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Abstract The lead-free (1 —x)Ba(Zr,,Tijg)05—
x(Ba, ;Ca; 3)TiO5, (x=0.4, 0.5 and 0.6) (abbreviated as
(1 —x)BZT-xBCT) ceramics were prepared by solid-state
reaction method. X-ray diffraction (XRD) study revealed
the perovskite phase of the prepared ceramics at room
temperature (RT) for all compositions. The XRD pow-
der profile refinement analysis showed no extra phases
and the calculated peak intensities matched well with the
observed ones. The charge density distribution studies
revealed the chemical bonding nature, qualitative and
quantitative features of the distributions of the electrons
contributed by the dopant atoms in the unit cell. Scanning
electron microscopy images revealed the uniform distri-
bution of powder grains. The elemental compositions of
the samples were analyzed by energy dispersive X-ray
spectrometer. The optical band gap for all the samples has
been estimated to be between 3.15 and 3.07 eV. Enhanced
piezoelectric constant, d;; =276 pC/N was obtained for
x =0.5 composition in the morphotropic phase boundary
(MPB).

1 Introduction
Piezoelectric materials interconvert mechanical energy into

electrical energy and vice versa. They are widely used as
sensor, actuators, transformers and in other ferroelectric
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devices [1, 2]. Over the past few decades, lead zirconate
titanate (PZT) ceramics have been widely used as piezo-
electric materials, which exhibit good piezoelectricity
[1, 2]. However, lead-based PZT materials contain more
than 60 wt% of lead oxide, which causes various environ-
mental problems and numerous disease symptoms like
headaches, constipation, nausea, anemia, nerve, brain,
kidney damage, etc. [3]. Thus, lead-based piezoceramics
have already been replaced by lead-free materials to pro-
tect our environment. Therefore, lead-free piezoelectrics
have attracted considerable attention in recent years and
great efforts have been made to develop Pb-free piezoelec-
tric materials [4, 5]. A long-standing issue with Pb-free
piezoelectrics has been that they are in general of much
lower piezoelectricity compared with PZT materials [6].
Among different lead free systems, barium titanate (BT)
based systems exhibit excellent piezoelectric properties [7,
8]. Liu et al. [9] first reported a lead free pseudo binary
x[Ba(Zr, ,Tij 3)O5]-(1 —x)[(Bay ,Ca, ) TiO5]/[BZT-BCT]
ferroelectric morphotropic phase boundary (MPB) system
to replace PZT based systems. Recently, high-performance
lead-free ceramics Ba(Zr ,Ti, s)Os—x(Bay ,Ca, ;) TiO; have
been reported, which show a high piezoelectric coefficient
of d33~620 pC/N at x=0.5 [10]. A material whose com-
position 0.5BZT-0.5BCT lies at the morphotropic phase
boundary (MPB) shows good piezoelectric properties.
The composition 0.5BZT-0.5BCT, also shows a phase
diagram similar to lead-based systems like PZT [11, 12]
and PMN-PT [13, 14]. Hence BZT-BCT is presently one
of the important candidates for many piezoelectric materi-
als due to its lead free nature with an MPB similar to lead
based systems and with superior piezoelectric properties
as reported in literature [15, 16].

In the present work, the structural, microstruc-
tural, optical, dielectric, ferroelectric and piezoelectric
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properties of (1 —x)BZT—xBCT ceramics have been stud-
ied. We have focused our research on the electron density
distributions and bonding nature of (1 —x)BZT-xBCT,
x=0.4, 0.5 and 0.6 ceramics using maximum entropy
method (MEM) [17].

2 Experimental

In this work, (1 —x)Ba(Zr(,Ti;¢)Os;—x(Ba,;Ca, ;)TiO;,
(x=0.4, 0.5 and 0.6) ceramics were synthesized by con-
ventional solid-state reaction method. Commercially avail-
able powders of BaCO; (99.99%), CaCO; (99.95%), TiO,
(99.99%) and ZrO, (99.99%) were used as raw materials.
The raw chemicals were mixed with stoichiometric pro-
portions and ball-milled for 12 h. Subsequently, the mixed
powders were calcined in alumina crucibles at 1350 °C for
2 h. The calcined powders were ground and 2% polyvinyl
alcohol (PVA) was added as binder, pressed into pellets
with diameter of 12 mm and thickness of 1 mm. Then, the
pellets were sintered at 1450 °C in air for 3 h at heating rate
of 5 °C/min.

The phase structure of solid solutions was analyzed
using powder X-ray diffraction. The XRD data were
recorded using X-ray diffractometer (Bruker D8 Advance)
with CuK, radiation (A=1.5406 A) in the 260 range
20°-120° with a scanning step size of 0.02°. The surface
morphology of the samples was analyzed by scanning elec-
tron microscope (SEM) (Carl Zeiss EVO 18). UV-visible
spectrum in the wavelength range from 200 to 2000 nm
was recorded using Varian Cary 5000 spectrophotom-
eter. Before measuring the electrical properties, the pel-
let samples were polished and coated with silver paste on
both sides. The dielectric properties were measured using

impedance analyzer (PSM 1735, N4L) in the temperature
range from 40-200 °C. All the poling was carried out in
silicone oil at 40 °C under a d.c. electric field of 30 kV/
cm for 20 min. The polarization—electric field (P-E) hys-
teresis loops were measured at room temperature using a
radiant precision workstation. The piezoelectric constant
(ds3) values were measured using a ds;-meter (SINOCERA,
YE2730A).

3 Results and discussion
3.1 Structural analysis

Figure 1 shows the X-ray diffraction profiles of (1 —x)
BZT—xBCT, (x=0.4, 0.5 and 0.6) ceramics recorded at
room temperature. The XRD results reveal a pure single
phase of perovskite structure without any trace of impuri-
ties. The samples of x=0.4 and x=0.6 exhibit tetragonal
symmetry with PAmm space group. Splitting of the (200)
diffraction peak at 20 ~45° is observed in the sample of
x=0.5 as shown in Fig. 1b. This indicates the coexist-
ence of rhombohedral and tetragonal phases (R + T) related
to the MPB region. In (1 —x)BZT-xBCT system, the Ca
ions prefer A-sites (Ba-sites) and Zr ions prefer B-sites
(Ti-sites) in the perovskite lattice. The XRD peaks shift
to higher 20 angles with increasing x content. This is
expected because the ionic radius of Ba>* (1.35 A)is larger
than that of Ca®* (0.99 A) [18], substituting on A-site. Sim-
ilar situation exists for Zr** (0.98 A) substituting for Ti**
(0.72 A) [18] on B-site. Similar observations have also
been reported by other researchers [19-21]. The crystal-
lite size of the sintered powders has been estimated using
Scherrer equation [22] as given in Eq. (1) below,
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Fig. 1 a XRD patterns of (1 —x)BZT—xBCT, (x=0.4, 0.5, 0.6) ceramics, b expanded X-ray diffraction patterns for (002) peak
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where 0.9 is the shape factor, A is the X-ray wavelength
(A=1.54056 A), B is the line broadening at half the maxi-
mum intensity in radians and 6 is the Bragg’s angle. The
estimated average crystallite size of (1 —x)BZT—xBCT,
(x=0.4, 0.5 and 0.6) ceramic samples are about 27, 18 and
25 nm, respectively.

3.2 Rietveld refinement analysis

The Rietveld refinement [23] of the experimental XRD
data of (1 —x)BZT—xBCT, (x=0.4, 0.5 and 0.6) ceramic
samples was carried using JANA 2006 [24] software. Fig-
ure 2a—c show the fitted profiles and difference profiles of
(1-x)BZT—xBCT, (x=0.4, 0.5 and 0.6) with correspond-
ing model of tetragonal structures respectively. In Rietveld
[23] analysis, the XRD data sets are refined by minimizing
the difference between the observed and calculated powder
diffraction patterns. In this work, from the refinements, Ba
and Ca ions are assumed to share the same crystallographic
A-site of the perovskite structure. Similarly, Ti and Zr ions
are positioned at B-site. Results of the structural refinement
show that the diffraction peaks of x=0.4 and 0.6 can be
indexed to tetragonal phase with space group P4Amm. Fig-
ure 2b shows the mixed phase refinement profile for the
MPB composition 0.5BZT-0.5BCT with a predominant
tetragonal phase (P4mm) and a weak rhombohedral phase
(R3m). Table 1 shows the lattice parameters, reliability indi-
ces and goodness of fit obtained after fitting using Rietveld
refinement [23].

3.3 Microstructure and energy dispersive X-ray spectra
analysis

Figure 3a-c show the SEM micrographs of (1 —x)
BZT—xBCT, (x=0.4, 0.5 and 0.6) ceramics. The SEM
image of x=0.4 shows the rectangular-like grains. When x
is increased, the shape of the particle changes with respect to
the Ca®* concentration. The average particle size of the pre-
pared samples was found to increase with increase in Ca®*
concentration. The energy dispersive X-ray (EDS) spectra
of (1 -x)BZT—xBCT, x=0.4, 0.5 and 0.6 were recorded to
determine the chemical composition of the solid solutions
and are presented in Fig. 4a—c. The presence of all elements
in these ceramics detected by EDS spectra and the EDS
data are listed in Table 2. The EDS results revealed that the
observed atomic and weight percentages match well with
expected values.
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Fig. 2 a Fitted powder XRD profile for 0.6BZT-0.4BCT ceramic
(inset shows the refined crystal structure). b Fitted powder XRD
profile for 0.5BZT-0.5BCT ceramic (inset shows the refined crystal
structure). ¢ Fitted powder XRD profile for 0.4BZT-0.6BCT ceramic
(inset shows the refined crystal structure)

3.4 Band gap determination

The optical band gap energy (E,) was estimated from UV-vis-
ible spectral analysis. The optical energy band gap is related
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Table 1 Refined parameters

Parameters x=0.4 x=0.5 x=0.6
of (1 -x)BZT-xBCT, (x=0.4,
0.5, 0.6) ceramics through Phase Tetragonal Tetragonal Rhombohedral Tetragonal
refinement of powder XRD data (Space group) (P4mm) (P4mm) (R3m) (P4mm)
Lattice parameter A) a=4.0040(1) a=4.0141(1) a=5.4455(2) a=3.9843(5)
¢=4.0065 (2) ¢=3.9945(1) ¢=6.6334(3) c=4.0097(4)
Unit cell volume (A3) 64.23(3) 64.36(3) 170.16(1) 63.65(1)
Density (gm/cc) 6.02 6.01 6.82 6.08
R, (%) 8.65 9.99 9.94 7.54
Ryps (%) 431 5.02 5.28 3.49
GOF 1.24 1.13 1.13 1.17
Foo0) 102 102 306 102

R, reliability index for profile, R, reliability index for observed structure factors, GOF goodness of fit,
F 9 number of electrons in the unit cell

) ) (b)

EHT=2000kV  Signal A = SE1 Date :2 Dec 2016
WD=105mm Mag= 500KX Time :14:38:56
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Fig. 3 SEM images of (1 —x)BZT—xBCT ceramics with a x=0.4, b x=0.5 and ¢ x=0.6
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Fig. 4 EDS spectra of (1 —x)BZT—xBCT ceramics with a x=0.4, b x=0.5 and ¢ x=0.6

Table 2 EDS elemental

. Samples Atomic (%) Weight (%)
composition for (1 —x)
BZT—xBCT, (x=0.4, 0.5, 0.6) Ba Zr Ca Ti (0] Ba Zr Ca Ti (0]
ceramics
x=0.4 4.67 1.59 3.15 22.55 68.04 20.82 4.72 4.10 35.04 35.33
x=0.5 7.45 1.69 3.32 22.86 65.16 29.83 4.50 332 31.94 30.41
x=0.6 4.63 1.14 3.05 20.27 70.91 21.42 3.52 4.11 32.71 38.24

to absorbance and to the photon energy, which is proposed by
following Wood and Tauc [25] equation.

(ahv)* = A(hv —E,) )

where A is a proportionality constant, o is the absorbance
coefficient, h is the Plank constant, v is the frequency and E,
is the optical band gap and n is a constant associated with
the different types of electronic transitions. It is assigned to a
value of 1/2, 2, 3/2 and 3 for direct allowed, indirect allowed,
direct forbidden, indirect forbidden transition, respectively.

@ Springer

The usual method of determining the band gap energy is
to plot a graph of (ahv)? against energy (hv). The band gap
energy (E,) was determined by extrapolating the straight
line portion for the curve to the photon energy axis where
a=0 as shown in Fig. 5. The optical band gap values for the
(1 -x)(BZT)—xBCT, (x=0.4, 0.5, 0.6) ceramics are deter-
mined and listed in Table 3. The band gap values obtained
for all the samples range from 3.15 to 3.07 eV, which are
slightly less than for reported [26] value, 3.26 eV.
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s Table 3 UV-visible band gap Samples Band gap
for (1 —x)BZT—xBCT ceramics values
with x=0.4, 0.5 and 0.6
gl V)
x=0.4 3.15
3t x=0.5 3.13
x=0.6 3.07

(chv)? (cm™ eV)?

& : i : i
16 18 20 22 24 26 28 30 32 34 36
Energy (eV)

Fig. 5 Tauc plot for (1 -x)BZT—xBCT ceramics with x=0.4, 0.5
and 0.6

3.5 Dielectric constant measurements

Temperature dependence of dielectric constant of (1 —x)
(BZT)—xBCT, (x=0.4, 0.5, 0.6) ceramics at 10 kHz is
shown in Fig. 6. The dielectric constant was measured in
the temperature range 40-200 °C. The Curie temperature
(T¢) is defined as the temperature that corresponds to the
ferroelectric—paraelectric phase transition and the corre-
sponding temperature [27]. In the present work, T shifted
towards higher temperatures with the increase of x value.
0.5BZT-0.5BCT composition has the highest dielectric
constant (e ~3702), due to the presence of mixed struc-
tures. The coexistence of rhombohedral and tetragonal
phases increases the number of orientations (in polariza-
tion) in this composition, which leads to higher dielectric
constant. The values of the dielectric constant at 10 kHz
for (1 —x)BZT—xBCT, (x=0.4, 0.5 and 0.6) ceramics are
given in Table 4.

3.6 Ferroelectric and piezoelectric measurements

Figure 7a—c show the room temperature polarization ver-
sus electric field plot of (1 —x)BZT—xBCT, (x=0.4, 0.5
and 0.6) ceramics measured at an applied field of 4.5 kV/
mm. The maximum polarization (P,,), remnant polariza-
tion (P,) and the coercive field (E.) of the samples are
given in Table 4. Figure 7b shows soft P-E loop (x=0.5)
with a maximum polarization (P,) of 15.12 pC/cm2 and a
coercivity, Ec=3.62 kV/cm. 0.5BZT-0.5BCT composition
exhibits the maximum polarization at room temperature,
implying an MPB like behaviour as suggested by XRD
patterns.

We measured the piezoelectric constant (d;3) of sam-
ples poled electrically under an external electric field of
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Fig. 6 Temperature dependence of dielectric constant (¢) of (1 —x)
BZT—xBCT ceramics as a function of x

Table 4 Dielectric, ferroelectric and piezoelectric properties of
(1 =x)BZT—xBCT, (x=0.4, 0.5, 0.6) ceramics

Sample Dielectric P, (uC/cm?) P, (uC/em?) Eg dss
constant® (kV/cm) (pC/N)
®

x=04 3374 14.37 5.98 6.02 215

x=0.5 3702 15.12 4.90 3.62 276

x=0.6 2151 14.06 5.76 4.88 176

P,, maximum polarization, P, remnant polarization, E coercive field,
d3; piezoelectric constant

(e) dielectric constant at 10 kHz

30 kV/cm at 40 °C. The improvement on piezoelectric
property can be observed in 0.5BZT-0.5BCT ceramics.
The d; value is reached maximum at x =0.5 (d3; =276
pC/N) composition, which can be attributed to the coex-
istence of rhombohedral-tetragonal phases. The pres-
ence of mixed phase in the composition x =0.5 provides
favorable condition for easier rotation of the polarization
vectors [19, 28]. This makes it evident that the existence
of MPB with R+ T phases in 0.5BZT-0.5BCT ceramics
plays the most important role in improving the piezoelec-
tric properties. Similar results have also been reported
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Fig. 7 P-E hysteresis loops for (1 —x)BZT—xBCT ceramics, a x=0.4, b x=0.5 and ¢ x=0.6 measured at room temperature

in literatures synthesized by solid state reaction method
[19, 29].

3.7 Electron density analysis

MEM analysis of X-ray diffraction data is a straightfor-
ward approach to derive the interatomic charge density
distributions and hence the interaction and bonding
characteristics between adjacent atoms. The result-
ant refined XRD structure factors were used for the
construction of charge density in the unit cell using
maximum entropy method. Maximum entropy method
(MEM) is a standard tool to estimate the accurate
charge density which is proposed by Collins (1982) [17,
30, 31]. The charge density distribution was carried out

@ Springer

by considering 64 X 64 X 64 pixels per unit cell. The
uniform prior electron density was fixed at each pixel
as Fygo/a,” where Fy is the total number of electrons
in the unit cell and a, is the cell parameter. The esti-
mated charge density distribution in the unit cell was
visualized using the software VESTA [32]. Figure 8a—c
shows 3D charge density with similar iso-surface level
of 1 e/A%. Figure 9a shows the 3D unit cell with (0 0
1) plane shaded. Figure 9b-d display the 2D charge
density contours in the contour range of 0-1 e/A3
with a contour interval of 0.04 e/A3 for (0 0 1) lat-
tice plane. It is evident from Fig. 9b—d, that there is no
charge overlap between Ba and O which indicates the
ionic nature of bonding between Ba and O. Figure 10a
shows the 3D unit cell with (0 0 2) plane shaded. Fig-
ure 10b—d illustrate the 2D contour maps for (0 0 2)
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Fig. 8 Three dimensional
electron density isosurfaces for
(1 =x)BZT—xBCT ceramics, a
x=04,bx=0.5and cx=0.6

lattice plane representing to the charge density distribu-
tions between Ti and O ions. The 2D maps for (0 0 2)
lattice plane shows the charge overlap between Ti and
O atoms along the bonding region, which confirms the
covalent nature of bonding between the Ti and O atoms.
Figures 11 and 12 represent the 1D electron density
profiles along Ba—O and Ti—O bond respectively. The
bond lengths and mid-bond electron density values are
given in Table 5.

In titanate perovskite such as PbTiO; and BaTiOs;, the
covalent nature of Ti—O bond is primarily responsible for
ferroelectric polarization [33]. Table 5 shows mid-bond
electron density values for Ba—O bond from 0.1689 to
0.1480 e/1°\3, which leads to the ionic behavior between
Ba and O ions. Again from Table 5, the electron density

at the middle of the Ti—O bond is found to be 0.9575 e/A3

for the composition x =0.5. This confirms that the Ti-O
bond is covalent in nature. The piezoelectric constant
attains a maximum value of d;;~276 pC/N at x=0.5,
corresponding to a relatively maximum polarization of
P, ~15.12 uC/cm? and a relatively low coercive field of
E-~3.62 kV/cm. The enhanced piezoelectric and ferro-
electric properties can be attributed to the covalent nature
of the Ti-O bond.

4 Conclusion

Lead-free (1 —x)Ba(Zr(,Tijg)O03—x(Bagy;Ca;;)TiO;
(x=20.4, 0.5 and 0.6) ceramics were synthesized by

@ Springer
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Fig. 9 a 3D unit cell of (1 —x)
BZT—xBCT with (0 0 1) plane
shaded. Two dimensional
electron density distribution

on (0 0 1) plane (along [100]
and [010] directions) for (1 —x)
BZT—-xBCT ceramics, b x=0.4,
cx=0.5andd x=0.6

solid-state reaction method. The powder X-ray diffrac-
tion revealed combination of rhombohedral and tetrago-
nal phases in 0.5BZT-0.5BCT composition. The micro-
structures of the synthesized samples were investigated
by scanning electron microscopy (SEM). Optical proper-
ties investigated by ultraviolet visible (UV-vis) absorp-
tion spectroscopy showed a decrease in band gap energy
from 3.15 to 3.07 eV. The charge density distribution
of (1 —x)BZT—xBCT ceramics revealed the bonding
nature between Ba—O ions and covalent nature between
Ti-O obtained from the maximum entropy method. The

@ Springer

ferroelectric, piezoelectric and charge derived proper-
ties of the composition x =0.5 have been correlated.
0.5BZT-0.5BCT solid solution showed the highest
dielectric constant, (¢) =3702. The phase transition
temperature increases with the increase of x value. The
maximum polarization (P,) and remnant polarization
(P,) observed for 0.5BZT-0.5BCT ceramics are 15.12
and 4.90 uC/cm? respectively. The enhanced piezoelec-
tric and ferroelectric properties of the lead-free ceramic
(x=0.5) can be attributed to the MPB with co-existence
of rhombohedral and tetragonal phases.
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Fig. 10 a 3D unit cell of (1 —x)
BZT—xBCT with (0 0 2) plane
(along [100] and [010] direc-
tions) shaded. Two dimensional
electron density distribution on
(0 02) plane for (1 —x)BZT-
xBCT ceramics, b x=0.4, ¢
x=0.5andd x=0.6

10

Electron density (e/A%)
Electron density (e/A%)

% 09 11 13 15 1.7 19 21 23

09 10 11 12 13 14 15
Distance (&) Distance (A)

Fig. 11 One dimensional electron density profiles along Ba and O Fig. 12 One dimensional electron density profiles along Ti and O
atoms in (1 —x)BZT—xBCT ceramics, (x=0.4, 0.5, 0.6) atoms in (1 —x)BZT—-xBCT ceramics, (x=0.4, 0.5, 0.6)
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Table 5 Bond lengths and -
mid-bond electron densities Samples Ba-0 Ti-0
for Ba—O and Ti—O bonds for Bond length (A) Mid-bond electron Bond length (/3;) Mid-bond
(1-x)BZT—xBCT, (x=0.4, density (e/;\3) electron density
x=04 2.8322 0.1681 2.0020 0.6998
x=0.5 2.8315 0.1689 2.0071 0.9575
x=0.6 2.8263 0.1480 1.9922 0.6150
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