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A B S T R A C T

Barium titanate doped with calcium and zirconium (BCTZ ) could be used at low temperature to replace lead based piezoelectric ceramics (PZ T). The classical way to 
obtain BCTZ is the solid-state route coupled with conventional sintering, but this step is time-consuming. To reduce the duration of this process, microwave heating 
was used for sintering. It is a fast sintering method and the heating rate was around 200 °C/min in this study. Slightly better electrical properties with finer 
microstructures (d33* = 706 pm/V, grain size about 42.1 ± 14.2 μm) were obtained for samples sintered by microwave heating during 50 min compared to the 
conventional sintering (d33* = 622 pm/V, 22.6 ± 4.4 μm). The main result of this study is that by using mi-crowave heating, the sintering step duration (including 
heating, dwell time and cooling) was drastically reduced: 1.5 h for microwave sintering against 12.5 h for conventional sintering.

1. Introduction

Lead based piezoelectric ceramics have been used in many appli-
cations (sensors, transducers …), especially Pb(Zr,Ti)O3 (PZT). The
scientist community has focused on lead free piezoelectric ceramics
since the toxicity of lead was demonstrated [1,2] and the European
legislations (REACH [3], RoHS [4], WEEE [5]) advocate the replace-
ment of lead based materials by lead free alternatives. For low tem-
perature applications, barium titanate doped with calcium and zirco-
nium has been studied for 10 years [6] and could be a promising
candidate to replace PZT based materials. The composition
Ba0.85Ca0.15Ti0.90Zr0.10O3 (BCTZ) exhibits a high piezoelectric constant,
d33 reaching 620 pC/N [6], but a low Curie temperature (around 83 °C).
The solid state route coupled with conventional sintering has been the
classical way to obtain this ceramic with high piezoelectric properties
[7]. Other synthesis routes such as sol gel [8,9], combustion [10] and
hydrothermal [11,12] methods have also been used but lower electrical
properties were obtained. Conventional sintering is a time-consuming
process to obtain highly densified ceramics. Microwave heating gen-
erally allows decreasing sintering time. However, few articles deal with
the influence of this technic on the electrical properties of BCTZ. Sun
et al. compared samples obtained by solid-state and hydrothermal
routes and sintered by micro-wave [13]. Mane et al. investigated the

effect of conventional and microwave sintering on samples obtained by
the coprecipitation method [14]. The benefit of this sintering process
has also been demonstrated for pure barium titanate [15,16]. Typically,
the d33 piezoelectric constant of BaTiO3 could be improved from 160
pC/N for pellets obtained by conventional sintering to 350 pC/N for
samples obtained by microwave sintering [17].

Thus, the aim of the present work is to study the influence of mi-
crowave sintering on the electrical properties of
Ba0.85Ca0.15Ti0.90Zr0.10O3.

2. Materials and methods

Ba0.85Ca0.15Ti0.90Zr0.10O3 was prepared by conventional solid-state
route using BaCO3 (Alfa Aesar, 99 %), CaCO3 (Alfa Aesar, 99.8 %), TiO2

(Sigma Aldrich, 99 %), and ZrO2 (Sigma Aldrich, 99.99 %) as starting
materials. These powders were mixed in stoichiometric ratios by attri-
tion milling in alcoholic medium during 4 h. The slurry was dried and
then calcined at 1300 °C during 2 h. The calcined powder was attrition
milled once more in alcoholic medium during 4 h. The obtained powder
was compacted into 13 mm in diameter and 2 mm thick pellets by
uniaxial pressing followed by cold isostatic pressing. Samples were
sintered by two sintering methods: conventional and microwave sin-
tering. Conventional sintering (CS) was conducted at 1400 °C for 3 h.
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Concerning microwave sintering (MWS), the same temperature was
chosen and different dwell times (from 5 to 60 min) were applied.
Microwave sintering was carried out by using a microwave generator
(Sairem GMP 20 K SM, 2.45 GHz) that applies a variable power up to 2
kW along a standard WR340 rectangular waveguide (section of 86.36
× 43.18 mm2) equipped with a water circulator and ended by a TE10m
rectangular microwave cavity. The cavity can be tuned in TE10m (m =
4 or 5) modes by setting the length between the coupling iris and the
short circuit piston. The resonance is manually tuned to be maximal
with a stub and the temperature is adjusted by varying the incident
power. The sample was placed into an alumina–silicate thermal in-
sulation box (Fiberfrax Duraboard®) that is microwave transparent. An
annular SiC susceptor was placed all around the sample, into the box, in
order to initiate the microwave heating. The whole assembly was set in
the middle of the cavity. In this study, the cavity was tuned in TE105
mode involving mostly the electric field (E mode). The temperature was
determined by using an infrared pyrometer (Ircon, Modline5, 350–2000
°C) vertically positioned on the top of the cavity and focused directly on
the sample surface.

Experimentally, a power of 200 W was selected to initiate the
sample heating. Then, the sample was heated up by raising the power
up to 400 W to reach the sintering temperature within 7 min. The
temperature was maintained for the selected duration, and the sample
was then cooled down to room temperature (RT) within 3 min by
cutting down the power. The samples density was determined using the

Archimedes method. The microstructures were observed using a scan-
ning electron microscope (Jeol-JCM-6000). The line intercept method
was used for grain size determination. The crystalline structures were
determined by X-Ray diffraction using the Cu-Kα radiation (Panalytical-
X’PERT Pro). Poling was carried out in silicon oil by applying a 3 kV/
mm DC-field at room temperature during 30 min and d33 was measured
24 h later with a piezometer (Piezotest-PM200). The dielectric prop-
erties were measured at 1 kHz on poled samples from 0 °C to 130 °C
with a heating rate of 0.1 °C/min by using a climatic chamber (Vötsch-
VT 4002).

The ferroelectric cycles were measured using a commercial device
(AixPES, Aixact) fitted with a piezo sample older unit (PSU, 25–200 °C)
and a laser interferometer allowing to determine the strain/field pie-
zoelectric cycles. The measurements were carried out at 50 mHz using a
triangular sawtooth signal. The converse piezolectric coefficients d33*
were calculated using a linear fit of the diplacement/voltage curves.

3. Results

3.1. Microstructure and densification

Table 1 summarizes the relative density and the grain size measured
for samples obtained by CS and MWS. A relative density around 94 % of
the theorical density (5.68 g/cm3) was measured for all samples ob-
tained by CS and MWS. Microstructures of BCTZ ceramics sintered by
both technics are shown in Fig. 1. Microstructures with heterogeneous
grain sizes were obtained whatever the sintering method. It is most
probably due to the bimodal grain size distribution observed in the
powder (after the second ball milling). In the ground powder, the grain
size of the first population was around 100 nm and the second around 1
μm. A grain size of 42.1± 14.2 μm was measured on the sample ob-
tained by conventional sintering. Thanks to the microwave sintering, it
was possible to obtain a finer microstructure due to the shorter thermal
treatment times [18]. The grain size increased with the duration of
dwell time from 9.0±0.9 μm for 5 min to 24.1±4.8 μm for 60 min.

3.2. X-ray diffraction

XRD patterns obtained for pellets sintered by both sintering
methods and for different microwave sintering dwell times are shown in

Samples Relative density (%) Grain size (μm)

CS _3H 95.1± 0.4 42.1± 14.2
MWS_5 min 93.4± 1.3 9.0± 0.9
MWS_10 min 93.3± 0.6 11.3± 1.3
MWS_15 min 94.6± 1.0 12.2± 1.8
MWS_20 min 94.1± 0.6 14.9± 2.3
MWS_25 min 94.8± 0.4 16.1± 2.4
MWS_30 min 94.7± 0.8 17.3± 3.0
MWS_40 min 94.8± 0.8 18.4± 3.0
MWS_50 min 94.7± 0.4 22.6± 4.4
MWS_60 min 95.0± 0.6 24.1± 4.8

Fig. 1. SEM images of BCTZ ceramics sintered by MWS at 1400 °C during (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 40, (h) 50 and (i) 60 min, (j) SEM image of a
BCTZ ceramic sintered by CS at 1400 °C during 3 h.

Table 1
Relative density and grain size for samples sintered by CS and MWS for different 
dwell times.

2



Fig. 2(a). All samples exhibited perovskite crystal structure and no
secondary phases were detected. For all the samples, attempts to per-
form structural refinement by a single perovskite phase were un-
successful. Differences concerning the asymmetry of some peaks agree
with the presence of several crystalline structures and similar XRD
patterns can be found in the literature [6,19]. Haugen et al. investigated
the BCT-BTZ system and evidenced that XRD patterns can be fitted only

using a mix of rhombohedral (R3m) and tetragonal (P4mm) structures
[20]. Brajesh et al. evidenced for the coexistence of three phases:
rhombohedral (R3m) + orthorhombic (Amm2) + tetragonal (P4mm)
for the 50BCT-50BTZ composition [21]. They also evidenced that the
amount of these different phases depends on the history of the samples:
XRD patterns were not the same for annealed, stressed or poled sam-
ples. Our results agree well with such a phase coexistence. Indeed, we
observed some modification concerning the asymmetry of the diffrac-
tion peaks by increasing the dwell time of the microwave sintering. For
example, the peaks at 45 ° and at 75 °, corresponding to the (002)/(200)
and (103)/(301)/(310) tetragonal peaks, respectively, are modified
(Fig. 2(b) and (c)). The increase of the dwell time for MWS seems to
affect the amount of each crystalline structure according to the varia-
tion of the intensity of some diffraction peaks. Further experiments are
in progress in order to determine the amount of each phase as a func-
tion of sintering time.

3.3. Ferroelectric and piezoelectric properties

Electrical properties were also investigated by measuring the
Polarization–Electric field (P-E) hysteresis loops (Fig. 3). The coercive
field does not seem to have been affected by the increase of sintering
time (Fig. 4). At the opposite, the remnant and saturation polarizations
increased with the dwell time. The remnant polarization increased from
4.8 μC/cm² to 15.5 μC/cm² for dwell times of 5 and 60 min respec-
tively. The grain growth was thus beneficial for the ferroelectric
properties.

Fig. 2. XRD patterns of samples obtained by CS and MWS. From bottom to top: samples obtained by MWS during 5, 10, 15, 20, 25, 30, 40, 50 and 60 min and by CS
during 3 h. (a) Patterns over the full 2 theta range. (b) Zoom on the (45–46 °) 2 theta range. (c) Zoom on the (74.5–75.5 °) 2 theta range. XRD patterns are indexed as
a tetragonal structure using JCPDS No. 00-005-0626.

Fig. 3. Polarization–Electric field (P-E) hysteresis loops measured at 3 kV/mm
for samples sintered by CS and MWS with different dwell times.

Fig. 4. Ferroelectric properties measured at 3 kV/mm for samples sintered by MWS with different dwell times (the dashed lines show values obtained for the CS
sample).
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Electrical breakdown appeared during the poling step for pellets
sintered by microwave. This phenomenon was due to the stress induced
by the high rates of heating and cooling for microwave sintering. An
annealing at 1000 °C during 1 h in a conventional oven was required to
release the stress inside the samples. After annealing all samples could
be poled by a DC electric field, excepted for the pellets sintered by
microwave with a 30 min dwell time.

The converse piezoelectric constant values have been determined

from the displacement hysteresis loops (Fig. 5). For samples sintered by
conventional method, no annealing was required, and very good pie-
zoelectric properties were measured: d33 = 333±3 pC/N and d33* =
622 pm/V. The evolution of the piezoelectric (direct and converse ef-
fects) properties and the electromechanical coupling factor with the
increase of the dwell time for MWS is presented in Fig. 6.

By MWS, the d33 piezoelectric constant increased with the thermal
treatment duration, reaching 342±19 pC/N for a 50 min dwell time.
Further increase of dwell time (60 min) did not lead to any change of
d33. Surprisingly, a d33 value of 247± 11 pC/N was measured for the
sample sintered by microwave with 30 min of dwell time. This low
value did not follow the trend observed for other durations and can be
explained by the fact that electrical breakdown had happened during
the poling even with the annealing step.

The d33 values obtained for the longer MWS treatments are similar
to those obtained by CS (even slightly higher).

However, due to the fast sintering allowed by MWS, these good d33
piezoelectric constant values could be obtained with a grain size almost
twice as small: 22.6±4.4 μm was measured for the 50 min MWS
samples compared to 42.1±14.2 μm measured for samples obtained

by CS. Grain size does not seem to have much influence on the piezo-
electric constant here.

Concerning the converse piezoelectric constant (d33*), the same
tendency could be observed. Values increased from 589 pm/V to 656
pm/V for dwell times from 5 to 60 min. It has to be noted that the
highest d33* value was obtained for a 50 min dwell time, with 708 pm/
V and then slightly decreased when reaching 60 min (d33* = 656 pm/
V). Moreover, for the converse effect, properties of the MWS samples
are higher than for CS samples, even for sintering durations as short as
15 min. For these properties, grain size seems to be an important
parameter. Further characterizations may be useful to discriminate
among the influence of grain sizes and domain sizes, but these were not
conducted yet.

By increasing the dwell time of MWS, the electromechanical cou-
pling factor was enhanced from 30 % for 5 min to 48 % for 60 min
dwell time. A similar value (48 %) was measured for pellets sintered by
conventional method.

3.4. Dielectric properties and Curie temperature

Dielectric properties were measured for each sample and are pre-
sented Figs. 7 and 8. Relative permittivity and dielectric losses were
measured at 1 kHz and at room temperature. The dielectric losses were
lower than 3.5 % and were not affected by the sintering method nor by
the dwell time. Concerning the relative permittivity, the values de-
creased from 2962 for a 5 min dwell time to 2554 for a 60 min dwell
time.

The Curie temperature was around 80 °C whatever the sintering
method and the dwell time (for MWS). Similar values could be found in
the literature. Wang et al. and Srinivas et al. have measured respectively

Fig. 5. Displacement hysteresis loops measured at 1 kV/mm for samples sin-
tered by CS and MWS with different dwell times.

Fig. 6. Piezoelectric coefficients in direct effect (d33) and converse effect (d33*) and electromechanical coupling factor (kP) of samples sintered by MWS with different
dwell times (the dashed lines show values obtained for the CS sample).

Fig. 7. Temperature dependence of the relative permittivity at 1 kHz for sam-
ples sintered by CS and MWS with different dwell times.
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a Curie temperature of 85 °C [7] and 82 °C [22] for the same material.

4. Conclusion

This study demonstrated that BCTZ piezoelectric ceramics can be
obtained by microwave sintering, thus reducing the thermal treatment
duration (including heating, dwell time and cooling) from 12.5 h down
to 1.5 h. As expected, the sintering method has an influence on the
microstructure of ceramic samples, the microstructure being finer with
MWS than with CS, which is usually deleterious to piezoelectric prop-
erties. However, here microwave sintering allowed obtaining ceramics
with d33 piezoelectric constant as high as those of pellets obtained by
conventional sintering. The converse piezoelectric constant values were
even higher for MWS than for CS. Lead free piezoceramics with high
piezoelectric properties (d33> 330 pC/N) were reported [23–25], but
the present study is the first example of BCTZ ceramics obtained by
combining the solid state route for powder synthesis and microwave
sintering showing so good electrical properties. Moreover, as MWS
leads to samples with finer microstructures better mechanical proper-
ties are expected with this technique.
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