A-site and Ti4+, Fe3+, and Ta5+

at the B-site which is a result of structural distortion.
To study the effect of BFTa addition on the

phase formation in more details, Raman scattering
technique was employed. Raman spectra of the
(BNKT-BST)-xBFTa ceramics at RT are displayed in
Fig. 2. The obtained data showed that there were 4
main regions in the spectrum, and this information
agrees with many previous reports [18–20]. The
4 main regions in the Raman data are as follows:
(1) the observed vibrational mode at ∼135 cm−1 is
linked with the vibrations of A-site cations in the
perovskite structure, influenced by A-site doping;
(2) the 260 cm−1 mode is related to Ti−O vibrations.
Furthermore, this mode becomes broader and starts
splitting into two bands with increasing the additive
content, and this may be due to the co-occupancy
of different cations (Ti/Ta, Fe) with different sizes
at the B-site that results in the distortion of the
unit cell [18]; (3) the 450–700 cm−1 region hosts
modes that correspond to the vibration of the TiO6
octahedra. In this region, there is an overlapping
band which was slightly separated into two distinct
bands for the samples containing higher amount
of additive, which demonstrated particular phonon
behavior in the structural evolution and a phase
mixture; and (4) the high-frequency region above
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Fig. 3 SEM micrographs of the (1−x)(BNKT-BST)-xBFTa
ceramics: (left) as-sintered surface mode and (right) frac-
ture surface mode (products after sintering process).

700 cm−1 feature modes can correspond to A1
(longitudinal optical) and E (longitudinal optical)
overlapping band [19, 20], respectively. The Ra-
man scattering and the XRD data indicated that the
additive significantly influences the host BNKT-BST
perovskite.

Fig. 3 displays SEM micrographs of as-sintered
surface and fracture surface of the ceramics (inset:
products after sintering process). The average grain
size values are also summarized in Table 2. From
the as-sintered surface images (left), microstructure
and granular morphology are considerably well-
developed in all samples. The unmodified sam-
ple had an average grain size of 0.59 µm. After
adding the additive, the average grain size slightly
decreased to 0.55–0.58 µm. The reduction in grain
size may be mainly attributed to grain growth inhi-
bition as a result from solute drag effect [21–23].
Thus, the incorporation of BFTa can restrain grain

Fig. 4 (a) Plots of density, HV and HK, (b) E and KIC as a
function of the BFTa content of the ceramics.

growth in the BNKT-BST ceramics. Normally, the
growth mechanism can occur by the grain bound-
ary motion due to a reduction of the total grain
boundary surface energy. Furthermore, the thermal
energy can lead to an increase in the diffusion rate
and consequently intensify the formation of necks
between grains. Thus, the reason for the decrease of
grain size can be explained based on the difference
of ionic radii between host ion (Ti4+) and doped
ions (Fe3+ and Ta5+). Since the ionic radius of Fe3+

(0.78 Å) and Ta5+ (0.74 Å) are larger than that
of Ti4+ (0.605 Å), higher Fe and Ta concentration
doping can result in less mobility of the ions and
cause inhibited grain growth [22]. For fractured
surface mode (right), the unmodified sample ex-
hibited mainly intergranular fracture mode which
indicated its relatively weak grain boundaries. The
additive caused fracture behavior to switch from
intergranular to transgranular mode, suggesting an
increase in grain bountion dary strength [23].

Mechanical properties of the ceramics in terms
of Vickers hardness (HV), Knoop hardness (HK),
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elastic modulus (E), and fracture toughness (KIC)
were determined. The HV and HK of these ceramics
were determined with a Leco Hardness Tester. In-
dentation was performed with a Vickers and Knoop
indenter under loads of 1.96 N. The load was main-
tained for 15 s holding time. The HV and HK values
were calculated using following equations [24, 25]:

HV =
(1.8544)P

d2
(1)

HK =
(14.299)P

d2
(2)

where P = load (N) and d = half-length of long
diagonal (µm). The E and KIC values were also
calculated using the following equations: [24, 26]

E =
αHK

(b/a)− (b′/a′)
(3)

KIC = 0.016
�

E
HV

�1/2 � P
c3/2

�

(4)

where α=Marshall constant (∼0.45), b/a= length
of the HK tip mark with short diagonal/length of
the HK tip mark with long diagonal (0.14), b′/a′ =
length of the HK indentation with short diago-
nal/length of the HK indentation with long diagonal,
and c = crack length (m). All mechanical corre-
sponding values are also displayed in Table 2. Based
on Fig. 4 and Table 2, it can be seen that the HV and
HK values of the unmodified sample were 5.30 GPa
and 4.10 GPa, respectively. The HV and HK val-
ues initially increased with increasing the additive
content, and then reached the maximum value of
6.30 GPa and 5.10 GPa, respectively, for the x = 0.03
ceramic. An improvement of mechanical properties
in the ceramics with high additive concentration is
likely due to the effect of the reduced average grain
size and densification improvement [27]. From E
and KIC studied in Fig. 4(b), it was found that E
and KIC increased with the increasing of the additive
content. The maximum E = 97 GPa and KIC =
1.95 MPa.m1/2 were also obtained for the x = 0.03
ceramic. Based on the multi-domain grain model,
ceramics with smaller grain size could possess single
domain state and residual stress generated during
sintering could not be released; this may lead to the
improvement of the apparent KIC [21]. Moreover,
the additive caused fracture behavior to switch from
intergranular to transgranular mode, suggesting an
increase in grain boundary strength. This may
be another reason for KIC improvement. Hence,
it seems that the maximum mechanical properties
obtained in this study could be correlated to the

Table 3 Electrical and magnetic properties of the
(1−x)(BNKT-BST)-xBFTa ceramics.

x εr
† tanδ† J ρ -MC

(A/cm2) (1011Ωm) (%)

0 1616 0.051 5.74 ×10−6 5.23 0.09
0.01 1712 0.056 5.86 ×10−6 5.12 2.10
0.02 1746 0.060 6.09 ×10−6 4.93 2.11
0.03 1799 0.064 9.80 ×10−6 3.06 2.19

† Dielectric data obtained at room temperature and a
frequency of 1 kHz.

Fig. 5 (a) Dielectric constant (εr) and (b) dielectric loss
(tanδ ) as a function of frequency of the (1−x)(BNKT-
BST)-xBFTa ceramics measured at room temperature.

combination of smaller grain size, densification im-
provement and optimum strength of grains and
grain boundaries [23].

At room temperature, dielectric constant (εr)
and dielectric loss tanδ as a function of frequency
for all ceramics are shown in Fig. 5. The εr de-
creased with increasing the measurement frequen-
cies whereas tanδ values increased. The εr and
tanδ measured at a frequency of 1 kHz are also
listed in Table 3. It can be seen that the dielectric
constant was improved by the additive. The εr (at
1 kHz and RT) increased from 1616 for the un-
modified ceramic to 1799 for the x = 0.03 ceramic
while the dielectric loss was slightly increased with
the additive. In this work, the better densification
of the modified ceramics may be a factor for the
improvement of dielectric properties [28]. How-
ever, the slight increase in dielectric loss for the
samples contained higher amount of the additive
may be related to a formation of Fe2+ and Fe3+ in
the samples [29]. This may produce an enhance-
ment of electrical conduction due to electron hoping
mechanism between Fe2+ and Fe3+.

In this work, the effect of an applied magnetic
field on dielectric constant at room temperature (εr)
was also studied. A change in the εr value under
the applied magnetic field (H) was observed. The
magnetocapacitance (-MC%) was calculated via the
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Fig. 6 Plot of the magnetocapacitance (-MC) value as a
function of BFTa content of the ceramics.

following equation: [9, 30, 31]

-MC (%) =
ε(H)− ε(0)
ε(0)

×100 (5)

where ε(H) is the dielectric constant under an
applied magnetic field of 1 Tesla and 1 kHz (at
RT) and ε(0) is the dielectric constant without an
applied magnetic field. Based on Fig. 6 and Table 3,
the -MC% value sharply increased from 0.09% for
the unmodified sample to 2.10% for the x = 0.01
ceramic, but subsequently slightly increased with
further increasing the additive content. The max-
imum value of -MC% is 2.19% for the x = 0.03
ceramic at the maximum magnetic field 1 Tesla and
a frequency of 1 kHz, suggesting that the additive
produced the MC effect [9]. This may be due to
the change in resistance at bulk grain and grain
boundary of the samples after the additive was
added. These resistances can be changed under the
applied magnetic field [9, 32], as a result in a change
of εr value [33].

Leakage current density (J) versus applied elec-
tric field (E) of the ceramics was carried out as seen
in Fig. 7 and the values are listed in Table 3. The un-
modified ceramic showed J value of approximately
5.74 × 10−6 A/cm2. An increase in the leakage
current was observed for the higher additive con-
tent ceramics. The J value increased with increas-
ing amount of the additive at high electric fields
(30 kV/cm), and exhibited the maximum value of
9.80 × 10−6 A/cm2 for the the x = 0.03 ceramic.
The presence of leaky behaviour for the modified
ceramic is probably because the additive produced
higher leakage currents which can be linked with the
electron hoping mechanism. The higher additive
content ceramics exhibited the higher conductivity

Fig. 7 Leakage current density (J) versus applied electric
field (E) of the (1−x)(BNKT-BST)-xBFTa ceramics (inset:
resistivity as a function of BFTa content at 30 kV/cm).

and were easy to breakdown when applied voltages.
As expected, the resistivity (at 30 kV/cm) was also
found to decrease with the amount of the additive
as seen in the inset of Fig. 7. This is in accordance
with the result of dielectric loss value.

CONCLUSION

In this work, the (1−x)(BNKT-BST)-xBFTa ceramics
have been successfully synthesized by a solid-state
mixed oxide method. The coexistence of rhombohe-
dral and tetragonal phases is present throughout the
entire compositional range. The reduction of grain
size was observed when the additive was added.
The addition of BFTa was also found to improve the
densification, mechanical and dielectric properties
of the BNKT-BST ceramics. The x = 0.03 ceramic
showed the maximum room temperature dielectric
properties (εr = 1799, tanδ = 0.064) and mechan-
ical properties (HV = 6.30 GPa, HK = 5.30 GPa,
E = 97 GPa, and KIC = 1.95 MPa.m1/2) compared
to those of the end-members. The leakage current
density (J) and magnetocapacitance (-MC%) values
increased while the resistivity (ρ) was found to
decrease with the amount of the additive. From
the results, the BFTa additive can improve both
mechanical and electrical properties of the studied
ceramics. Overall, these results indicate that these
ceramics are one of the promising candidates for
further development for electrical applications.
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