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Abstract

Multifunctional composite with material composition (1 — x)Ba ¢St ; Tij ¢Zr, ;O;—xBaNb,O¢ (x=0.0, 0.05, 0.1, 0.2 and
0.3) has been successfully synthesized using mechano-chemical activation process. The co-existence of perovskite tetrago-
nal phase of BSTZ and niobate orthorhombic phase of BNO was detected by X-ray diffraction measurement and confirmed
by Rietveld analysis. All the BSTZ-BNO composites show a polygonal grain type morphology with clearly visible grain
boundaries. BSTZ-BNO composites possessed a thermally stable dielectric constant within a broad range of temperature.
The obtained results show a strong influence of BNO addition on the microstructural, dielectric, ferroelectric, piezoelectric
and breakdown strength of bare BSTZ ceramic. For x=0.10, the composite exhibit optimum properties with high dielectric
constant €,,=5842, large remnant polarization P, = 9.25 uC/cm?, improved piezoelectric constant d 33=296 pC/N and high
breakdown strength E, ; = 304 kV/cm. The high dielectric constant accompanied by very low dielectric loss and large piezo-
electric constant make BSTZ-BNO a suitable material for ceramic capacitors and electromechanical device applications.

1 Introduction

Miniaturization of solid state electronic devices has been
accomplished by multifunctionality and downscaling. Mul-
tifunctional ceramic composites have drawn much attention
in recent owing to their promising applications in novel tech-
nological devices. Characteristically, they possess more than
one order parameter which can be coupled to one another.
BaTiO; based composite materials and investigation of their
properties have attracted much recognition with advances
of novel procedures for the development of perovskite and
phosphor materials, expanding their usage in other areas, for
example, light emitting devices, ceramic capacitors, micro-
wave devices, field emission devices, etc. [1]. On the other
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hand, micro and nano-electronics research in the larger por-
tion is driven by the need for smaller component devices
exhibiting better performance. For capacitive components,
those are considered as an integral part of many memory
devices for example, read-only memory (ROM), random
access memory (RAM) and USB flash drives, the dielectric
constant of the materials restricts the degree of miniaturi-
zation—a limit that has been rigorously attempted to over-
come in the last decade. Till now, improvement in dielectric
constant value has been attained by using mainly barium
zirconium titanate, barium strontium titanate, etc. [2, 3].
Among lead-free ferroelectric materials, (Ba,Sr)(Zr,Ti)
O; have been paid much consideration for their possible
application in dielectric tunable devices and dynamic ran-
dom access memories. It has been observed that the diffuse
phase transition in BSTZ is advantageous in attaining better
piezoelectric properties and high electrocaloric constant [4].
In these materials, the ferroelectric and optical characteris-
tics along with degree of coupling are mainly reliant on the
microstructure, including the domain pattern as well as grain
shape [5]. In the present study, Ba ¢Sr, | Tij ¢Zr, ;05 (BSTZ)
has been taken as the host matrix. BSTZ exhibit a perovskite
structure (ABO;), where barium and strontium occupy the
A-site and titanium and zirconium occupy the B-site of the
lattice. In BSTZ, various characteristics such as dielectric
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constant, transition temperature, electrical resistance, etc.
can be efficiently manipulated by combining it with indi-
vidual compounds or dopants.

Niobate group materials have attracted much considera-
tion by researchers owing to their promising piezoelectric,
pyroelectric, electro-optic and nonlinear properties com-
bined with their industrial as well as scientific applica-
tions in the area of photonics, microwave dielectric mate-
rials, holographic storage devices and frequency doublers
[6]. Amongst all the intrinsic alkaline earth meta-niobate
compounds such as, CaNb,Og4, StNb,O¢ and BaNb,Oy,
the charge generation in BaNb,O¢ was found to be higher
which is attributed to smaller energy band gap as compared
to other meta-niobates materials [7, 8]. Microwave dielectric
properties and photocatalytic activities of barium niobates
have been copiously explored in recent time [2, 9, 10]. Till
now, numerous groups of materials have been studied to
improve the ferroelectric ordering and electro-optical prop-
erties, but still, particular attention has been paid to lead-free
composites due to their better electro-optical coupling and
environmental friendliness [11, 12]. However, a detailed lit-
erature survey reveals that the investigation of ferroelectric
and piezoelectric properties along with electrical breakdown
strength of Ba, ¢Sr, | Ti, g Zr, ;05-BaNb,O4 (BSTZ-BNO)
has not been reported so far.

It is a well-known fact that conventional high energy ball
milling technique can be used for synthesizing crystalline
micro and nano-composites. This technique has many ben-
efits, for example, applicability to any class of materials,
production simplicity and relatively inexpensive synthesis
[13—15]. Mechanochemical activation technique has another
benefit that it can initiate solid-state reactions at compara-
tively lesser temperature than those required in conventional
techniques of material synthesis. In the present work, (1 — x)
Ba, 451 Tij ¢Zr ;O5—(x)BaNb,O4 has been prepared via
conventional ball milling technique and their morphologi-
cal, electrical and optical characteristics have been explored
rigorously. The aim of the current investigation is to examine
the orientation and mixed phase properties of BSTZ-BNO
composites.

2 Experimental

Particulate composite with Ba ¢St ; Tij ¢Zr, ;05 (BSTZ)
as a host material and BaNb,0O, (BNO) as another part
of the composite material were prepared by conventional
ball milling technique. Bag oSt ; Tiy ¢Zr, ;O; was synthe-
sized by taking high-purity Sigma-Aldrich make analyti-
cal reagent grade chemicals barium carbonate (99.99%),
strontium carbonate (99.9%), titanium dioxide (99.8%)
and zirconium dioxide (99.0%) as the raw materials. All
raw chemicals were mixed in the required ratio, which is

followed by ball milling in an air environment at 475 rpm
for 24 h. Ball milling of the samples was carried out using
Retsch make planetary ball mill. A jar made of ZrO, hav-
ing 50 ml capacity, 45 mm diameter along with 125 Zir-
conia balls of 5 mm diameter have been used as milling
environment. Initially, the as-prepared BSTZ solid solu-
tion was calcined at 1025 °C for 5 h at a slow heating rate
of 3 °C/min. The calcination was followed by sintering for
4 h at an optimized temperature of 1260 °C.

Extremely pure analytical reagent grade Barium car-
bonate (99.99%) and Niobium pentoxide (99.99%) in stoi-
chiometric proportion were milled alongside Toluol to
synthesize the BaNb,Og solid solution for 24 h in the same
environment as used for preparing BSTZ. The milled powder
was calcinated at 625 °C for 1 h which is followed by high-
temperature sintering at 1200 °C for 5 h. Subsequently, these
composite solid solutions (1 — x) Ba ¢St ; Tij ¢Zr; ;O5—(x)
BaNb,Og4 (Where x=0, 5, 10, 20 and 30 wt%) were collected
by thoroughly blending the constituent phases BSTZ and
BNO in required proportion inside the ball milling for effec-
tive 8 h. The as obtained sintered composite solid solutions
were finally blended with 3 wt% of water-soluble synthetic
polymer ‘polyvinyl alcohol’ followed by pressing them
into thin cylindrical pellets of 8 mm diameter and nearly
thickness of 0.8 mm by applying a force of 75 kN using a
pelletizer. The pellets were then heated in air environment
at 600 °C. Henceforward, these composites are termed as
BBNO, BBN5, BBN10, BBN20 and BBN30 having the
weight ratio of x=0, 0.05, 0.10, 0.20 and 0.30, respectively.

Bruker D8 Advance X-ray diffractometer has been used to
determine the crystallographic structure and phase of BBNx
composites. Rietveld refinement of BSTZ-BNO composites
was carried out using a computer program package X Pert
Highscore Plus. The surface morphology, microstruc-
tural features and grain size were examined using Hitachi
§-3700N scanning electron microscope. Grain size distri-
bution analysis of SEM images has been performed using
ImageJ software. TEM, HRTEM and SAED study of the
optimized sample has been performed using TEM (JEOL
3010) operating at 270 kV. For further electrical measure-
ments, electrodes were designed by coating silver paste on
both faces of pellet samples, which was followed by curing
the pellets at 150 °C for 10 min. The obtained pellets were
then used to measure dielectric characteristics by using an
Agilent 4284A LCR meter operating at wide range of fre-
quencies over a broad temperature range of 25-200 °C. The
electric field versus polarization hysteresis characteristics
of all the composite specimens were measured using E-P
loop analyzer (M/s Marine India, New Delhi). Piezoelectric
properties measurement of the samples was carried out using
PIEZOTEST system UK. Measurement of dielectric break-
down strength (E,,) were carried out on a sample coated
with silver paste. This electroded sample is dipped in a bath
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filled with silicon oil and placed on a baseplate of high con- 0.2 and 0.3). The intense and sharp XRD peaks indicate
ductivity copper. the crystalline nature of the bare and composite samples.
The dotted rectangular boxes indicate that as BNO content
increases, some extra peaks begin to appear in the XRD pat-

3 Result and discussion tern. Figure 1b—f depicts the Rietveld-refined XRD patterns
of (1 — x)BSTZ—(x)BNO. Barium titanate (JCPDS database
3.1 X-ray diffraction (XRD) no. 000-005-0626) and barium niobate (JCPDS database

no. 001-077-0589) were considered as the reference diffrac-
To comprehend the structural and phase modification with  tion patterns. A clear and well-identifiable tetragonal phase
the addition of BaNb,Og in Ba ¢Sty ;Tiy¢Zr 05, Riet-  with P4mm space group is detected for BBNO, although, as
veld technique has been used for structural refinement. the BNO concentration is increased, the diffraction peaks
Figure 1a demonstrate the comparative XRD patterns of  of barium niobate start appearing. The BSTZ-BNO com-
(1 = x)Bay ¢St ; Tiy gZr, ;0;—xBaNb,O4 (x=0, 0.05, 0.1,  posites synthesized using the mechano-chemical activation
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technique exhibited a mixed tetragonal-orthorhombic struc-
ture and did not show any significant observable impurity.
The calculated and observed d spacing values of all the dif-
fraction peaks in bare and composite samples specify that
there is no change in the parent crystal structure (tetragonal)
as x is increased from 0.05 to 0.3. However, there is a slight
change in tetragonality of the samples, which is attributed
to change in lattice parameters ‘a’ and ‘c’ changes with an
increase in BNO content.

Further, the results approve the successful synthesis of
the di-phasic composite materials. Further, this also sug-
gests that both (BSTZ and BNO) the parent phases have
retained their basic identity in the composite materials and
no unwanted reaction took place between the ferroelectric
BSTZ and phosphor BNO phases during the final anneal-
ing of the materials. The host ferroelectric BSTZ phase of
the composite exhibit a P4mm space group and crystallizes
in a tetragonal structure whereas, BNO has an orthorhom-
bic structure with C222; space group. It was observed that
the intensity of diffraction peaks of the orthorhombic phase
increases with increase in BNO content. The detailed struc-
tural parameters achieved after the Rietveld refinement
analysis are shown in Table 1. By observing at the XRD
pattern of composites, it can be concluded that at higher
BNO content samples limited reaction took place amid the

ferroelectric-phosphor phases of BSTZ and BNO, respec-
tively. Figure 2a, b demonstrate the as obtained crystal
structure of both the compounds i.e. BSTZ and BNO. The
crystal structures were obtained with the help of VESTA
software from the refined atomic positions found after the
Rietveld analysis of BBN10 composite. The blue and light
green colored stripes at Barium and Titanium site show the
occupancy of strontium and zirconium ions, respectively.
Further, the obtained atomic positions also confirm that in
BBN10 sample, the BSTZ exists in tetragonal phase and
BNO is present in orthorhombic phase.

3.2 Microstructural studies

SEM micrographs of five synthesized specimens are
depicted in the Fig. 3a—e. All the samples exhibit dense grain
structure with clearly distinguished grain boundaries. The
grain size and homogeneity of these composites were signifi-
cantly affected by BNO addition. However, the surface mor-
phology was found to be relatively identical. BBN10 sample
shows fairly homogeneously distributed grains compared
to BBN20 and BBN30, both of which reveals rather more
inhomogeneous grain distribution. The average grain size
of these samples was found to be approximately 1.51, 1.44,
1.61, 1.76 and 1.81 pm for BBNO, BBN5, BBN10, BBN20

Table 1 Rietveld refined XRD parameters for bare BSTZ and BSTZ-BNO composite samples

Sample Space group Crystal structure Lattice parameters A) Cell volume (A%) X’ Rexp R¢ Rirage
BBNO P4mm Tetragonal a=4.0125 64.8154 3.73 4.79 9.26 3.03
c=4.0257
BBNS5
BSTZ phase Pdmm Tetragonal a=4.0051 64.6306 3.99 5.56 9.11 6.16
¢=4.0291
BNO phase C222, Orthorhombic a=7.8712 987.727 4.16
b=12.201
c¢=10.268
BBN10
BSTZ phase P4mm Tetragonal a=4.0047 64.5963 3.24 5.40 9.73 5.79
c=4.0278
BNO phase C222, Orthorhombic a=7.8615 986.600 3.83
b=12.210
c=10.277
BBN20
BSTZ phase P4mm Tetragonal a=4.0038 64.5226 3.96 4.73 9.41 3.09
c=4.0251
BNO phase C222, Orthorhombic a=7.8608 984.670 3.92
b=12.193
c=10.272
BBN30
BSTZ phase P4mm Tetragonal a=3.9966 64.1611 3.63 5.08 9.63 2.65
c=4.0168
BNO phase C222, Orthorhombic a=7.8400 9717.627 4.01
b=12.159
c=10.248
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Fig.2 Crystal structure of a
BSTZ and b BNO; drawn from
the atomic positions obtained
after the Rietveld analysis of
BBN10 sample

Fig.3 SEM micrograph of high
temperature sintered pellets of
(1 = x)BSTZ-xBNO com-
posites: a x=0.0, b x=0.05,
¢x=0.10,d x=0.20 and e
x=0.30

1 00u m

OkV 6.1mm x55.0k SI
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Table2. Room ‘.eml? erature Sample  Relative density 2P, (pC/cmz) 2P, (pC/cmz) 2E, (kV/em) E,4(kV/cm) dj; (pC/N)
saturation polarization (P,), i o

remnant polarization (2P,), BBNO  5.697 17.0 55 4.8 235 269
coercive field (2£,), breakdown — ppis 5 7, 338 15.4 15.9 267 302
strength (E,,) and piezoelectric

constant (dy;) for bare BSTZ BBNI10 5.719 36.7 18.5 18.8 304 296

and BSTZ-BNO composite BBN20 5.671 24.1 13.4 13.8 249 241
samples BBN30 5.673 20.2 8.62 9.1 223 176

and BBN30, respectively. Further, to clearly understand the
grain growth and porosity inside the material, authors have
carried out the density measurement of all the five samples
and shown in Table 2. The piezoelectric properties of poly-
crystalline materials are affected by both intrinsic and extrin-
sic parameters [16, 17]. The grain size as extrinsic parameter
strongly affect the piezoelectric properties of any material.
In earlier reports, it has been reported that coarse-grained
ceramics show improved piezoelectric response compared
to finely-grained ceramics [18]. Moreover, the coarse grain
ceramics facilitate better polarization and enhanced domain
mobility, resulting in a higher degree of polarization in the
material and hence superior electrical properties [19, 20].
Furthermore, it is eminent that the grain size as well as the
morphology of the ceramics heavily rely on its calcination
and sintering temperature along with the soaking time span
at the peak temperature [21, 22]. These two aspects also
change the microstructure of the final sintered sample and
henceforth, they affect the electrical characteristics of the
ceramic materials. In higher BNO content composites, the
occurrence of two types of grains having a significant differ-
ence in grain size may be attributed to the fact that the par-
ticles of one phase may have a higher likelihood of growing
as compared other at higher sintering temperature and con-
sequently larger grains grows at the cost of smaller grains.
Furthermore, in case of composites, it is rather strenuous to
produce a homogeneous morphology along with uniform
grain size owing to the significant difference in the optimum
heating environments and the thermal expansion constant of
two different compounds.

TEM and HRTEM imaging of BBN10 has been carried
out since it demonstrates overall superior dielectric, fer-
roelectric and piezoelectric characteristics among all the
synthesized specimens. The TEM technique offers valuable
insight in identifying the particle morphology and inter-
growth of a material. The average particle size of BBN10
solid solution obtained using TEM study is shown in Fig. 4a
were found to be ~ 160 nm. These parallelly aligned lat-
tice fringes in the HRTEM image of BBN10 shows that
the sample is perfectly crystalline. The HRTEM images of
BBNI10 particle depicted in Fig. 4b, ¢ demonstrate the lat-
tice fringes corresponding to various planes having an inter-
fringe distance of 1.35 /0%, 1.69 A and 1.57 A, respectively.
In Fig. 4c, a twinned region is marked with a triangle, that

may be identified as an area where Ba,, ¢St ; Tij ¢Zr( ;O5 and
BaNb,Oq particles have submerged into one another and sub-
sequently leading to twinning of the lattice fringes. The Pral-
lelly aligned lattice fringes in the HRTEM image of BBN10
having an inter-fringe distance of 1.35 A and 1.69 A can be
allocated to BSTZ phase with corresponding (212) and (112)
planes having conventional d spacing value of 1.34 A and
1.66 A, respectively. Also, the lattice fringes located inside
the twinned interface with 1.57 A inter-fringe distance can
be allocated to BNO phase with analogous (442) plane with
1.575 A as the conventional d spacing. Figure 4d depicts the
selected area electron diffraction (SAED) pattern which is
in good agreement with HRTEM results and approves the
crystalline nature of BBN10 specimen. The bright and dark
spots in SAED pattern can be allocated to various planes
in the tetragonal and orthorhombic crystal. The SAED pat-
tern was measured for the twinned region of the HRTEM
image that demonstrates two sets of bright and dark spots
confirming the diffusion of BSTZ and BNO compounds for
observed area. Furthermore, both of the HRTEM image as
well as SAED patterns investigated for the specimen hav-
ing optimum properties i.e. BBN10, shows no noteworthy
structural defects upon HRTEM investigation.

3.3 Dielectric studies

The temperature dependency of dielectric characteristics
of BSTZ-BNO composite materials have been investigated
and are shown in Fig. 5a—e. The inset of the dielectric curve
shows the magnified view of variation in dielectric constant
with temperature. The dielectric properties were studied at
eight different frequencies. BNO addition in BSTZ lattice
has resulted in a significant change in phase transition char-
acteristics as compared to BNO free BSTZ sample. At lower
frequency, BNO substituted samples show a sharp transition
compared to the bare sample, however, at high frequency,
the phase transition becomes progressively diffused (flat-
tened and broad) type. The occurrence of a single broad peak
in BBNO and comparatively narrower peak in composite
samples signifies the transition of ferroelectric to paraelec-
tric phase or tetragonal to cubic phase. Further, the dielec-
tric constant (g,,) at phase transition temperature decreases
with even a small rise in frequency and is observed to be
minimum at 1 MHz. It is observed that permittivity maxima
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Fig.4 TEM/HRTEM micro- (a)
graphs of BBN10: a TEM, b, ¢
HRTEM, d SAED pattern

of BBNS and BBN10 have been enhanced compared with
that of BNO free BSTZ sample. The dielectric constant of
the samples shows a gradual rise with an increase in BNO
concentration becomes maximum for BBN10 composite
and decreases on further increasing the BNO concentration.
The dielectric constant at phase transition temperature for
the samples BBNO, BBNS, BBN10, BBN20 and BBN30 at
20 Hz was found to be ~4361, 5105, 5842, 3570 and 2547,
respectively. The high dielectric constant of BBN10 sample
may be due to optimum grain size, grain homogeneity as
well as higher density of the material among all the prepared
samples. Larger grain size corresponds to less number of
insulating grain boundaries layers. This decrease in number
of grain boundaries leads to lesser trapping of space charge
and thus lesser domain wall pinning resulting in overall high
dielectric constant [23, 24]. One more possibility for the
reduction in dielectric constant at higher BNO concentration
might be due to inhibition of Nb>* at Ti**/Zr** site of ABO,
perovskite unit cell, resulting in weakening of bonding force
between the oxygen atom and B-site ion. A clear ferroelec-
tric to paraelectric phase transition peak can be seen for all
the five samples, which clearly indicate that even at higher

@ Springer

BNO concentration dielectric properties of the composites
are still governed by BSTZ phase.

At high frequency, the dielectric properties of
BSTZ-BNO composites become frequency independent.
Moreover, considering only the high-frequency character-
istics, the phase transition curve appears to be more dif-
fusive compared to BNO free BSTZ sample. This indicates
that the addition of BNO results in a gradual transforma-
tion from typical ferroelectric to relaxor type characteris-
tics. Further, at lower frequencies, i.e. 20 Hz, 100 Hz and
1 kHz, more dielectric dispersion is observed. The reason
for higher dispersion in composite samples is the occurrence
of large number of defects produced by the inequivalent dis-
placement of dopant atoms. The phenomena of coulombic
interaction inside the material causes negatively charged
defects to attract positively charged defects resulting in the
development of associated defect pairs. Also, the movement
of oxygen vacancies in the vicinity of oxygen octahedron
or back and forth motion of holes result in reorientation of
dipoles. Therefore, at lower frequency, the higher dielectric
constant is attributed to the contribution of (i) interfacial,
(i1) electronic, (iii) dipolar and (iv) ionic polarization. At
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Fig.5 Temperature dependences of dielectric constant and dielectric loss for (1 — x)BSTZ-xBNO composites: a x=0.0, b x=0.05, ¢ x=0.10, d
x=0.20 and e x=0.30

higher frequencies, some of the polarizations do not contrib-  dielectric constant at temperature higher than 75 °C. This
ute to the total polarization and only electronic and dipolar  characteristic of BSTZ-BNO composite samples can be
polarization are responsible for the net polarization inside  used in high-temperature electronic switching applications.
the material [25]. Thus, the polarization inside the mate-  The phase transition temperature of (1 — x)BSTZ-xBNO
rial decreases subsequently resulting in reduction in die-  composites decreases gradually up to x=0.10. However,
lectric constant value at higher frequency. BBN5, BBN10  the Curie temperature remains nearly constant on further
and BBN20 sample show a very good temperature stable  increasing the BCT content.

@ Springer



19094

Journal of Materials Science: Materials in Electronics (2018) 29:19086-19098

The correlation between temperature and dielectric loss is
depicted in Fig. 5. Similar to dielectric constant, the dielec-
tric loss curve also shows a dielectric loss maxima at the
phase transition temperature. Above phase transition temper-
ature, the dielectric loss decreases, becomes constant for a
certain range of temperature and again increases on increas-
ing the temperature. The dielectric loss of bare as well as
composite samples is observed to be maximum at lower
frequencies and decreases abruptly at higher frequencies. A
gradual rise in dielectric loss of composite sample at higher
temperature may be due to Debye-type relaxation of space
charge at the interface between the electrodes and material,
which is the typical nature of oxide-based perovskites having
titanium as constituent element [26]. Moreover, ferroelec-
trics generally exhibit non-linear dielectric characteristics,
which is due to reversible polarization in the presence of an
applied electric field [27, 28]. Henceforth, their dielectric
characteristics rely on both the frequency and magnitude of
the applied bias voltage. In Fig. 5, it can be observed that
both dielectric constant and dielectric loss were found to be
dependent on the frequency of the applied ac signal. Fur-
ther, at low frequency of operation, the dielectric loss curve
of most of the samples is showing relaxation anomaly; this
anomaly is attributed to increase in electrical conductivity at
lower frequency [29]. This increase in electrical conductivity
results in rapid increase and decrease in dielectric loss value
around Curie temperature.

3.4 Ferroelectric studies

The Electric field versus polarization hysteresis loop of bare
and composite ceramic samples at three different tempera-
tures of 25, 75 and 125 °C is demonstrated in Fig. 6a—c.
The P-E loops were recorded by applying an external elec-
tric field of up to 40 kV/cm. The inset of Fig. 6a—c show
the variation of saturation polarization (2P,) and remnant
polarization (2P,) with increasing BNO concentration. As
shown in Fig. 6, all the synthesized samples exhibit ferro-
electric hysteresis loops at all three temperatures. At ambi-
ent temperature, under the application of electric field, the
remnant polarization and saturation polarization are found
to be maximum for BBN10 specimen. Further BNO addi-
tion beyond x=0.10 results in reduction of remnant and
saturation polarization value. This shows that suitable BNO
addition has an obvious influence in improving ferroelectric
characteristics of BSTZ. The observed enhancement in the
values of polarization is not intrinsic. This increased polari-
zation demonstrated by BBN5 and BBN10 sample may be
attributed to the space charge polarization effect [30] whose
influence to ferroelectricity increases as BNO concentration
increases in the composite. Moreover, the ferroelectric char-
acteristics of ceramic materials are affected by their crystal
phase, lattice defects like oxygen vacancies, microstructure

@ Springer

and composition [31, 32]. Further, the structural transition
occurring inside the material also controls the stability of
the ferroelectric phase. It is evident that long-range polar
orders of the dipoles inside the material results in superior
ferroelectric properties [33]. In addition, a slight disruption
in the polar ordering would affect the ferroelectricity of the
material.

The observed increase in remnant polarization up to
x=0.10 may be due to both, reduction in leakage current
and structural distortion induced by BNO addition [30, 34].
At elevated temperatures of 75 °C and 125 °C, the remnant
polarization demonstrates almost identical characteristics.
However, the loops were found to be slightly shifted around
the origin. This abnormality can be elucidated by the exist-
ence of an internal electric field initiating from the off-cen-
tering and intrinsic movement of bound electrons inside the
material. Furthermore, the area of the loop has also been
increased for BBN10 sample, which may be attributed to low
resistivity of the sample. The decrease in remnant polariza-
tion at higher temperatures may be ascribed to decrease in
ferroelectric and increase in Para-electric phase of the mate-
rials. At room temperature, the increase in coercive field
with BNO content may be attributed to dipole friction that
arises owing to the domain orientation. The smaller grain
size may have also contributed in enhancing the friction dur-
ing domain orientation [35].

3.5 Breakdown strength measurement

Figure 7a shows the schematic diagram of breakdown meas-
urement arrangement of a pellet. The electric breakdown
strength of ceramics relies on many aspects such as grain
size, porosity, etc. and extrinsic measurement constraints
including electrode configuration, sample area and sample
thickness [36, 37]. The external parameters for example fre-
quency and the rate at which electric field is applied also
influence the dielectric breakdown strength. Based on the
above factors, it is possible that the improvement of E,,
in BBN10 sample is primarily due to increase in density,
reduction in pore size of the material. The E,; is found to
be maximum for BBN10 sample, which may be ascribed to
higher density among the five synthesized samples. Further-
more, as the BNO concentration rises beyond x=0.10, the
dielectric breakdown strength of the materials are observed
to decrease. In ceramics as well as in ferroelectric compos-
ites, under an externally applied electric field, as the amount
of weakly bonded ions with lower density and high porosity
increases, the value of space displacement polarization also
rises. Consequently, this enhancement in space displacement
polarization forces the micro-pores and nano-pores inside
the material to offer little resistance to electrical break-
down and deteriorate the dielectric breakdown strength
[38]. Also, inner stress resulting from the non-uniform and
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Fig.6 Ferroelectric P-E
hysteresis loops of (1 — x)
BSTZ—xBNO at three differ-
ent temperatures: a at room
temperature, b at 75 °C and ¢
at 125 °C; inset shows the vari-
ation in remnant polarization
and saturation polarization with
change in BNO content

inhomogeneous morphology can increase the ion mobility
under the application of an electric field and hence reduces
the E,, value.

Thickness-dependent dielectric breakdown strength
measurement of BBN10 specimen is depicted in the inset
of Fig. 7b. As the thickness increases, there is reduction
in breakdown strength. Thick dielectric pellets have the
disadvantage that they possess a large number of internal
and external defects such as micro-pores and micro-cracks.
Figure 7c shows the schematic for breakdown of material
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in the presence of a micro-pore through a dendrite. Such
imperfect areas are more liable to electrical breakdown,
that results to a decrease in material thickness and a sub-
sequent rise in voltage per unit thickness leading to ava-
lanche breakdown [39]. In the present investigation, all
the composites possess the same phase structure, nearly
similar morphology and measurement environment. There-
fore, it can be concluded that the significant enhancement
in dielectric breakdown strength is mainly attributed to
appropriate amount of BNO addition.
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High voltage DC
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Fig.7 a Schematic of dielectric
breakdown strength meas-
urement setup, b dielectric
breakdown strength (E,,,) as a
function of BNO content and ¢
schematic showing the break-
down in any material in the
presence of micropore through
a dendrite
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Fig.8 Variation of piezoelectric charge coefficient (d;;), piezoelectric
voltage constant (g3;) and electrostrictive constant (Q;;) (inset) for
the (1 — x)BSTZ-xBNO composites

3.6 Piezoelectric studies

In this study, piezoelectric response as a function of BNO
content has been investigated. Figure 8 shows the variation
in piezoelectric strain coefficient, piezoelectric voltage con-
stant and electrostrictive coefficient (inset) with change in
BNO content. Electrical poling conditions strongly affect
the piezoelectric characteristics of any ceramic material.
The domains are distributed randomly in an as-prepared
material and therefore they need to be aligned in a certain
direction on the application of an externally applied electric
field. Typically, a high electric field is essential to attain
homogeneously distributed domains, however at high elec-
tric field, the materials are prone to get damaged because of
electrical breakdown. Therefore, an optimum electric field is
vital to acquire superior piezoelectric properties. Moreover,
poling temperature, as well as poling time, also influence
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the piezoelectric characteristics and therefore they are also
required to be optimized. In this work, all the five cylindrical
pellet specimens were poled electrically at E~ 18 kV/mm
for 75 min with poling temperature kept to be Tp ~ 65 °C, at
which optimum piezoelectric characteristics were recorded.
After 75 min of electrical poling, the piezoelectric charge
coefficient, d;; did not show any significant increment and
found to saturate. Further, poling a sample at an appropriate
temperature results in accumulation of positive and negative
charge carriers around the grain boundary interface leading
to the emergence of an internal bias electric field which can
increase the piezoelectric characteristics of the material. The
addition of BNO results in a slight increase in piezoelectric
constant for BBNS specimen, however, it decreases with fur-
ther increase in BNO concentration. It is to be worth noting
that BBN10 sample still shows higher d;; value compared to
BBNO sample. The high value of BBNS and BBN10 sample
may be attributed to better crystallinity, high density and
optimum combination of grain size and grain homogene-
ity in the material [19]. Another possibility for the slight
increase in d3; value may be attributed to domain wall pinch-
ing effect with reduction in oxygen vacancy caused by BNO
addition [40]. The piezoelectric voltage coefficient (g3;) of
the five synthesized samples were measured by dividing
the piezoelectric charge constant of the materials by their
relative permittivity (¢). The piezoelectric constant of the
material can be described by the thermodynamic theory of
ferroelectricity as follows [41]:

dy3 = 2e33P .0y (D

where, €;; represents the dielectric permittivity, P, denotes
remnant polarization and Q;; is the electrostrictive constant.
Hence, from Eq. 1 it can be inferred that for any ceramic
material with high dielectric constant and high remnant
polarization may also exhibit large piezoelectric coefficient.
Electrostrictive constant for the five compositions has been
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evaluated using Eq. 1 and is shown in the inset of Fig. 8. An
enhancement in piezoelectric properties demonstrates that
BSTZ-BNO composites can prove to be a potential material
for lead-free piezoelectric ceramic.

It is known that dielectric, ferroelectric and piezoelec-
tric properties of the material are closely related to each
other [42]. Further, it has also been reported that the elec-
trical properties of the ferroelectrics are highly dependent
on shape, morphology and relative density of the material
[43]. Among the five synthesized materials, BBN10 has
shown the optimum properties, which may solely be attrib-
uted to slightly higher relative density and comparatively
homogeneous grain size of the material. So, in conclusion,
the relative density of the material can be considered as
the dominating mechanism among others in improving the
electrical properties of the BBN10 composite. In addi-
tion, the reduction in oxygen vacancies, higher crystallin-
ity and optimum solid solubility of BSZT and BNO may
be considered as the other factors that are contributing in
enhancing the electrical properties.

4 Conclusion

A new series of lead-free ceramic composite with
enhanced microstructural and electrical properties were
successfully synthesized. The BSTZ-BNO composites
studied in this study requires lower sintering temperature
for the phase formation. The co-existence of tetragonal and
orthorhombic phase in the composite samples has been
confirmed by Rietveld analysis. All the samples possess
a polygonal grain type morphology with clearly distin-
guishing grain boundaries. In addition, the BSTZ-BNO
composites have shown improved dielectric constant,
better remnant polarization and high piezoelectric con-
stant. These superior properties of BSTZ-BNO compos-
ites (especially BBN10) are mainly attributed to uniform
grain distribution, high density of the materials and solid
solubility of BNO in BSTZ up to a certain extent. At
higher BNO content (BBN20 and BBN30), the dielectric
constant, remnant polarization, piezoelectric constant
and breakdown strength were found to decrease which
indicate limited compatibility of tetragonal perovskite
with orthorhombic niobate. The BSTZ-BNO composites
are inexpensive and easy to fabricate. Further, the rela-
tively homogeneous microstructure, superior electrical
properties and high breakdown strength indicate that the
mechano-chemical synthesis method represents a viable
approach to produce such materials and can have potential
application in field of ceramic capacitors.
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