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The effects of the post-calcination grinding on the structural and electrical properties of
Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) lead-free ceramics were investigated. We show that an intense degree of
milling affects drastically the structural homogeneity and deteriorates the electrical properties of the
ceramics. This occurs due to a phase decomposition process mechanically activated by the grinding.
The resulting microstructure consists of BCZT grains, CaTiO3 nanocubes and an amorphous phase rich
in Ba and Ti.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The dominant materials for practical application of piezoelectric
devices are lead-based systems, such as PbZrxTi1-xO3 (PZT) because
of their superior ferroelectric and piezoelectric properties. Due to
the high toxicity of lead, there is an increasing interest in develop-
ing alternative piezoelectric materials, which are lead-free, envi-
ronmental friendly and biocompatible [1–6].
Ba0.85Ca0.15Zr0.1Ti0.9O3 (abbreviated as BCZT) is regarded as one of
the most promising, because of its excellent dielectric, piezoelec-
tric and ferroelectric properties [7–10]. This material displays an
outstanding d33 piezoelectric coefficient, which is noticeably
higher than that of other lead-free piezoelectric ceramics.

The most used technique to fabricate BCZT ceramics is the solid-
state reaction route (SSR). However, the electrical properties of
BCZT ceramics fabricated by SSR are difficult to reproduce. For
instance, samples prepared by this technique have shown notice-
able differences in the position and width of the ferroelectric peak.
While it is generally accepted that the tetragonal-cubic phase tran-
sition (TC) occurs at�95 �C, there is some dispersion in the temper-
ature position of the ferroelectric peak, and TC values as low as
65 �C [11] have been reported. The piezoelectric coefficients also
display great dispersion: d33 values between 200 and 600 pC/N
have been reported in the literature [7,9,11–13]. The dispersion
of electrical properties mainly arises from the complex nature of
the BCZT solid solutions. For instance, it is well known that a
precise control of the stoichiometry of zirconium is necessary to
obtain good properties: TC, the remnant polarization and the d33

coefficient decrease as the Zr content increases from 10% [14].
Grain size also affects the piezoelectric properties, but without
altering TC [9]. In this work, we demonstrate that the post-
calcination grinding is another key parameter for a proper sinter-
ing of BCZT piezoceramics. As far as we know, there are no other
studies on this topic. We show here that an intense milling degree
deteriorates the electrical properties of the ceramics due to the
development of an inhomogeneous microstructure.

2. Experimental procedure

BCZT powder was synthesized from a mixture of BaCO3, CaCO3,

ZrO2 and TiO2 using a planetary ball mill equipment (Torrey Hills
Technologies ND 0.4 L). This powder was milled in a liquid medium
with zirconium balls, dried and calcined at 1300 �C during 4 h.
Then, the calcined powder was divided in half to carry out two dif-
ferent grindings: wet and dry milling conditions. The first one was
performed employing 3 g of powder in 10 ml of alcohol. Both post-
calcination grindings were made with zirconium balls (ball/pow-
der weight ratio = 10) during 6 h. The obtained powders were
mixed with a polyvinyl butyral (PVB) binder solution and then
die-pressed into disks (Ø10 mm � 2 mm). The pellets were sin-
tered at 1400 �C by 6 h.

Crystal structure was analyzed by X-ray diffraction (XRD) using
a Philips X’Pert Pro X-ray diffractometer. The microstructure and
composition was examined by SEM using a FEI Quanta 200 FESEM
Environmental and EDAX detector. For electrical studies, silver
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electrodes were sputtered on both sides of the samples. Dielectric
properties were measured using an LCR meter (QuadTech 7600
plus) attached to a programmable furnace. The d33 coefficient
was measured by a Berlincourt-type d33 meter (KCF technologies,
model PM3001). The poling was performed at room temperature
by applying a field of 2 kV/mm for 30 min.
Fig. 2. XRD patterns of BCZT ceramics prepared with powders milled in liquid
medium (LM), and milled in dry conditions (DM). The pellets were sintered at
1400 �C for 6 h.
3. Results and discussion

Fig. 1 shows X-ray patterns and SEM images of calcined pow-
ders with different grinding treatments: non-milled powder
(NM), milled in liquid medium (LM), and milled in dry conditions
(DM). All powders show perovskite structure with the presence
of small amounts of secondary phases. The NM powder (Fig. 1b)
displays an average particle size of 300 nm with the typical forma-
tion of sintering necks between particles. The powder milled in liq-
uid medium displays a similar particle size but the necks were
broken by the grinding (Fig. 1c). Fig. 1d shows that the milling in
dry conditions reduces the particle sizes. Particles with dimensions
smaller than 100 nm are observed. This refinement in particle size
is also reflected in the broadening of the X-ray diffraction peaks.

Fig. 2 shows X-ray patterns of ceramics fabricated with LM and
DM powders. The thermal treatment stabilizes a single perovskite
phase in the LM sample (the secondary phases observed in the
powder are not detected in the ceramic). The situation is different
however for the DM sample where the impurity peaks, detected in
Fig. 1. (a) X-ray patterns of calcined powders with different grinding treatments: non-m
images of the BCZT powders: NM (b), LM (c) and DM (d).
the calcined powders, remain after the sintering process. These
peaks at �33�, 47.5�, and 59� are assigned to CaTiO3. Even more,
at low angles the pattern shows a small hunchback background
indicating the presence of amorphous phase.
illed (NM), milled in liquid medium (LM), and milled in dry conditions (DM). SEM
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Fig. 3a shows the temperature dependence of the dielectric con-
stant for the LM and DM ceramics. The corresponding losses (not
shown here) are all below 3%. It is clear that TC depends on the
grinding process of the calcined powders. While the LM sample
displays a phase transition peak at �96 �C, the DM sample shows
Fig. 3. (a) Temperature dependence of the dielectric constants of BCZT ceramics fabricat
The data were taken during the heating process of the thermal cycle. (b) Polarization hy

Fig. 4. SEM images showing surface morphologies of BCZT ceramics sintered with pow
analysis for the regions identified in (a) and (b).
a shift of the ferroelectric peak towards the low-temperature
region (the maximum occurs at �40 �C). The peak becomes wider
and displays signatures of a relaxor-like behavior. Room-
temperature polarization hysteresis curves are shown in Fig. 3b.
The effect of the grinding is also remarkable: the LM sample shows
ed with powders milled in liquid medium (LM), and milled in dry conditions (DM).
steresis loops of the ceramics measured at 50 Hz.

ders milled in liquid medium (a), and milled in dry conditions (b and c). (d) EDX
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a well-developed and broad ferroelectric loop while the DM cera-
mic presents a smaller loop. The remnant polarization is about half
of the LM one. Regarding the piezoelectric response, the d33 coeffi-
cient measured for the LM ceramic (380 pC/N) is significantly
higher than that of the DM sample (90 pC/N).

SEM of the surface samples shows that while the LM ceramic
displays a dense microstructure with a bimodal grain size distribu-
tion (Fig. 4a), the DM sample shows structural inhomogeneity
(Fig. 4b). Three different regions can be distinguished: (1) grains
similar to the ones observed in the LM sample, (2) small dark
cubes, and (3) regions of irregular shape. The low magnification
image of Fig. 4c shows that these inhomogeneities are distributed
throughout the surface of the sample. We present in Fig. 4d the
results of EDX analysis of the regions. The elementary composition
analysis and the X-ray pattern shown in Fig. 2b allow us to con-
clude that BCZT grains, amorphous regions rich in Ba and Ti, and
CaTiO3 nanocubes coexist in the DM sample. It is interesting to
note that the two additional phases have low zirconium content
and, therefore, the remaining BCZT phase turns out to be rich in
Zr. This explains the shift to lower temperatures and the relaxor
behavior reported in Fig. 3a. The high Zr content also explains
the worsening of ferroelectric and piezoelectric properties [14].

In summary, the electrical properties of BCZT ceramics depend
strongly on the grinding intensity of the calcined powders. We
have checked that the reported features also hold for ceramics sin-
tered for longer dwell time (12 h) or at higher temperature
(1500 �C). It was also verified that the effects produced by the
dry milling cannot be attributed to the wearing of the ZrO2 balls.
Finally, we note that the condition of dry milling used in this work
should be considered as an extreme case, chosen to maximize the
grinding effects on material properties. Given that the intensity of
grinding depends on the powder/liquid ratio, this ratio should be
as low as possible. If this is not accomplished, the secondary phases
observed in this study could be present but to a lesser extent, even
without being detected in X-ray patterns.

4. Conclusions

We show that the grinding intensity of calcined BCZT powders
is a key parameter for proper sintering of ceramics. A high energy
milling deteriorates the piezoelectric response due to the develop-
ment of an inhomogeneous microstructure, which is originated
from a mechanically induced phase decomposition process. The
resulting microstructure consists of BCZT grains rich in Zr, CaTiO3

nanocubes and an amorphous phase rich in Ba and Ti. Post-
calcination grinding is a necessary step to manufacture dense
ceramics, since sintering necks can generate pores. In BCZT, the
milling must be performed in abundant liquid medium to prevent
the activation of unwanted phases.
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