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Ba0.85Ca0.15(Ti1−xZrx)O3 (BCTZ) ceramics with x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 were prepared by the solid-state reaction 
method. Calcination of the powders was carried out at 1100 °C for 4 h and the green pellets were sintered at 1400 °C for 2 h. X-ray 
diffraction patterns of the sintered pellets showed tetragonal splitting up to x = 0.10 while the mixture of the rhombohedral/cubic 
phase appeared at higher ZrO2 concentrations. Maximum piezoelectric charge constant d33 = 510 pC/N and strain (S = 0.103%) 
were measured for BCT doped by 0.10 mol ZrO2. Dielectric constant, remnant polarization and saturation polarization also found 
maxima for this composition. The Curie temperature (TC) of the compositions decreased with increase in ZrO2 concentration and 
reached 98 °C, 87 °C and 36 °C at x = 0.05, 0.10, 0.15 mol, respectively. The remaining compositions have TC below the room 
temperature; therefore, they can be used for subzero/cryogenic applications. The scanning electron microscopy study revealed 
an increase in grain size with increase in ZrO2 concentration and confirmed the complete solubility of ZrO2 in the crystal lattice. 
Overall, low ZrO2-doped BCT compositions with high d33 could be suitable for low temperature (< 80 °C) applications.

Keywords: ZrO2-doped BCT; lead-free piezoelectrics; high piezoelectric charge constant; Curie temperature.

1. � Introduction

Research on lead-free piezoelectric materials is becoming 
popular because PbO present in PZT is toxic in nature and 
causes environmental imbalance.1–4 Therefore, the gov-
ernment regulatory authorities of different countries such 
as the EU and the USA have imposed ban on the use of 
lead-based materials including PZTs.5–7 Consequently, the 
researchers now shifted their research mostly towards lead-
free piezoelectric materials. Low density (~ 2/3) of lead-free 
piezoelectric materials compared to PZT is an advantage 
for many applications such as hydrophone, ultrasonic sonar 
transducers and for aerospace applications.8,9 A number of 
lead-free piezoelectric ceramics such as Bismuth–Sodium 
Titanate (BNT), Bismuth–Potassium Titanate (BKT) and 
Potassium–Sodium Niobate (KNN) have been developed 
in the last two decades.10–14 However, these materials have 
many disadvantages such as: (i) volatilization of sodium and 
potassium during calcinations and sintering stages produces 
a nonstoichiometric composition, (ii) highly corrosive at 
higher processing temperature which degrades the inner lin-
ing of the furnace, (iii) low piezoelectric constant (d33) and 
(iv) high conductivity which leads to current leakage; there-
fore, it is difficult to do poling.15,16 Owing to the above dif-
ficulties of alkali-based systems, barium titanate (BaTiO3) 

modified lead-free piezoelectric systems are preferred due 
to advantages such as: (i) absence of volatile components, 
(ii) broad sintering temperature range and (iii) produces 
very high piezoelectric coefficient (d33).17–19 Liu et  al.18 
first reported that the BCT–BZT composition exhibited an 
exceptional piezoelectric property (d33 ~ 620 pC/N) compa-
rable to lead zirconate titanate (PZT) near a tri-critical point 
(TCP) in the phase diagram. Rherig et al.20 reported a piezo-
electric charge constant (d33) of 355 pC/N for 0.045 and 
0.085 mol Zr4+-doped BaTiO3 prepared by the templated 
grain growth method. Yu et  al.21 in their study mentioned 
d33 of ~236 pC/N for 0.05 mol ZrO2-doped BaTiO3. Dong 
et  al.22 prepared 0.06 mol ZrO2-doped BaTiO3 by sinter-
ing the pellets at 1400oC for 100 h and reported high d33 
of 420 pC/N. Li et  al.23 studied the effect of CaO on the 
properties of (Ba1−xCax)(Ti0.95Zr0.05)O3 ceramics. A maxi-
mum piezoelectric charge constant (d33) of 365 pC/N was 
reported by the authors for 0.08 mol of CaO-doped BCTZ 
with shifting of orthorhombic-tetragonal phase transition 
toward room temperature. The authors also prepared BCTZ 
ceramics by simultaneous addition of CaO and ZrO2 (dis-
cretely) and reported d33 in between 325–387pC/N.24,25 
Similarly, a number of researchers also tried co-doping of 
Ca2+ and Zr4+ in a discrete manner and studied the properties 
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of (Ba1−xCax)-(Ti1−yZry)O3 ceramics.26–30 There is not much 
systematic study on the effect of change in ZrO2 concen-
tration on the properties of the (Ba0.85Ca0.15)(Ti1−xZrx)O3 
system except a few. Wu et al.31 studied the effect of Zr4+ 
by varying its concentration (0–20%) and reported a maxi-
mum d33 of 423 pC/N at x = 10% with an optimizing poling 
condition. Sahoo et al.32 also studied the effect of ZrO2 and 
CaO on barium titanate prepared by various processing tech-
niques and obtained maximum d33 of 215, 350 and 200 pC/N 
for a sample processed by combustion synthesis, planetary 
milling and microwave sintering, respectively. In this paper, 
an effort has been made to study the effect of zirconia con-
centration on piezoelectric, dielectric and ferroelectric prop-
erties of the Ba0.85Ca0.15(Ti1−xZrx)O3 (BCTZ) system.

2. � Experimental

Basic raw chemicals such as barium carbonate (99%, Loba 
Chemie), calcium carbonate (> 99% Sigma-Aldrich), tita-
nium dioxide (> 99% Sigma-Aldrich) and zirconium diox-
ide (99%, Sigma-Aldrich) were used for the synthesis of the 
compositions. Chemicals were weighed accurately as per 
the stoichiometric calculation and mixed thoroughly using 
ethyl alcohol in a roller mill for 24 h. The powder slurry was 
removed from the container, dried and calcined at 1100 °C 
for 4 h. The powders were again milled to reduce the particle 
size, granulated and pressed into pellets. The pellets were 
sintered at 1400 °C for 2 h, leveled, polished, electroded and 
characterized for dielectric and hysteresis measurements. 
For the measurement of piezoelectric charge constant, the 
pellets were poled at a 2.5 kV DC electric field in a silicon 
oil bath.

The particle size of the lead-free piezoelectric powder 
was measured by a particle size analyzer (Mastersizer 3000, 
Malvern, UK). The Scanning Electron Microscopy (SEM) 
analysis was carried out by an electron microscope (Model 
EBO 18, Zeiss, UK). Fourier Transform Infrared (FTIR) 
spectroscopy measurements of the calcined powder were 
carried out using a FTIR system (M/s. PerkinElmer, USA). 
X-ray diffraction patterns of the compositions were investi-
gated by an XRD equipment (D8 Focus, Bruker) at a scan-
ning rate of 1° per min in the 2θ range of 20–80°. Dielectric 
measurements were carried out using a precision impedance 
analyzer (6500B, Wayne Kerr Electronics, UK) with a high 
temperature measurement facility. Hysteresis loops and 
strain loops were measured with a ferroelectric loop tracer 
(Precision Premier II, Radian Technology, USA). The piezo-
electric charge constant (d33) was measured using a piezome-
ter system (PM-35, Take Control, UK).

3. � Results and Discussion

A typical particle size distribution curve of calcined and 
milled lead-free BCT powder doped with 0.10 mol of ZrO2 is 
presented in Fig. 1.

The graph shows a narrow sized distribution of powder 
particles with Dv (10), Dv (50) and Dv (90) of 0.594, 1.26 and 
2.49 µm, respectively. Most of the powder particles are in the 
range of 0.7–1.2 µm.

Figure  2 shows the FTIR spectra of the ZrO2-doped 
BCT calcined powders scanned in the wave number range 
of 4000–450 cm−1. The spectrum displays a very broad band 
around 3600–3300 cm−1 corresponding to O–H stretching 
vibration. This could be due to the presence of moisture in 
the samples. The absorption band in the range of 550–600 
cm−1 corresponds to Ti–O and other M–O bond vibration in 
the BCZT lattice. The small deep near 850 cm−1 and 1050 
cm−1 could be due to C–O vibration from the residual car-
bonate present in the samples. Similar absorption peaks were 
observed by Hanani et al.33 for BCTZ powders synthesized 
by a sol–gel hydrothermal route.

X-ray diffraction patterns of BCTZ samples with change 
in ZrO2 concentration are presented in Fig. 3. All composi-
tions showed a pure phase crystal structure which implies 

Fig.  1.  Particle size curve of the 0.10 mol ZrO2-doped BCT  
powder.

Fig. 2.  FTIR spectra of different mole ZrO2-doped BCT samples.
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that all concentrations of ZrO2 were diffused into the crystal 
lattice of barium calcium titanate. Tetragonal splitting of the 
peaks in between 45–45.75° was observed up to the com-
position with x = 0.10 and the splitting is merged into a sin-
gle peak with further increase in ZrO2 content (Fig. 4). The 
coexistence of the rhombohedral and tetragonal phase could 
present in the composition range 0.10–0.15 mol of ZrO2. 
The peak (hkl − 200) position shifted towards a lower angle 
with increase in ZrO2 content. This could be attributed to the 
increase in the lattice parameter of the ceramics with increase 
in ZrO2 concentration as the size of Zr4+ is larger than that 
of Ti4+.

Scanning electron micrographs of the thermally etched 
BCTZ sintered pellets are shown in Fig. 5. The microstruc-
ture is found to be quite dense and uniform. The average 
grain size increased from 6.5 µm for the samples with 0.05 
mol to 16.5 µm for samples with 0.30 mol of the ZrO2-doped 
BCT. A similar increase in grain size is also observed by Wu 

et  al.31 with a larger grain of 10–25 µm for 0–20 wt.% of 
ZrO2 addition. This could be due to the difference in the ini-
tial particle size of the powders and the sintering temperature 
used in both the studies. SEM micrographs also show that 
there is no segregation of ZrO2 in the grain boundary region 
which is also confirmed by the EDS analysis (Fig. 6) as the 
weight % of the Zr element is increased on the grains. This 
also confirms the complete solubility of ZrO2 in the crystal 
lattice which is in good agreement with the XRD analysis, 
as no extra peaks were observed in the XRD patterns of the 
samples.

Sintered densities of BCZT samples containing different 
amounts of ZrO2 are presented in Table 1. It is observed that 
the density increased with increase in ZrO2 concentration 
and maximum 95.34% is observed for 0.30 mol of ZrO2. The 
increase in density could be due to complete solubility of 
ZrO2 in the crystal lattice as the density of ZrO2 (~ 5.68 g/
cc) is greater that TiO2 (4.23 g/cc). As observed from SEM, 
increase in grain size could also contribute for increasing the 
density of samples with increase in ZrO2 concentration.

The dielectric constant of the BCTZ samples was mea-
sured with variation in the temperature and frequencies (100 
Hz, 1 kHz and 10 kHz). From Fig. 7, it is clearly observed that 
the peak position shifted to a lower temperature with increase 
in ZrO2 concentration (0.05–0.15 mol). A sharp increase in 
dielectric constant is observed at Curie temperature (TC). 
A maximum dielectric constant of 6927 was observed for 
the 0.10 mol ZrO2-doped BCTZ. TC of the BCTZ samples 
decreased from 98 °C to 36 °C with increase in ZrO2 concen-
tration from 0.05 to 0.15 mol, respectively.

Fig. 3.  XRD pattern of ZrO2-doped BCT.

Fig. 4.  Enlarged view of XRD pattern in the 2 θ range 44–46°.

Fig. 5.  SEM images of the thermally etched BCZT sintered pel-
lets: (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25 and (f) 0.30 mol-
doped ZrO2.
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The TC further decreased below room temperature for 
the samples with 0.20 to 0.30 mol ZrO2 and could not be 
measured due to the limitation in the measurement set up. 
The decrease in TC with the addition of ZrO2 could be due 
to weakening of the bond of the B-site ion and the oxy-
gen ion in the BO6 octahedral as the size of Zr4+ is larger 
compared to that of Ti4+. It also reduced the c/a ratio of 
the crystal lattice and allowed the phase transition from the 
ferroelectric phase to the paraelectric cubic phase to hap-
pen at a lower temperature, thereby decreasing the Curie 
temperature.34,35

With increase in temperature, the dielectric constant 
K-value increased up to TC and then decreased. The phenom-
enon can be explained in terms of the alignment of dipoles as 
follows. The crystal structure of BCTZ is thermally excited 
with increase in temperature and produced a large number 
of unstable polarization at the ferroelectric to paraelectric 
phase transition temperature up to TC. Afterwards, the dielec-
tric constant decreased due to the increased level of thermal 
vibration which degrades the alignment of dipoles.36 The loss 
factor (tan δ) data of the BCTZ samples were measured with 
variation in the temperature and frequencies and are presented 

Fig. 6.  EDS analysis of BCZT sintered samples: (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25 and (f) 0.30 mol-doped ZrO2.

Table 1.  Density, piezoelectric and dielectric properties of BCTZ samples sintered at 1400 °C.

Compositions
Sintered 

density (%)
d33 

(pC/N)

Dielectric 
constant (K)  

at 100 Hz, RT

Loss factor 
(tan δ) at  

100 Hz, RT

Dielectric 
constant (K)  
at Tc(100 Hz)

Tc  
(°C) kp Qm

x = 0.05 91.82 318 2390 0.0202 5049 98 0.47 74.3

x = 0.10 92.97 510 2534 0.0228 6927 87 0.56 94.9

x = 0.15 93.15 195 1981 0.0526 3448 36 0.46 50.7

x = 0.20 93.76 16 1563 0.0408 — — 0.40 47.8

x = 0.25 94.58 5 1358 0.0119 — — 0.36 41.3

x = 0.30 95.34 3 952 0.0052 — — 0.25 21.7
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in Fig.  7. It is observed that the tanδ value increased with 
increase in temperature, a small hump was observed near the 
Curie temperature and the tanδ value again increased with 
increase in temperature.

The room temperature dielectric constant and loss factor 
of the sample measured at 100 Hz frequency are presented 
in Table  1. It is observed that the K-value increased with 
increase in ZrO2 concentration, reached a maximum value 
of 2534 for the 0.10 mole-doped ZrO2 and then decreased. 
The dielectric constant generally increased with increase in 
grain size.37,38 In this study, SEM micrographs also reflect the 
increase in grain size, but the dielectric constant decreased 
after 0.10 mol of ZrO2 which could be due to the lowering 
of Tc below room temperature. The loss factor of the samples 
increased with increase in ZrO2 concentration up to 0.15 mol 
and then decreased.

The dielectric constant and loss factor of the sample with 
change in frequency are presented in Figs. 8 and 9, respec-
tively. From Fig. 8, it is observed that the dielectric constant 
of all the compositions constantly decreased with increase in 
frequency up to 1 MHz. The loss factor of the samples initially 
decreased and then increased with increase in frequency.

The P-E hysteresis loops of the samples with ZrO2 varia-
tion are presented in Fig. 10. It was observed that the shape 
of the P-E loop changes with increase in ZrO2 content. The 
existence of P-E loops for the composition x = 0.05–0.15 
confirms the ferroelectric behavior. The slim nature of the 
loop increases with increase in composition from x = 0.2 
to x = 0.3 which indicates the decrease in the ferroelectric 
nature of the samples.39 Remnant polarization (Pr) and coer-
cive fields (Ec) of the samples as a function of composition 
are tabulated in Table 2. Pr is maximum (7.5 μC/cm2) for the 
composition with x = 0.10 and then decreased with increase 
in ZrO2 content. The very negligible Pr observed for the com-
positions with x = 0.20–0.30 could be due to their TC falling 
below room temperature and also this confirms the shifting 
of the composition from the ferroelectric phase to a nonpolar 
state. The Ec of the samples decreased with increase in ZrO2 
content.

The electric field induced strain (bipolar and unipolar) of 
the ZrO2-doped BZT samples is presented in Figs.  11 and 
12, respectively. Typical butterfly type loops were observed 
for all the samples (Fig. 11). The strain as well as the area 
under each loop decreased with increase in ZrO2 content. 

Fig. 7.  Temperature dependence dielectric constant and loss factor of ZrO2-doped BCT sample.
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A maximum strain of 0.103% was measured for 0.10 mol. 
ZrO2-doped BZT which is in consistent with d33 properties, 
i.e., large unipolar strain is associated with large piezoelectric 
response (Fig. 12). The compositional induced ferroelectric 

to nonpolar behavior with increase in ZrO2 content was 
also noticed from the strain loops.40,41 The butterfly loop  
with negative strain was observed for the composition x = 
0.05–0.15 which is a typical ferroelectric nature of the sample.  

Fig. 10.  Hysteresis loops of different mole ZrO2-doped BCT 
samples.

Fig.  8.  Dielectric constant of ZrO2-doped BCT sample with 
change in frequency.

Fig. 9.  Loss factor of ZrO2-doped BCT sample with change in fre-
quency.

Table  2.  Ferroelectric properties of BCTZ samples sintered at 
1400 °C.

Compositions
Pr 

(μC/cm2)
Ec 

(kV/cm)
Ps 

(μC/cm2)
Emax 

(Kv/cm)

x = 0.05 5.77 6.30 9.55 15.00

x = 0.10 7.5 2.98 17.00 16.70

x = 0.15 1.14 1.12 7.45 16.00

x = 0.20 0.75 0.83 5.52 16.55

x = 0.25 0.46 0.51 4.80 16.50

x = 0.30 0.22 0.46 2.60 16.40

Fig. 11.  Bipolar strain loops of different mole ZrO2-doped BCT 
samples.

Fig. 12.  Unipolar strain loops of different mole ZrO2-doped BCT 
samples.
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With increase in ZrO2 content (x = 0.20–0.30) the nega-
tive strain reduced confirming the nonpolar nature of the 
compositions.

Piezoelectric properties of BCZT ceramics with ZrO2 

variation are presented in Fig.  13. It is observed that d33 
increased in compositions up to 0.10 mol of ZrO2 and there-
after it decreased. Maximum d33 of 510 pC/N is measured for 
the 0.10 mol of ZrO2-doped BCTZ. This could be attributed 
to the co-existence of the rhombohedra and tetragonal phase 
which would enhance the dipole alignment in the applied 
field direction. Though the density of the samples increased 
with increase in ZrO2 concentration, appreciable increase 
in d33 is not observed as the TC of the samples falls below 
room temperature and also the shifting of the phase from 
the ferroelectric to nonpolar state was confirmed from the 
strain loops. The relationship between d33 and K.Pr is also 
presented in Fig. 13. It was observed that both the d33 and 
K.Pr graphs follow a similar trend, i.e., a maximum value 
was observed for 0.10 mol. of ZrO2 concentration which 
is the MBP composition having a coexistence of the rhom-
bohedral and tetragonal phase. The highest value of K.Pr 
also confirms its role on achieving the highest d33 at this 
composition.42

The electromechanical coupling factor (kp) of the samples 
were calculated using the following equation:43

	 k
f f

fp
a r

r

= −





+2 5 0 038
2 2

2
. . , 	 (1)

where fa and fr are the resonance and anti-resonance frequen-
cies, respectively. The fa and fr values for all the samples were 
measured using the precision impedance analyzer equipment 
(6500B, Wayne Kerr Electronics, UK). The mechanical qual-
ity factor (Qm) of the compositions was calculated using the 
following equation:44

	 Q
f

Z C f f fm
a

m p r a r

=
−( ) ,

2

2 22π
	 (2)

where Zm and Cp are the impedance and capacitance at fun-
damental resonance, respectively. The kp and Qm values are 
plotted in Fig. 14. It was observed that the kp and Qm values 
of the samples follow a trend similar to d33. Maximum kp ~ 
0.56 and Qm of 94.9 is recorded for 0.10 mol ZrO2-doped 
BCT. The values were further decreased with increase in 
ZrO2 content.

4. � Conclusions

The effect of ZrO2 concentration on the properties of BCTZ 
lead-free piezoelectric ceramics was studied. The XRD 
analysis showed the formation of the phase pure crystal 
structure which was confirmed from the SEM analysis as 
there were no segregations at the grain boundary region. 
The SEM study also revealed the increase in grain size with 
increase in ZrO2 concentration. The temperature depen-
dence of dielectric properties revealed the decrease in TC 
with increase in ZrO2 concentration. Maximum piezoelec-
tric charge constant d33 = 510 pC/N, dielectric constant (K = 
2534) and strain (0.103%) were measured for composition 
with 0.10 mol of ZrO2 concentration at room temperature. 
The ferroelectric hysteresis study revealed that the remnant 
polarization and saturation polarization were maximum for 
the 0.10 molZrO2-doped BCT. The very negligible Pr value 
observed for the compositions with x = 0.20–0.30 could be 
due to their TC falling below room temperature and shifting 
of the composition from ferroelectric phase to a nonpolar 
state. The Ec of the samples decreased with increase in ZrO2 
content.
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Fig. 13.  Piezoelectric properties of ZrO2-doped BCT samples. Fig. 14.  kp and Qm of ZrO2-doped BCT samples.
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