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ABSTRACT

Lead free Nanocrystalline BaTiOs doped with Sn and Zr is
prepared by a combination of solid-state reaction and high energy
ball milling (HBM) technique in a temperature range 30-150 °C,
over a frequency range 40 Hz - 1 MHz. A single-phase
nanocrystalline sample with ABOs type of perovskite structure
with cubic symmetry was confirms by XRD diffraction. The
crystallite and grain size determined from Scherrer equation and
intercept method are 38.2 nm and 46.13 nm respectively. FE-
SEM images show samples are dense and have different
microstructures with certain amount of porosity. A grain size of
46.13 nm is obtained by using linear intercept method. Room
temperature (RT) variation of £'and tan § as a function of
frequency of the modified BT system has also been studied.
Variation of dielectric properties with frequency shows the usual
behaviour of dielectric materials i.e decrease of the value of &’
with the increase of frequency. A dielectric anomalies is observed
corresponding to phase transitions viz tetragonal to cubic (Ty_¢ )
at 70°C. These effect can guide to design the nanostructure for
various practical applications of MLCC.

Keywords: Dielectric properties, perovskite, nanoparticles,
mechanochemical synthesis.

INTRODUCTION

The demand for the sustainable development of the world and of
the environmental and safety concerns has induced a new surge
in developing lead-free BT ceramics because it is non-toxic, and
environmentally friendly. Barium titanate (BaTiOs) is one of the
most extensively studied perovskite (ABOs3) ferroelectric oxides,
whose high dielectric constant, low dielectric loss and ferroelectric
and piezioelectric properties (Sharma et al., 2015) are largely
employed in a variety of electronic devices such as Multilayered
Ceramic Capacitors (MLCCs) (Guillon et al., 2012), memory
devices (Hoffman et al., 2011), PTC thermistors (Rafig et al.,
2017), and a variety of electro-optic devices (Yang et al., 2012).
However, the application in a certain domain of pure BaTiOs3
ceramics is limited because of the narrow working temperature-

stable range and high dielectric loss (Liu et al., 2016). Substitution
of other ions at A, B or in both sites in the BaTiO3 perovskite cells
leads to remarkable changes of its functional characteristics. For
specific applications such as higher material constants
(permittivity, pyro-and piezo-electric constants), better thermal
stability in a large temperature range can be induced by isovalent
substitution on Ti sites with elements such as: sazx1i1«O3, (Zhang
etal., 2016) Hf, (Fu et al., 2013) Ce, (Padalia et al., 2013) or garit-
xSnx0s (Ren et al., 2017).

Moreover, technological advances demand miniaturized
electronic portable devices with various functions. This leads to
high interest from electronic industry in the development of new
miniaturized ferroelectric materials used in a wide range of
applications of electronic devices such as thinner Multilayer
Ceramic Capacitors (MLCC), piezoelectric sensors and actuators.
The electrical and piezoelectric properties are reported to be
greatly enhanced for BT ceramics which are synthesized from
nanopowders (Chandramani et al., 2011; Horchidan et al., 2014).
In order to obtain BT powders with a nanometre size, there are
varieties of routes for the synthesis of nanoceramic powders such
as chemical coprecipitation (Potdar et al, 1999), sol-gel
technique (Chen et al., 2011), and hydro thermal synthesis (Xu et
al., 2002). However, the high-energy ball milling technique is still
considered as a simple and cost effective method for large scale
production of nanoceramic powders (Kong et al., 2008; Gusev &
Kurlov, 2008). Further, mechanical treatment of ceramic powders
can reduce particle size and enable obtainment of nano-
structured powders, which are of the main interest in current trend
of miniaturization and integration of electronic components (Giri,
1997).

There are several reports (Tan, et al., 2013; Singh & Jiten, 2013)
on the influence of solid state or HBM synthesis techniques on the
structure, and dielectric properties of Sn or Zr doped BaTiO3
ceramics. To our knowledge, there are not reports about the
dielectric properties of Sn and Zr co-doped-BaTiOs processed by
HBM synthesis techniques. In this work, we used the HBM
synthesis technique in order to prepare nanocrystalline BaTiO3
co-doped with Sn and Zr (BaTio.96SN0.01Zr0.0303) method to
obtain dense ceramics. Dielectric and structural properties of
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these materials were investigated and, the possible use for
MLCC's and practical application is explored.

EXPERIMENTAL

The solid state and mechanochemical route were followed to
synthesize nanocrystalline Ba(Tio.06SN0.01Zr0.03O3 ceramic.
The raw materials (powders) were analytical grade of oxide
precursors of AR BaCOs (99.9 %), TiO2 (99.9+ %), Sn0O2 (99.9
%), and ZrOz2 (99.9 %). The stoichiometric value of the oxides
were weighed according to the nominal composition and mixed
via ball-mill for 12 h in alcohol. The mixture was first dried in oven
and calcined at 10500C for 4 h in aluminum crucibles. The
calcined powders were mechanically activated by high-energy ball
mill in isopropyl alcohol as wetting medium using SPEX 8000
Mixer/Mills at room temperature for 7 h. The milling process was
stopped for 15 min after every 60 min of milling in order for the
system to cool down. The resultant slurry was dried in an oven at
900C for 24 h. The dried powder was compacted at 49033.25
N/m2 to make pellets of size 10 mm in diameter and 1 mm
thickness using polyvinyl alcohol (PVA) as a binder. The pressed
pellets in form of disks were sintered at temperatures of
11900C for2h.

Characterization

The crystal structure and phase analyses was identified using X-
ray diffractometer (XPERT-PRO) with monochromatic Cu Ka
radiation at A = 1.54178 A at 40 kV/40 mA in the 26 range from
20- to 80-. The microstructural studies were carried out by using
field emission scanning electron microscopy (FESEM, JEOL
7600F, U. S. A), operated at a voltage of 15 kV and images
captured at 5 kV with magnification of x 100,000. For electrical
measure silver paste was painted on the polished sample as the
electrodes and fired at 5500C for 15 min. The frequency (40
Hz — 1MHz) and temperature (30 to 4000C) dependent
dielectric analysis was evaluated using Impedance Analyzer
(Agilent 4294A, Japan) at an oscillation amplitude of 500
mV connected to a computer.

The lattice constant of all the sample are calculated using the
equations.

2 _ Al +E2+1%)]
a = 2 sin%6 (1)

where 1 is the wavelength of X-ray (1 =1-54178 A), 8 is the
Bragg angle and hkl are the Miller indices of the corresponding
planes.

The crystallite size of the powders (D) calculated from XRD data
by the Scherer's formula (Cullity, 1978) from XRD data given as

0.981
- B cos6 (2)

where D is the crystalline size, 0.98 is the crystalline shape
factor, B is the full width at half maxima (FWHM) at Bragg’so angle
(20), and, A is the X-ray wavelength of CuKa (A = 1-54178 A).

RESULTS AND DISCUSSION

Microstructural and morphological analysis

Figure 1a shows the room temperature XRD pattern of
Ba(Tio.96SN0.012r0.03)O3 ceramic. It is seen that the

composition is of single phase perovskite structure without any
trace of impurity in the background. The non-splitting of (200) and
(002) peaks (Buttner & Maslen, 1992) at diffraction angle of 44 to
46.50 clearly show that the crystal structure of Ba
(Ti0.96Sn0.012r0.03) O3 was assigned to the cubic phase with
Pm-3m space group verified from JCPDS database (card no 98-
000-2020), as reported by other researchers (Burtr & Jianping,
2001; Lazarevi et al., 2010). The lattice parameters, crystalline
size and unit cell volume were estimated and presented in Table
1. From table 1, the obtained lattice parameter were a=b =c =
4.014849 A confirming the cubic structure. The crystallite size of
38.2 nm for Ba(Tio.06SN0.01Zr0.03)O3 is similar to the one
obtained by (Attara et al., 2017). Figure 1a inset shows the typical
FESEM micrographs of Ba(Tio.96SN0.01Zr0.03O3 ceramics
sintered at 11900C for 2 hrs. It can be seen that the sintered
ceramic sample is dense, the grains are indistinguishable and
have varying microstructures with presence of voids. The
presence of voids in the FESEM image indicate that the pellet
have certain amount of porosity. The grain size and grain
boundary are observed very clearly. The average grain size of
Ba(Ti0.96SN0.01Zr0.03O03 ceramics determined by using linear
intercept technique (Abrams, 1971) is found to be 46.13 nm.
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Figure 1: (a) Room temperature XRD Patterns and inset FESEM
micrograph at x 200000 magnification (b) Enlarged XRD
Patterns  from 44 to 460 of  nanocrystalline
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Ba(Tio.96SN0.01Zr0.03)O3 ceramics sintered at 11900C

Table 1: Lattice parameter and crystalite size of
Ba(Ti0.96SN0.01Zr0.03)O3 ceramic.

Sample Ba(Ti0.96Sn0.012r0.03)03

a(A) 4.014849

b (A) 4.014849

c(h) 4.014849
cla 1.00000

Volume (A3) 64.40

Crystallite size (nm) 38.2

Frequency and temperature dependence of real dielectric
permittivity (€') and dielectric loss (tan §).

Fig. 2a and 2b shows the frequency dependence of real dielectric
permittivity (¢') and dielectric loss (tan &) as a function of
temperature for Sn and Zr doped BT sintered samples
synthesized by Mechanohemical route. The &’ is higher at low
frequency and decreases with the increase in frequency. The fall
in & arises from the fact that polarization does not occur

—m—30°C
instantaneously with the application of the electric field, which is o5
further due to the inertia of the dipoles and the delay in response wd v Jhod
towards the impressed alternating electric field leads to dielectric e
loss and decline in &' (Tkacz- miech et al., 2003). At low I

frequencies, all types of polarizations contributes and as the
frequency is increased, polarizations with large relaxation times
cease to respond and hence the decrease in &’ (Chopra et al.,
2004). At lower frequencies &' is maximum because the
contributions from the space charge polarization is large (Singh et
al., 2002). The space charge polarization arises by the
accumulation of charges mainly due to vacancies of oxygen at the
grain boundaries and at the electrode interface (Griffiths, 1998).
At higher frequencies, contributions from the polarizations having
high relaxation time ceases resulting in the decrease in & (Kittel,
1995). The same type of frequency-dependent dielectric
behaviour is found in all other ferroelectric ceramic systems (Jaffe
etal.,, 1972; Lines & Glass, 1979).

Figure 2b plots the frequency dependence of dielectric loss
(tan &8) of the Ba(Tio.06SN0.01Zr0.03O3 ceramic at various
temperatures. The dielectric loss decreases with increasing
frequency and the decrease is more pronounces at higher
temperatures but show a broad step and a broad maximum in the
frequency range 103 < f < 105 Hz, respectively. A peak in the
dielectric loss occurs when wt = 1, that is when the relaxation
frequency matches the applied frequency and are seen to shift
towards higher frequency with increase in temperature (Mansour
& Elkestawy, 2011). The loss peaks and their shift with
temperature suggest a thermally activated dielectric relaxation
process (Mohan et al., 2010). Dielectric loss (tan 6) is owed to the
relaxation of space charge polarization. A direct elucidation is that
the peak height of tan & is decided by the relaxation strength. The
minimum loss is obtained at 1300C is 0.019.
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Figure 2: Variation of (a) real dielectric permittivity (€'), and (b)
imaginary dielectric permittivity (¢'’) at various temperatures of
Ba(Tio_gesno_olzro,03)03 ceramic.

Figure 3 shows the variation of real dielectric permittivity (&") and
loss tangent (tan &) as a function of temperature (30 to
1500C) of Ba(Tio.96SN0.01Zr0.03)O3 ceramic sintered at
1190°C, measured at 40Hz, 100Hz, 1 kHz, 10 kHz, 100 kHz,
and 1 M Hz. The dielectric constant decreases with an increase in
frequency. It is seen that the Ba(Tio.96SN0.012r0.0303
undergoes a sharp ferroelectric to paraelectric (tetragonal to
cubic) transition at 70°C, the ferroelectric-ferroelectric transition
(orthorhombic to tetragonal) may have transition below the room
temperature. At frequency of 40Hz, 100Hz, &' decreases with
decrease of frequency and temperature and on further increase of
the temperature &' decreased and becomes frequency
independent. At higher frequency of 1 kHz, 10 kHz, 100 kHz, and
1 MHz the values of &’ increases with the increase in temperature
and transition temperature (Tc) was found to be around 700C.
The value of Tc is nearly the same for the system synthesized by
solid state reaction route. It is clear that the T, (70°C) has
shifted to a lower temperature. A similar trend was obtained by
others workers (T,, 950C) (Long et al, 2017). Curie
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temperature is that at which ferroelectric materials are changed
from ferroelectric to non-ferroelectric. Generally, for bulk
BaTi103 material, itis 120-130°C. The lowering of T, may
be attributed to various factors such as the electrostrictive strain
(Rossetti et al., 1991), two-dimensional compressive stress
(Hayshi, 1973) in the direction of ferroelectric, photomechanical
effect (Lemieux, 2005), mechanical compression along c-axis and
tension along a-axis (Kuwabara et al., 1997). Also, Uchino
(2000), suggested that with decreasing grain size, T, was shifted
downward through room temperature, eventually tending
toward 0 K at some critical particle size. The observed trend
of T, may be due to a combination of various factors mentioned
above. In addition, the maximum in the dielectric loss ((Fig. 4(e))
coincides with the maximum in the &', indicating that the
Ba(Tio.96SN0.01Zr0.03y03 sample undergoes a structural phase
transition which corresponds to the cubic-tetragonal phase. It can
be seen that Ba(Tio.06SN0.012r0.03)O3 exhibits T, of 700C.
Hence, good material for MLCC and practical applications.

CONCLUSION

Nanocrystalline Ba(Tio.96SN0.01Zr0.03O3 ceramic powders
were successfully obtained from mixed oxide method by two
different synthesis techniques such as solid state and HBM. XRD
studies revealed cubic structure without showing any secondary
phase. FE-SEM images show sample is dense and have different
microstructures with certain amount of porosity. The frequency
dependent dielectric study reveals a normal ferroelectric behavior
in the material. It is found that HBM and Tin/Zirconium
concentration has significant influence on structural and dielectric
properties of Ba(Tio.06SN0.01Zr0.03)O3. The temperature
dependent dielectric study shows T, value of 70oc. This work
provide valuable information for Ba(Ti0.96SN0.01Zr0.03)03
ceramic and fabrication of MLCCs and practical application.
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