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Abstract
Lead-free (Ba0.85Ca0.15) (Ti0.90Zr0.10)O3 (15/10 BCZT) piezoelectric ceramics were prepared by a standard solid solution and
sintered at different temperature of 1300 °C and 1500 °C at a time. The 15/10BCZT piezoceramics were prepared at 1300 °C
sintering temperature by doping different amount of MnO2.The ceramics show a phase transition from a freoelectric tetragonal
phase to a rhombohedral and tetragonal ferroelctric phase and to a single rhombohedral phase with increasingMnO2 content. The
addition ofMnO2 significantly improves the sinterbility of the 15/10BCZT piezoceramics, and reducing the sintering temperature
from 1500 °C to 1300 °C by 200 °C but showing comparable piezoelectric properties. With 0.4 mol% of the dopant, ∼96.5% of
the theoretical density of the ceramics was achieved with excellent piezoelectric coefficient d33 ~ 534pC/N, which is nearly equal
to the value obtained from the ceramics sintered at 1500 °C which has a piezoelectric coefficient d33 ~ 570pC/N, high density (~
5.59 g/cm3), maximum remnant polarization (Pr = 24 μC/cm2), relatively large grain size (10.4 μm) and the least coercieve field
(Ec = 0.42 kV/mm). However, a high concentration of MnO2 deterioated the properties of the ceramics because of increasing of
oxygen vacancies and associated defects. The results indicate that the BCTZ-y mol% MnO2 ceramics are one of the promising
lead-free piezoelectric candidates for high temperature applications.
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1 Introduction

In recent years, BaTiO3-based ceramics have received much
attention from the scientific community in the process of
searching for the lead-free ferroelectric materials [1–12].
Promising candidates for lead-free piezoelectric ceramics in-
clude BaTiO3 (BT), (K,Na)NbO3 (KNN), (Bi,Na)TiO3

(BNT), (Ba,Ca)(Ti,Zr)O3(BCTZ), (Ba,Ca)(Ti,Sn)O3

(BCTS), and (Ba,Ca)(Ti,Hf)O3 (BCHT) [13–16]. Because of
their high piezoelectric properties, some researchers Kumar
et al. [Kumar Brajesh,1 Khagesh Tanwar,2 Mulualem
Abebe,1 and Rajeev Ranjan1 PHYSICAL REVIEW B 92,
224,112 (2015), Kumar Brajesh, Mulualem Abebe, and
Rajeev Ranjan*PHYSICAL REVIEW B 94, 104,108
(2016)] have reported that BCTZ ceramics can potentially
replace lead-based piezoelectric ceramics. Barium titanate-

based ceramics is one of the most technologically important
ferroelectric oxides with perovskite structure (ABO3) which is
extensively used in electrical industries due to its high dielec-
tric constant [17–20].

L iu and Ren [21] have d i scovered lead- f ree
(Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 (15/10 BCZT) ceramics which
attractet considerable interest [22–25] due to the excellent piezo-
electric properties (with d33 = 500–600 pC/N). Some techniques
have utilized to improve the piezoresponse value of lead-free
piezoelectric ceramics, such as new processing methods, ion
substitution, doping of sintering aid oxides and construction of
coexistence of two or more phases [26–30]. However, the ho-
mogeneous and dense microstructure is quite hard to be obtained
in BCZT ceramics, and their sintering temperature are usually
required to be as high as 1400 – 1500 °C. These weekness
severly limit their practical applications [31–38]. Adding
sintering aids is a simple, effective, and commonly used method
of lowering the sintering temperature; Wang et al. reported that
(Ba0.85Ca0.15)(Ti0.9Zr0.1)O3 ceramics sintered at 1540 °C have
high piezoelectric properties (d33 = 650 pC/N) [39]. Li et al.
repor ted that (Ba0 .98Ca0 . 02 ) (Ti0 . 94Sn0 . 04 )O3 and
(Ba0.97Ca0.03)(Ti0.94Sn0.06)O3 ceramics sintered at 1500 °C also
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have high piezoelectric properties (d33 = 510 and 440 pC/N,
respectively) [40, 41]. It is thus necessary to use some sintering
aids for generating a liquid phase during the sintering process for
BaTiO3-based ceramics. Thus, sintering aids can be used to ef-
fectively reduce sintering temperature of BCTZ and BCTS ce-
ramics. The effect of MnO2 as a sintering aid on the sintering
temperature, phase structure, microstructure, density, and electri-
cal properties of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 (15/10 BCZT) ce-
ramics were investigated in this study with the aim of lowering
the sintering temperature while maintaining high piezoelectric
properties.

Zhao et al. reported that (Ba0.95Ca0.05)(Ti0.90Sn0.10)O3 ceramics
reduced its sintering temperature to 1300 °C while retaining high
d33 values of 485 and 457 pC/N by adding Li2O3 or Li2O as a
sintering aid, respectively [42, 43]. Zhou et al. reported that using
CuO or LiF as a sintering aid for (Ba0.95Ca0.05)(Ti0.90Sn0.10)O3

ceramics reduced the sintering temperature to 1250 °C while
retaining high d33 values of 683 and 510 pC/N, respectively [44,
45]. Chen et al. reported that using ZnO and MnO2 as sintering
aids for (Ba0.91Ca0.09)(Ti0.916Sn0.084)O3 ceramics reduced the
sintering temperature to 1315 °C while mantaining a high d33
value of 495 pC/N and found that it increased mechanical quality
factor (Qm) due to an increase of oxygen vacancies caused by a
small amount of MnO2 under various sintering temperatures [46].
CuO has been used in (K0.5Na0.5)NbO3 (KNN), [39–41] PZT,
[42] Ba0.6Sr0.4TiO3, [43] and (Ba1-xCax)(Ti1-yZry)O3 [47–50] ce-
ramics to enhance densification without sacrificing the piezoelec-
tric properties. Hao et al. [51] showed that samples with grain size
>10 μm exhibit excellent piezoelectric properties as d33 ~ 470 pC/
N using different sintering methods for BCTZ piezoceramcs.

Uneven grain size distribution makes it difficult to cut ce-
ramics to small dimensions, and polishing thin samples can be
problematic. Controlling the sintering regime of seramics is
also well known to be critical for the end product’s quality
[52]. To address these issues, a variety of strategies have been
employed. To improve the sinterabiility, a lot of studies have
been conducted sinterability by using different sintering aids,
for example, a little amount of oxides [53, 54]. Because Mn
ions have multivalence states: Mn2+, Mn3+, and Mn4+ [55,
56], MnO2 has been used to simultaneously substitute the A-
and B-site cations in order to achieve more stable solid solu-
tions [57–59].

The effect of MnO2 additive in 15/10BCZT ceramics has
not been studied very well. In this study, MnO2-doped 15/
10BCZT ceramics were prepared by an ordinary sintering
method and the influence of 0.1 mol% - 1.0 mol% MnO2

addition on the microstructure, ferroelectric, and piezoelectric
properties has been investigated. In addition, Meng et al. [60]
reported that the 15/10BCZT ceramic with large grains ex-
hibits high piezoelectricity. Therefore, the possible relation-
ship between electrical properties and grain size were briefly
investigated by doping the 15/10BCZT ceramics with differ-
ent concentration of MnO2 but sintered at 1300 °C.

2 Experimental

Barium carbonate (BaCO3, 99.8%; Alfa Aesar), calcium car-
bonate (CaCO3 (99.99%; Alfa Aesar), titanium dioxide (TiO2,
99.8%; Alfa Aesar) and ZrO2 were used as raw materials.
These powders were weighed according to the composition
of (Ba0.85Ca0.15) (Ti0.90Zr0.10)O3 (15/10 BCZT) was prepared
via a conventional solid-state route, then were thoroughly
mixed in zirconia jars with zirconia balls and acetone as the
mixing medium using a planetary ball mill (Fritsch P5). The
slurry was dried and calcined at 1100 °C for 4 h. Thereafter,
calcined powders were remixed and pressed into disks of
10 mm in diameter and 1.5 mm in thickness under
98,066.5 N (10 ton) using 2 wt% polyvinyl alcohol as the
binder, followed burning the binder at 500 °C by 5 °C/min
and for 1 h for all samples. After burning the binder, the
samples were cooled to room temperature and then the tem-
perature rose directly from room temperature to sintering tem-
perature of 1300 °C for one set of samples and to sintering
temperature of 1500 °C for the other set of samples for 6 hat
the rate of 5 °C/min. The specimens were coated with silver
paint on the upper and bottom surfaces and fired at 600 °C for
30 min for the electrical measurement.The (Ba0.85Ca0.15)
(Ti0.90Zr0.10)O3 + y mol% MnO2, (BCTZ + y mol% MnO2),
were prepared by a conventional ceramics technique. The
powders in the stoichiometric ratio of the compositions were
mixed thoroughly in ethanol using ZrO2 balls for 12 h, and
then dried and calcined at 1100 °C for 4 h in air. After the
calcination, themixture was wet ball-milled again for 6 h dried
and granulated with 2 wt% PVA as a binder, and then pressed
in to green disks wi th diameters of 12 mm and
thickness1.5 mm under a pressure of 10 ton (98,066.5 N).
After burning off PVA at 500 °C for 1 h the disk samples
were finally sintered at 1300 °C for 6 h in air. The coated
samples were poled under a dc field of 2.4 kV/mm at room
temperature for 1 h in a silicone oil bath. Room temperature x-
ray powder diffraction was done using a Rigaku SmartLab
with Johanson monochromator in the incident beam to re-
move the Cu-Kα2 radiation. The density ρ was measured by
the Archimedes’ method. Measurement of the direct weak-
field longitudinal piezoelectric coefficient (d33) was carried
using piezotest PM 300 by poling the pellets at room temper-
ature for 1 h at a field of ~2.2 kV/mm. Microstructure of the
sintered pellets was recorded by Scanning Electron
Microscopy (ESEM, Quanta) after gold sputtering the pellets
for 6 min. For the SEM image analysis, we used imagej soft-
ware. For electrical property measurements, silver electrodes
were applied on both side of the polished surfaces of pellets
and then baked at 150 °C for 4 h to dry out solvents used for
electroding. The strain loop and the polarization electric-field
hysteresis loop were measured with a Precision Premier II
loop tracer.
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3 Results and discussions

At two different sintering temperatures, lead-free
(Ba0.85Ca0.15) (Ti0.90Zr0.10)O3 (15/10 BCZT) piezoelec-
tric ceramics were prepared using the traditional oxide-mixed
method. The density and grain size of ceramics, which are
closely related to piezoelectric and other properties, are affect-
ed by sintering temperatures. The ferroelectric and piezoelec-
tric properties improve as the sintering temperature rises.

Figure 1(a) and (b) show the scanning electron microscope
(SEM) images of (Ba0.85Ca0.15) (Ti0.90Zr0.10)O3 (15/10
BCZT) sintered at 1300 °C and 1500 °C, respectively. In these
SEM micrographs, all of the pellets were densely packed
grains with typical platy morphology, especially for the sam-
ple sintered at 1500 °C. The average grain size determined
using the line intercept method revealed that samples sintered
at 1300 °C and 1500 °C had grains with average sizes of 4 and

22 μm, respectively, confirming that grain size is strongly
influenced by sintering temperature.

Figure 2(a) shows a comparison of the room-temperature
x-ray powder differaction profile of BCZT – y mole% MnO2

ceramics with various MnO2 sintered at 1300 °C. The data
confirmed that all ceramics are consistant with a single phase
perovskite and no secondary phases from 2θ = 15o to 90o. This
indicate that the MnO2 entered the BCZT lattice to form a
perovskite structure and solid solution. As shown in Fig.
2(b), the expanded XRD patterns in the 2θ range of44.5o to
46o. The compositions with y < 0.4 mol% exhibit a tetragonal
(P4mm) structure, where the {200}pc differaction peak splits
in to two with a ratio of 1:2. The compositions with y = 0.4
mol%, 0.6 mol% and 0.8 mol%, the {200}pc left side peak
started grown up, thus the intensity ratio is not equal to 1:2,
unambiguously confirm the presence of other phase in addi-
tion to the tetragonal phase which can be justified through

Fig. 1 SEM micrographs of (15/10 BCZT) ceramics sintered at (a) 1300 °C and (b) 1500 °C
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Rietveld analysis letter on. For y = 1.0 mol%, the {200}pc is
singlet in conformity with rhombohedral (R3m) structure. As
the evolution of the differaction peak of {200}pc at y =

0.4 mol% is changed from P4mm phase to R3m + P4mm
phase, conforming the involvement of a phase transition.
Therefore, the coexistence of tetragonal and rhombohedral
phases occurs for the BCZT ceramics with y = 0.4 mol% at
room temperature, demonstrating that the ceramics lie at the
morphotropic phase boundary (MPB). Rietveld analysis of the
x-ray diffraction (XRD) patterns, shown in Fig. 3, confirmed a
singlate phase P4mm for y = 0 and 0.2 mol% MnO2. The
compositions with y = 0.4, 0.6 and 0.8 mol%MnO2 were best
fitted with tetragonal (P4mm) + rhombohedral (R3m) phase
coexistence models, and the composition with y = 1.0 mol%
MnO2 could be nicely fitted with rhombohedral (R3m) struc-
tural model. The refined structural parameters are given in
Table 1. Since the peaks move to lower angles, (Ti, Zr)4+ is
thought to be replaced byMn4+, implying a change in unit cell
volume. This transition may be caused by complete solid so-
lutions forming between the MnO2 material and the BCZT
ceramics, causing crystal lattice distortion. The addition of a
solid solution of MnO2 facilitates the replacement of the Ba2+/
Ca2+ and/or Zr4+/Ti4+ B-sites of the perovskite structure more
effectively than raw metal oxides, resulting in increased struc-
ture defects and a lower barrier between domains. The forma-
tion of the MnO2 solid solution aids ion diffusion and lowers
the sintering temperature of the BCZT.

The microstructure and properties of (15/10)BCTZ after
sintering with MnO2. We decided to keep the sintering tem-
perature constant at 1300 °C and figure out the best sintering
help concentration for maximum piezoelectric response. The
SEM images of the BCTZ - y mol %MnO2 ceramics sintered
at 1300 °C as a feature of MnO2 material are shown in Fig. 4.
Grain-size was measured in microns using the point-to-point
measurement tool. Grains weremeasured at random across the
stub for each sample. For the pure 15/10BCZT ceramic, the
grain sizes were not very homogeneous in the range of (3.3–
4.7 μm). However, after the addition of 0.4 mol% MnO2, the
ceramic becomes dense and the grains become larger (Fig.
4(d)). When the value of y in percent mol was equal to 0.0,
0.1, 0.2, 0.4, 0.5, 0.6, and 0.8, the average grain size was 4
(±0.71), 6.3 (± 0.56), 9.8 (± 1.55), 10.4 (± 0.56), 7.2 (± 0.70),
6.4 (± 0.69), and 5.2 (± 0.42) μm, respectively. Figure 4(h)
depicts the average grain size with the error bars dependence
on the addition of MnO2, (y mol % MnO2) which shows that
the grain size of the ceramics abruptly increased with the in-
crease in y from 0 to 0.4 mol% MnO2. However, the SEM
micrograph in Fig. 4(e, f & g) shows that further increasing
the amount of MnO2 to 0.5, 0.6 and 0.8 mol% gives rise to an
abnormal grain boundary, and the average grain size also re-
duced. It is expected that Mn-ions are homogeneously dis-
solved in 15/10BCZT ceramics when the MnO2 addition is
≤0.4 mol%, but further addition of MnO2 will inhibit grain
growth due to accumulation ofMn-ions at the grain boundary.
Liquid phase sintering may have been responsible for the in-
creased grain size at 0.4 mol% MnO2.

20 40 60 80

45.0 45.2

45.0 45.3 45.6

45.0 45.5

45.0 45.3 45.6

45.0 45.3 45.6

44.8 45.2 45.6

2  (Degree)

0 mol% MnO
2

P4mm

P4mm

0.2mol% MnO
2

P4mm + R3m

0.6mole% MnO
2

P4mm + R3m

0.8mol% MnO
2

(1
1

2
)

(1
0

2
)

(2
0

0
)

(2
0

2
)

(1
0

1
)

(1
0

0
)

 R3m

1.0mole% MnO
2

(1
1

1
)

P4mm + R3m

0.4mol% MnO
2

).
u.a(

ytis
net

nI

Fig. 3 Rietveld fitted x-ray Bragg profiles of BCZT-y mol% MnO2
sintered at 1300oC using various models (a) y = 0 mol% MnO2, (b) y
= 0.2 mol%MnO2, (c) y = 0.4 mol%MnO2, (d) y = 0.6 mol%MnO2, (e)
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As shown in Fig. 5, it has been observed that the 15/
10BCZT – y mol% MnO2 ceramics without MnO2 – doping
have a low bulk density of 5.42 g cm−3 (relative density ~
95.5%). However, after the doping of 0.2–1.2 mol% MnO2,
all the ceramics give a high density of 5.46–5.59 g cm−3 (rel-
ative density > 95.7%). The maximum experimental value of
5.59 g/cm3 (relative density – 96.5%) is obtained for the
0.40 mol% MnO2-modified BCZT ceramics sintered at 1300
°C. By adding MnO2 with low melting points, the liquid for-
mation promotes the sintering of BCZT ceramics and results
in an increase in the density of the ceramics. However, with
increasing the MnO2 content, the density decreases. This is
may be due to a larger amount of this liquid phase accumulat-
ing at the grain boundaries, thus resulting in voids and
inhibiting densification. It is apparent that adding a small
amount of MnO2 causes the generation of oxygen vacancies
is beneficial to the mass transport in the ceramics during
sintering, which is responsible for the enhanced grain growth
behavior, sinterability and bulk density of the suitable MnO2-
doped specimens sintered at low temperature. When
0.2 mol% of MnO2 is added, the grains become noticeably
larger and more uniform, as can be seen in Fig. 4c. As a result,
the ceramic became well sintered and relatively thick,
resulting in a substantial increase in densification and grain
growth.Therefore, the addition of MnO2 plays an important
role in the improvement of the density of BCZT-based
ceramics.

Figure 6(a) illustrates the typical polarization levels versus
applied electrical field (P–E) hysteresis loops of MnO2-
modified BCZT ceramics sintered at 1300oC and measured
with Precision premier II loop tracer at room temperature

under an electric field of 35 kV/cm and 1 Hz frequency.
Figure 6(a) demonstrates that the P–E hysteresis loops become
much slimmer when MnO2 additives are mixed into the
BCZT ceramics. Figure 6(b) depicts the remnant polarization
(Pr) and coercive field (Ec) of the ceramics as a function of the
MnO2 content. According to Fig. 6(b), with increasing the
MnO2 content, Pr has minimum value for pure BCZT, then
increases and reaches the maximum value of 24 μC/cm2 when
y = 0.4 mol%MnO2 co, indicating that the ceramics with y =
0.4 mol% are the easiest to pole. Moreover, further increasing
the MnO2 content beyond 0.4 mol% causes sudden drops in
the Pr values, which can be attributed to MnO2 segregation at
boundaries which inhibits the movement of domain walls. In
addition, it can be observed that Ec of the ceramics markedly
decreases from 0.58 kV/mm at y = 0 mol%MnO2 to 0.42 kV/
mm at y = 0.4 mol% MnO2 contents. The ceramics with y =
0.40 mol% possess a large Pr (24 μC/cm2) and a relatively
small Ec (0.42 kV/mm). The addition of the MnO2 content
affects the polarizability and reduces the Ec values due to the
doping effect and the decrement of the lattice parameters. The
Rietveld refinement results reveal that the presence ofMn ions
induced slight variations in the cell parameters (a decrease in
the cell parameter) and a slight increase in the tetragonality
(the value of c/a from 1. 00026 to 1.0030) as indicated in
Table 2. Considering that the ionic radii of both Zr4+ (r =
0.72 Å) and Ti4+ (r = 0.605 Å) are larger than that of Mn4+

(r = 0.53 Å) orMn3+ (r = 0.58 Å), it is reasonable to sepeculate
that someMn4+ or Mn3+ ions enter B-site of BCZT crystalline
lattice in MnO2-modified BCZT ceramics which leads to a
lattice distortion and an accompanying slight decrease in the
lattice parameters, shown in Fig. 7. A lower Ec value is

Table 1 Properties of BCTZ
system as a function of MnO2

content

MnO2 content (y in %) Pr (μC/cm2) Strain (%) d33 (pC/N) Grain size (μm)

0 11.35 0.130 252 4.00

0.2 22.70 0.120 470 9.80

0.4 24.00 0.195 534 10.40

0.6 19.60 0.155 404 6.40

0.8 16.30 0.152 334 5.20

Table 2 The Rietveld refinement results for the MnO2-doped BCZT ceramics

Content of MnO2 (mol%) 0.00 0.20 0.40 0.60 0.80 1.00

aT(Å) 4.00337 4.00218 4.00186 4.00041 4.0003 –

cT(Å) 4.00441 4.00327 4.00305 4.00286 4.00152 –

cT/aT 1.00026 1.00027 1.00029 1.00061 1.00030

aR (Å) 5.67358 5.66997 5.66755 5.66829

cR(Å) 6.9754 6.94953 6.94143 6.97027

The goodness of fit parameter (χ2) 1.31 1.68 2.13 1.83 1.99 2.16
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advantageous in the fabrication of high-density and low-
operation-voltage sensors and actuators [61]. The ceramic
with y = 0.8 mol% exhibits a relatively large Ec (0.53 kV/
mm) and a small Pr (16.35 μC/cm2), because MnO2 doping is
expected to increase the defect concentration either at the A-
or B-site of the ABO3 lattice, a direct interaction of these
defects with the domain walls is expect [62, 63].

As observed in Fig. 6(b), the piezoelectric constant (d33),
and remnant polarization (Pr) change with the MnO2 content
increases, reaching the maximum values at the same time, and
then droping simultaneously but the Ec showed the opposite
trend. The surprising increase of d33 and Pr and the decreasing
of Ec – values at y = 0.4 mol% MnO2 are related to their

ferroelectric properties. Moreover, the dense microstructure
is also partly responsible for the enhanced piezoelectric prop-
erties observed in this work [64].

Fig. 4 SEMmicrographs of 15/10BCTZ – ymol%MnO2 ceramics sintered at 1300 °Cwith (a) y = 0.0, (b) y = 0.1, (c) y = 0.2, (d) y = 0.4, (e) y = 0.5, (f)
y = 0.6 (g) y = 0.8
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It can be seen in Fig. 8, the piezoelectric response (d33) and
grain size all changewithMnO2 content, reaching a maximum
value when y = 0.4 mol% and then decreasing as we move
away from y = 0.4 mol%. On the basis of the Avrami model,
Orihara suggested the theory of grain size dependent P-E hys-
teresis loop [65]. The enhancement of the remnant polariza-
tion is due to the increase in grain size as per the relation of f =
[1 − exp(−Gad

3/kT)], where f is the proportion of grains con-
tribution in polarization reverse,Ga is the grain anisotropy en-
ergy density, d is the grain size. Based on the above relation,
the number of grains contributing in polarization reverses in-
creases with the increasing grain size, giving rise to the en-
hancement of the remnant polarization Pr.

Figure 9 illustrates the bipolar electric-field-induced strain
of the BCZT ceramics as a function of MnO2 contents. As
observed in Fig. 9(a), the ceramics all exhibit the typical
butterfly-shaped curve of ferroelectrics and the electric-field-
induced strain of the 15/10 BCTZ ceramics also shows a
strong dependence on the grain size. From Fig. 9(a), the bipo-
lar maximum strain of the ceramics is 0.195%, which is ob-
tained at y = 0.4 mol%, and then significantly decreases from
0.195% to 0.152% with the increasing of the content of

MnO2. Generally speaking, a large electric-field-induced
strain means a large piezoelectric response. The results for
the electric-field-induced strain are consistent with the d33
values, the size of grain and the increament of remenant po-
larization as per the relation d33 = 2Q11. Pr. ε33,

39 where d33 is
the piezoelectric coefficient, Q11 is the electro-strictive coef-
ficient, ε33 is the dielectric constant. Jigong et al.[66] has re-
ported that all the piezoelectric parameters piezoelectric con-
stant d33, electromechanical coupling factor kp, and Smax/Emax

(the dynamical piezoelectric coefficient d*33 ) show reduced
value with grain size reduction.

Since the structural activities of the compositions in the
biphase coexisting regions are strong, the phase transition
from the rhombohedral ferroelectric phase to the tetragonal
phase, as well as ion mobility and polarization, may happen
quickly. This structural transition is very beneficial in enhanc-
ing the strain properties. It can also be seen in Fig. 9(b) that d33
decreases from 534 pC/N to 334 pC/N for the ceramics with
increasing the content ofMnO2 from 0.4 wt% to 0.8 wt%. The
lattice distortion and domain switching induced by electric
field contribute to the measured strain. Meanwhile, only lat-
tice distortion contributes to the d33 value measured by the
quasistatic method. Ec of the ceramics in Figs. 6(b) shows
minimum value with the MnO2 content y = 0.4 mol%, and
the ceramics grain size exhibiting the maximum value (fig. 8)
at the same time; therefore, the domain switches more easily.
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The joint action of lattice distortion and domain switching
results in the largest strain being obtained in the 0.40 mol%
doped - BCZT ceramics. Properties of BCZTwith content of
MnO2 are given in Table 2.

4 Conclusions

BCZT lead-free piezoelectric ceramics with various MnO2

contents were prepared using the conventional solid state
sintering method. The phase structure, microstructure, and
ferroelectric properties of the BCZT ceramics as a function
of the MnO2 content were investigated in this study. The re-
sults demonstrated that the addition of MnO2 content not only
decreased the sintering temperature but also retained the opti-
mum electrical properties. The sintering temperature of BCZT
can be decreased from 1500 °C to 1300 °C with the addition
of 0.4 mol%-MnO2; therefor, the sintering temperature has
reduced by 200 °C than that for pure (15/10) BCTZ ceramics
while showing comparable piezoceramic properties. The co-
existence of tetragonal and rhombohedral phases (MPB) was
identified for the BCZTceramics at y = 0.4 mol%, as con-
firmed by the XRD patterns. Due to the existence of MPB
around y = 0.4%, the optimum electrical properties of d33 =
535 pC/N, and Pr = 24 μC/cm2 were obtained in 0.4 mol%
MnO2 doped BCZT ceramics. The introduction of the diffu-
sion mechanism into BCZT ceramics improved the tempera-
ture stability of the piezoelectric properties, which was useful
in other material systems. MnO2 additives also gave the
piezoceramics the largest grain size, the highest piezoelectric
constant, the best density, and the smallest coercive area.
These findings suggested that adding MnO2 to BCZT ce-
ramics would boost their electrical properties significantly.
The current research found that ( (Ba0 . 85Ca0 . 15 )
(Ti0.90Zr0.10)O3–0.4 mol% MnO2) ceramics with a low
MnO2 content.
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