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ARTICLE INFO ABSTRACT

Keywords: Different stoichiometries of lead-free BaZrg 2Tip gO3—Bag 7Cap 3TiO3 (BCZT) prepared by mechanosynthesis and
Lead-free piezoceramics sintered by either conventional sintering (CS) or hot pressing (HP) techniques were studied to establish the
BCZT dependence of piezoelectric and dielectric properties on sintering parameters and microstructure. All synthesized
Mechanosynthesis

stoichiometries showed a pseudocubic perovskite phase with homogeneously distributed A- and B-cations in the
structure. The BCZT retained the pseudocubic symmetry after sintering and an average grain size <1.8 um was
obtained in all cases. HP sintering hindered the secondary phase segregation observed in the CS ceramics and
increased the relative density. Piezoelectric coefficients (ds3) ranging from 5.1 to 21 pC/N and from 10.0 to 88.0
pC/N were obtained for CS and HP ceramics, respectively, despite the pseudocubic symmetry and the fine grain
size. The higher dss values for the HP ceramics are a consequence of the higher density, better chemical ho-
mogeneity and lower sintering temperature and time required for the mechanosynthesized BCZT powders with

Piezoelectric properties
Dielectric properties

high sintering activity.

1. Introduction

To date, lead zirconate titanate (PZT) has been one of the main
piezoceramics used in actuators and other electromechanical devices
due to its high piezoelectric (d33) and electromechanical coupling (ks3)
coefficients, which are in the range of 200-600 pC/N and 0.6-0.8,
respectively [1]. However, the high toxicity of lead is a limitation due to
growing environmental concerns worldwide. Therefore, the search for
alternative environmentally friendly materials that retain the properties
required for technological applications is one of the hot topics in ma-
terials science.

In 2009, Liu and Ren [2] proposed the BTZ-BCT (or BCZT) system (Ba
(Tig.gZro.2)03-(Bag 7Cag 3)TiO3) with d3s ~ 620 pC/N at optimal
composition as a real lead-free alternative to PZT [3-6] and it was
highlighted the importance of searching for systems with morphotropic
phase boundaries (MPB) [7,8]. In the case of the BCZT system, the high
piezoelectricity comes from the existence of a
cubic-rhombohedral-tetragonal (C-R-T) triple point in the phase dia-
gram that induces a very low energy barrier for polarization rotation and
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lattice distortion in compositions close to the MPB region, where dis-
similar ferroelectric domains coexist [9,10]. Consequently, stoichiom-
etry plays a key role in maximizing the piezoelectric response of these
ceramics [11].

In addition, the microstructure of sintered BCZT is also of great
importance. Fine-grained ceramics are interesting because mechanical
properties can be improved, but for BCZT piezoceramics, the grain size
effect is an issue as smaller grains lead to a reduction in piezoelectric
properties [4-6]. In studies regarding (Bag.g5Cag.15)(Zro.10Tip.90)O3 ce-
ramics, Hao et al. [12] reported a decrease in d33 from ~470 to ~72
pC/N for grain sizes from 10 to 0.4 um, and Coondoo et al. [4] reported a
decrease from 345 to 39 pC/N for grain sizes of 27 and 1.5 um. In the
study by Yan et al. [5], 0.4Ba(Zry 2Tip.8)03-0.6(Bag 7Cap.3)TiO3 ceramics
with grain sizes ranging from 2 to 24 um were studied and a critical grain
size of ~ 12.9 um was identified, as significant decreases in permittivity
and dgzs piezoelectric coefficient were observed in ceramics with smaller
grain sizes.

On the other hand, BCZT ceramics may exhibit abnormal grain
growth with grain sizes typically larger than 10 um [4,13-15] with
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Stoichiometry and nomenclature of the BCZT samples obtained by mechanochemistry, annealed at 900 °C and further sintered by conventional method (CS) and hot
press (HP) for the different x values in the system (1-x)BaZrg »Tip gO3—(x)Bag 7Cag 3TiO3.

x Stoichiometry Milled Annealed samples CS HP
samples samples samples
0.4 Bag.gsCag.1221r0.12Ti0.8803 BCZT—-04 900-BCZT—04 CS-BCZT—-04 HP-BCZT—04
0.45 Bag.g65Ca0.135Z1'0.11Tio.8903 BCZT—-045 900-BCZT—045 CS-BCZT—045 HP-BCZT—-045
0.5 Bag g5Cag.15Zro.1Tio.003 BCZT—05 900-BCZT—05 CS-BCZT—05 HP-BCZT—05
0.55 Bay g35Ca0.165Z1'0.09Ti0.0103 BCZT—055 900-BCZT—055 CS-BCZT—055 HP-BCZT—055
0.6 Bag 52Cag.18Zr0.08Ti.0203 BCZT—06 900-BCZT—06 CS-BCZT—06 HP-BCZT—06

inhomogeneous microstructures because of the high sintering temper-
atures usually required to densify the ceramic powders obtained by
conventional routes, such as the solid-state method [4,14,15]. This
could hinder their application in microelectronics, where it is essential
that the ceramics have dense, homogeneous, and fine-grained micro-
structures to maintain mechanical strength and improve reliability.
Thus, considerable efforts are being made in several research groups to
achieve a microstructural refinement in BCZT while avoiding a signifi-
cant degradation of the piezoelectric performance.

The use of non-conventional sintering techniques, such as Spark
Plasma Sintering (SPS) [12,13,16] or Flash Sintering (FS) [17], has been
proposed to refine the BCZT ceramic microstructure. In the study by Hao
etal. [12], spark plasma sintering of powders obtained by the solid-state
method resulted in submicrometric grain sizes of ~ 0.4 pm for
(Bag.g5Cao.15)(Zro.10Tio.90)O3 ceramics with a dss of 72 pC/N. Recent
studies have combined these non-conventional sintering techniques
with a high-energy powder mechanosynthesis route. In the study by
Lépez-Blanco et al. [17] d3z of 100-145 pC/N were obtained for
flash-sintered (Bag gsCag.15)(Zrg.10Tip.90)O3 ceramics with grain sizes of
~ 2 um, however, lower dss values, between 17 and 45 pC/N, were
reported for spark plasma sintered ceramics of the same composition
with smaller grain sizes (~ 1-2 um) [16].

Nevertheless, conventional sintering techniques may be simpler,
more scalable, and cost-effective than SPS or FS, and when combined
with powder processing routes that provide highly reactive powders,
such as sol-gel or mechanosynthesis, could also provide fine-grained
BCZT ceramics. For example, in the study by Yan et al. [5], the appli-
cation of a two-step sintering method to powders synthesized by a
combination of the conventional solid-state reaction and high-energy
milling resulted in ceramics with a grain size of 2 um that maintained
a ds3 value of 120 pC/N. However, in the study by Coondoo et al. [4],
conventional sintering of highly reactive powders synthesized by sol-gel
resulted in ceramics with a grain size of 1.5 ym, but a decrease in the dss
coefficient to 39 pC/N was reported. In any case, the strong dependence
of the piezoelectric properties of BCZT ceramics on the composition,
structure, and microstructure, which in turn are highly dependent on the
synthesis and sintering methods employed, means that a wide range of
dss values for this system can be found in the literature.

In this study, (1-x)BaZrg 2Tig gO3-(x)Bag 7Cag.3TiOs powder phases
with different stoichiometries selected within the MPB region were ob-
tained by mechanosynthesis. The mechanochemical process is an energy
and time efficient and convenient method for the preparation of BCZT
compared to thermal based methods. In addition, it is a dry and solvent-
free process and therefore has the advantage over other more compli-
cated solution-based processes, such as Pechini and sol-gel methods, of
producing no waste during preparation, which is an additional benefit
from an environmental point of view. Mechanochemistry is character-
ized by its relative simplicity, scalability and minimal use of expensive
materials. The ceramic powders were then consolidated by conventional
sintering in a furnace at 1450 °C/4 h or by hot pressing at 1400 °C/1 h
and 30 MPa, after thermal treatment at 900 °C/1 h. The crystal structure
was determined by X-ray diffraction using Rietveld refinement, and the
microstructural features were analyzed by scanning and transmission
electron microscopy. The dependence of piezoelectric and dielectric
properties on sintering parameters and microstructure was studied.

2. Materials and Methods

A set of samples belonging to the system (1-x)BaZrg sTiggOs—(x)
Baj 7Cag 3TiO3 (BCZT) with x = 0.4, 0.45, 0.5, 0.55 and 0.6 were syn-
thesized by mechanochemistry in a high-energy planetary mill (Micro
Mill Pulverisette 7, Fritsch). Stoichiometric mixtures of barium peroxide
(BaOy, CAS Number 1304-29-6, Aldrich, 95 % in purity); calcium oxide
obtained from calcination at 1000 °C/3 h of calcium carbonate (CaCOs,
CAS Number 471-341, Aldrich, 98 % in purity); zirconium (IV) oxide
(ZrOg, CAS Number 1314-23-4, Aldrich, 99 % in purity) and titanium
(IV) oxide (TiO2, CAS Number 13463-677, Aldrich, 99.5 % in purity).
Although BaCO3 and CaCOs are commonly used in powder synthesis
from thermal processes, they cannot be used directly as reagents in
mechanochemical processes because their decomposition and removal
of CO3 cannot be induced during milling, even under high energy con-
ditions. It is possible to use BaO; as a Ba precursor, but there is no similar
commercial product of sufficient chemical quality for Ca, so it was
necessary to thermally decompose CaCOgs prior to milling and use it
quickly to carry out the mechanochemical synthesis to avoid hydration
and carbonation.

The stoichiometric mixtures of reactant powders to obtain 5 g of each
sample were placed in a 60 mL tempered steel vial (inner diameter =
45 mm) together with six tungsten carbide (WC) balls (@ = 15 mm and
m = 26.4 g, ball-to-powder ratio (BPR) equal to 28) and subjected to a
rotational speed of the supporting disk of 600 rpm for 120 min. The
milling time was previously optimized by stopping the process at
increasing intervals (every 15-30 min) and inspecting the product by X-
ray diffraction (XRD) until full conversion of the designed samples was
achieved. To avoid contamination of the obtained powders with the
milling media (Fe or WC), a first sample batch was prepared and dis-
carded, so that for the following batches the walls of the jar and the balls
were protected with the composition system. Subsequently, the powder
samples obtained by mechanosynthesis were thermally treated at 900
°C/1 h in order to homogenize the powder prior to the sintering treat-
ment. The nomenclature and stoichiometry of each sample are presented
in Table 1.

The powder of each sample was conformed into a 15 mm disc and
pressed at 15 ton for 10 min using a uniaxial press and densified using
two different sintering methods. A conventional sintering (CS) by ther-
mal treatment at high temperature (1450 °C/4 h) in atmospheric air
(heating and cooling rates of 5 °C/min) in a tubular furnace, and a hot-
press sintering (HP) at 1400 °C/1 h in vacuum at a pressure of 30 MP
(heating and cooling rates of 6 and 10 °C/min, respectively) in a Ter-
molab HP2500 equipment. The bulk density of the sintered ceramics
was measured by the Archimedes method using distilled water and the
relative density was calculated from the theoretical density values.

Phase analysis and crystal structure were analyzed from XRD pat-
terns collected using Cu Ka radiation on an X’Pert Pro MPD instrument
(PANalytical) equipped with a 6/0 goniometer, a graphite-diffracted
beam monochromator and a solid-state detector (X Cellerator). The
diffraction patterns were scanned from 10 to 120° (26) in step-scan
mode with a step size of 0.017° and a counting time equivalent to
500 s/step. The diffraction line positions were corrected with silicon
powder (Standard Reference Material 640c, NIST). The X'Pert HighScore
Plus software (version 3.0.5, PANalytical) was used for line profile,
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Fig. 1. XRD patterns of the different BaO,/CaO/ZrO5/TiO, powder mixtures
after 120 min of milling where the formation of a perovskite phase with cubic
symmetry is observed.

crystallographic and Rietveld refinement analysis.

The morphology of the sintered samples was analyzed by scanning
electron microscopy (SEM) on fracture surfaces after thermal revealing
at 150 °C below the sintering temperature for 20 min. To prevent elec-
trical charge, the samples were coated with a gold layer. Secondary and
retro-dispersed electron images were obtained on an S-4800 field
emission gun (FEG) microscope (Hitachi, Japan) at an accelerating
voltage of 2 kV. Chemical homogeneity was confirmed through energy
dispersive X-ray spectroscopy (EDS) by means of a Bruker detector
coupled to the SEM microscope using an acceleration voltage of 20 kV.
Chemical mappings and semiquantitative analysis were performed in
multiple areas of the samples. The planar grain size was estimated as the
equivalent planar diameter, d = 2(area/r)"/?
measured to obtain the average value.

Microstructural characterization of sintered discs was also performed
using transmission electron microscopy (TEM) and related techniques.
Two different equipment were used: TECNAI FEG microscope (model G2
F30 S- twin, FEI Company) (0.2 nm point resolution) working at 300 kV
with scanning-transmission capabilities (STEM) and TALOS™ F200S G2
S/TEM scanning/transmission electron microscope (STEM) Remote
Control (FEI High-resolution), working at 200 kV and equipped with a
high-angle annular dark-field (HAADF) detector, a high stability FEG
emitter (point resolution 0.25 nm), an analytical objective lens with
constant power and automated objective aperture and a Super-X 2SDD
EDX system that includes two silicon drift detectors. The elemental
mapping experiments were performed by combining HAADF and EDS
acquisitions in STEM mode and were accomplished with the VELOX
software (FEI Europe). HR micrograph analysis, lattice parameters,
interplanar spacing, fast Fourier transform (FFT) and phase interpreta-
tion were done with the Gatan Digital micrograph software (Gatan Inc.)
and the Java version of the Electron Microscope Software (JEM, Japan).

Poling of sintered ceramics was carried out in a silicon oil bath at 100
°C under a DC electric field of 4 kV/mm for 30 min using a high voltage
power supply (+30 kV/2 mA) supplied by PolyK (PA, USA). The electric
field was maintained until the sample reached 30 °C. The piezoelectric
coefficient (dss) was measured in a Berlincourt piezo d33 meter equipped
with a static force sensor from PolyK (PA, USA). The permittivity was
measured at room temperature before poling using an SES Instrument
Model DEC-01 (SES Instruments Pvt Ltd, Roorkee, India).

. At least, 100 grains were
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Table 2

Lattice parameter of the BCZT perovskite phase obtained by mechanochemistry,
annealed at 900 °C and further sintered by conventional method (CS) and hot
press (HP) for the different x values in the system (1-x)BaZrgTipgO3—(x)
Bag 7Cag 3TiO3 assuming a pseudocubic crystal structure.

X Lattice parameters, A
Milled samples Annealed samples CS samples HP samples
0.4 4.025(1) 4.0235(4) 4.0274(1) 4.0250(1)
0.45 4.023(1) 4.0186(6) 4.0193(1) 4.0210(1)
0.5 4.020(1) 4.0159(4) 4.0241(1) 4.0192(1)
0.55 4.014(1) 4.0107(5) 4.0073(1) 4.0111(1)
0.6 4.011(2) 4.0053(6) 4.0069(1) 4.0062(1)

3. Results and discussion

Fig. 1 shows the XRD patterns of the samples obtained by milling the
different stoichiometric reactant mixtures under the experimental con-
ditions described above. The patterns indicate the presence of a perov-
skite phase in all samples, suggesting the formation of the solid solution
in the BCZT system with homogeneously distributed A- and B-cations in
the crystal structure. In addition, a small amount of BaCO3 was
observed, which was already present as a secondary phase in the BaOy
reactant. It is important to note that the high-energy mechanochemical
process used in this study allowed the BCZT perovskite phase to be
obtained in a shorter time compared to previous works [6,17,18]. Note
that BaO, is a highly reactive compound and favors the mechano-
chemical process. In addition, oxygen is released during the mechano-
chemical reaction, so the milling process is performed in an oxygen-rich,
over-pressurized, closed atmosphere.

Furthermore, the significant broadening of the XRD diffraction peaks
in Fig. 1, which indicates the presence of small crystalline domains and a
high density of defects due to the high energy intensity milling regime,
did not allow resolving the actual crystal structure of the perovskite
phase, and a cubic or pseudocubic phase (space group Pm-3 m) was
observed. The corresponding (h k1) planes are marked in Fig. 1. Previous
studies have reported similar observations when synthesizing other
perovskite materials under comparable mechanochemical conditions,
and the true structure was resolved only after thermal treatment at high
temperature [19-22]. The lattice parameters for the different BCZT
samples were calculated and similar values were obtained as shown in
Table 2. Only a slight decrease in the cell parameter was observed with
increasing x value (corresponding to decreasing and increasing contents
of Zr and Ca, respectively). Coherent diffraction domains of approxi-
mately 18 nm were determined from the full-width at half-maximum
(FWHM) values of the diffraction peaks.

After annealing at 900 °C, the BaCO3 impurity phase disappeared (all
Ba was incorporated into the solid solution) and the broadening of the
XRD diffraction peaks was slightly reduced (diffraction domains of
about 25 nm), but the pseudocubic crystal structure was retained. The
XRD patterns in Fig. 2 are consistent with a perovskite BCZT single phase
with any other secondary phase. The lattice parameters of the annealed
BCZT samples (Table 2) exhibited the same trend of slight decrease with
increasing x value, as evidenced by the shift of the XRD peaks to higher
angles, which is more clearly observed by enlarging the 30-33° (26)
region of the (110) peak (Fig. 2). As mentioned above, as the x value
increases, the amount of Zr*" (ionic radius = 0.72 pm) replacing Ti*"
(ionic radius = 0.605 pm) in octahedral coordination decreases, while
the amount of Ca®' (ionic radius = 1.34 pm) replacing Ba®" (ionic
radius = 1.61 pm) in 12-fold coordination increases. Therefore, both
substitutions in the A- and B-positions of the perovskite structure are
consistent with a smaller cell volume at higher x values and confirm the
formation of the BCZT solid-solution.

The XRD patterns of the ceramic samples after conventional and hot-
press sintering are shown in Figs. 3 and 4, respectively, where the BCZT
phase with perovskite structure is observed. However, samples CS-
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Fig. 2. XRD patterns of the different BCZT samples obtained by mechanochemistry after the annealing at 900 °C.
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Fig. 3. XRD patterns of the different BCZT ceramic samples densified by conventional sintering. (e) Secondary phase with A4B30;( crystal structure.

BCZT-06 and CS-BCZT-055 show the presence of a non-negligible
amount of a secondary phase with chemical formula A4B30;¢ and
Ruddlesden-Popper structure with n=3 (Ap11B;03,4+1, where nABO3
perovskite and 1-AO rock salt layers alternately are stacked along the c-
axis). Phase quantification by Rietveld refinement revealed an A4B301¢
content of ~ 23.5 and 20.5 % for CS-BCZT-06 and CS-BCZT-055,
respectively. The same secondary phase was also observed in HP-BCZT-
045, but to a lesser extent (~ 6.0 %). Although not observed in Figs. 3
and 4 due to the y-axis intensity, a secondary phase with A;BO4 formula

and Ruddlesden-Popper structure with n=1 was also detected in CS-
BCZT-05, HP-BCZT-06, HP-BCZT-055 and HP-BCZT-04 samples, but
always in a minor proportion (< 3 %). These secondary phases, mainly
observed in BCZT samples with higher Ca content, may be formed due to
the high-temperature treatment and the presence of local chemical in-
homogeneities. It is clear that hot-press sintering better prevents
possible secondary phase segregation during processing in the mecha-
nochemically synthesized powders.

It is known that BCZT samples with chemical compositions similar to
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Fig. 4. XRD patterns of the different BCZT ceramic samples densified by hot-press sintering. (@) Secondary phase with A4B301¢ crystal structure.
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Fig. 5. XRD patterns of the different BCZT sintered samples in the 90-94° (20) region corresponding to the (321) diffraction line with pseudocubic symmetry. The
Ka, peak was stripped.
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Fig. 6. (a) SEM micrograph of the BCZT-06 milling powder and (b-f) SEM images from all BCZT samples after treatment at 900 °C/1 h.

those studied in this work are in the MPB region, and the presence of
orthorhombic, tetragonal and even rhombohedral phases at room tem-
perature has been frequently reported [7,23,24]. However, the BCZT
perovskite phases shown in Figs. 3 and 4 exhibit a crystal structure more
compatible with pseudocubic symmetry after sintering. XRD peak
splitting was not observed in these patterns, even in the high-angle re-
gion, probably indicating the presence of misoriented crystal domains
with small local structural distortions leading to global pseudocubic
symmetry. For example, in the region of the (321) diffraction line for
pseudocubic symmetry (90-94° (20) range), a multiplet XRD peak is
expected in a rhombohedral, orthorhombic or tetragonal structure.
However, in Fig. 5, which shows the XRD pattern in this region (with the
Kay peak stripped for clarity), a unique and nearly symmetrical peak is
observed for both sintered sample sets. Furthermore, the broadening of
this diffraction line is not large enough to conclude unequivocally that it
was formed by multiple peaks. Moreover, for the HP samples (Fig. 5), a

continuous shift of the XRD peak position as a result of the different
chemical composition of the BCZT solid solution was observed. How-
ever, for the CS samples, this shift was not so straightforward due to the
presence of the secondary phases mentioned above, which modified the
final chemical composition of the BCZT solid solution.

Although examples can be found in the literature where XRD pat-
terns such as those shown in Figs. 3 and 4 are analyzed assuming a
mixture of phases corresponding to the MPB region, the truth is that
good Rietveld refinements can be obtained assuming the presence of a
single phase or different mixtures of them with slight differences in
lattice parameters and contents, and the choice of the correct solution
cannot be reached in an unambiguous way without further character-
izations and evidence. For all these reasons, it was considered more
convenient to index the XRD patterns in Figs. 3 and 4 assuming a
pseudocubic structure, and the lattice parameters obtained are pre-
sented in Table 2. Several studies have already shown that BCZT ceramic
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Fig. 7. BS-SEM images of the conventional (CS) and hot press (HP) sintered BCZT samples; the average grain size is inset in each image.
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samples with fine-grained microstructure exhibit pseudocubic symme-
try by XRD while retaining ferroelectric character [4,13,17].

The mechanochemically synthesized powders were analyzed by SEM
technique, and a microstructure characteristic of a high-energy
mechanosynthesis process was observed in all samples. As an example,
Fig. 6a shows an SEM micrograph corresponding to the BCZT-06 sam-
ple, which consists of large agglomerates formed from very small par-
ticles. After heating these powder samples at 900 °C/1 h, a very similar
morphology was found, although a slight increase in size can be
observed (Fig. 6b—f) and the small particles are clearly visible with a
grain size below 50 nm.

The morphology of all the sintered samples is presented in Fig. 7,
where the SEM micrographs of the fracture surface were taken in back
scattered mode to better observe the differences in composition. The
micrographs show a very small amount of close porosity, indicating a
highly dense microstructure, especially for the HP-BCZT samples
(Table 4). The average grain size is shown in each SEM image and also in

Table 4. It is worth noting that despite the high temperature of
1400-1450 °C used in both sintering procedures, a fine-grained micro-
structure was obtained. It has already been shown that high-energy
mechanochemistry can produce powders with higher sintering activ-
ity, allowing high densification to be achieved without sintering addi-
tives, even in systems that require them [25]. For the CS-BCZT samples,
grain size increases very slightly with the x value, from 1.12 to 1.52 um.
The largest average particle size was observed for the HP-BCZT-06
sample (1.76 um), decreasing to 1.29 um for HP-BCZT-055 and
remaining around one pum for the other HP samples. The cumulative
frequency (%) as a function of grain size (um) of each sintered BCZT
sample is displayed in Fig. 8. The same trend can be observed in the CS
and HP curves, with a large slope below 1.5 um indicating a small
dispersion in the grain size values, founding a very small percentage of
crystals with a size above 2 um.

In the SEM micrographs in Fig. 7, some small areas of much darker
contrast were observed, mostly around the residual porosity, and were

Table 3
Average chemical composition results obtained in different areas by EDS semiquantitative analysis in the SEM microscope.
Sample Different areas Ba (at%) Ca (at%) Zr (at%) Ti (at%)
CS-BCZT—-04 General (theoretical) 43.75 (44.00) 6.04 (6.00) 4.41 (6.00) 45.79 (44.00)
BCZT 43.75 6.04 4.41 45.79
Darker contrast phase - - - -
HP-BCZT-04 General (theoretical) 44.16 (44.00) 6.28 (6.00) 4.25 (6.00) 45.31 (44.00)
BCZT 44.37 6.06 4.06 45.51
Darker contrast phase 29.80 25.46 0.83 43.92
CS-BCZT—-045 General (theoretical) 43.57 (43.25) 7.43 (6.75) 3.80 (5.50) 45.20 (44.50)
BCZT 43.33 7.78 3.25 45.63
Darker contrast phase 34.58 17.19 2.65 45.59
HP-BCZT—-045 General (theoretical) 43.60 (43.25) 8.32 (6.75) 4.73 (5.50) 43.36 (44.50)
BCZT 44.25 6.70 4.02 45.03
Darker contrast phase 27.85 24.38 1.13 46.64
CS-BCZT—-05 General (theoretical) 42.27 (42.50) 7.31 (7.50) 4.68 (5.00) 45.74 (45.00)
BCZT 42.93 6.67 4.30 46.17
Darker contrast phase 31.75 18.14 2.59 47.53
HP-BCZT—-05 General (theoretical) 42.84 (42.50) 7.62 (7.50) 3.44 (5.00) 46.10 (45.00)
BCZT 42.81 7.17 3.49 46.53
Darker contrast phase 24.67 29.75 0.18 45.40
CS-BCZT—-055 General (theoretical) 42.03 (41.75) 8.24 (8.25) 3.87 (4.50) 45.86 (45.50)
BCZT 42.00 8.09 3.34 46.68
Darker contrast phase 31.53 19.85 2.23 46.39
HP-BCZT—-055 General (theoretical) 41.65 (41.75) 8.14 (8.25) 3.91 (4.50) 46.30 (45.50)
BCZT 42.16 5.95 6.18 45.72
Darker contrast phase 18.16 32.05 0.74 49.05
CS-BCZT-06 General (theoretical) 40.99 (41.00) 8.93 (9.00) 3.54 (4.00) 46.54 (46.00)
BCZT 41.83 9.10 2.45 46.62
Darker contrast phase 26.31 23.35 1.85 48.49
HP-BCZT—-06 General (theoretical) 41.01 (41.00) 8.71 (9.00) 3.62 (4.00) 46.65 (46.00)
BCZT 42.03 8.35 3.48 46.13
Darker contrast phase 37.07 15.70 1.40 45.84
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a

Fig. 9. HAADF/EDS, HRTEM and FFT results of the CS-BCZT-04 sample, (a)
HAADF image and elemental mapping of the same region, (b and ¢) HRTEM
micrograph along the [0 1 1]. zone axis and the corresponding FFT.

determined by EDS to have a composition characterized mainly by a
richer Ca content compared to the BCZT stoichiometry. These zones
were associated with the secondary phases A4B30;¢ and A3BOg4, in
agreement with the XRD results. However, in some sintered samples, the
extension of the darker contrast areas could not be explained by a
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secondary phase content of only about 3 % (or less) as determined by
XRD. In these cases, the darker contrast could be associated with a
different chemical composition of the cations in the BCZT phase, while
maintaining the same perovskite structure.

The average chemical composition of BCZT and secondary phases
was determined by semiquantitative EDS analysis performed on several
small localized areas and the values obtained were compared with the
overall composition obtained on much larger areas. The results are
summarized in Table 3. In general, similar Ba and Ca contents were
observed in the darker contrast areas, which were also poorer in Zr
compared to the BCZT stoichiometry. At this point, it should be noted
that for all samples and compositions the Ba atomic percentage was
underestimated, while that of Ti was overestimated, due to the fact that
the lines of both elements overlap in the energy emission spectrum,
however, the presented results were corrected using a barium titanate as
a standard for the Ba/Ti ratio measurement.

The microcharacterization of the sintered crystals from a structural
and compositional point of view was carried out using ESTEM/EDS, ED
and HRTEM techniques and representative results are presented for CS-
BCZT-04 (Fig. 9) and HP-BCZT-055 samples (Fig. 10). Several areas of
CS-BCZT-04 sample were analyzed using HAADF/EDS and the results
obtained indicate that the four constituent elements (Ba, Ca, Zr and Ti)
of the BCZT phase are homogeneously distributed; as an example, the
HAADF image of a crystal and the corresponding elemental mappings of
Ba, Ca, Zr and Ti are presented (Fig. 9a). The HRTEM/ED study showed
quite ordered crystals, all the micrographs, and their corresponding
FFTs along different zone axis could be indexed to cubic symmetry,
space group Pm-3 m (121) and cell parameter equal to 0.399 nm. Fig. 9b,
c show a HR image and the corresponding FFT taken along the [0 1 1]c
zone axis, the (1 0 0) spacing is marked on the image and FFT.

The study of HP-BCZT-055 sample by HAADF/EDS is shown in
Fig. 10a and b. Most of the analyzed areas exhibited Ba, Ca, Zr and Ti
elemental mappings with homogeneous composition (Fig. 10a), how-
ever, some areas were also observed where the amount of Ca is greater
(Fig. 10b). This result is in agreement with that obtained by SEM/EDS
for the same sample. From the HRTEM analysis, it was understood that
this sample is composed of many crystals with cubic symmetry like CS-
BCZT-04 sample. However, a few crystals with non-cubic microdomains
were found, as an example shown in Fig. 10c. This crystal was indexed in
a tetragonal system, P4mm (99) space group, and oriented along the [0 1
0] zone axis (FFT in Fig. 10d). It exhibits very well-ordered features and
cell parameters of a=0.4064 nm and ¢=0.4127 nm were measured.

Table 4 shows the piezoelectric coefficient (dss) of the sintered
samples. Despite the pseudocubic symmetry, both CS-BCZT and HP-
BCZT ceramic samples exhibited a piezoelectric response. Lopez-Blanco
et al. [17] have suggested that other mechanisms different to the
asymmetry of the structure, such as electric-field-induced phase trans-
formation, should be considered to explain the piezoelectric response in
this type of pseudocubic structures. KuhfuB et al. [26] have studied this
effect by varying the grain size and have demonstrated significant
structural changes upon application of an electric field to polycrystalline
Bag gs5Cag.1521r0.1Tip.90s3.

Due to the small grain size (< 2 um), the dss values were always
below 100 pC/N. The strong influence of grain size on the properties of
these solid solutions, as previously mentioned, is well known. The
domain size and 90° domain walls motion are directly related to the
grain size in these perovskite-structured ceramics when the grain size is
below 10 um [12]. Because fine-grained- BCZT results in smaller do-
mains and inhibits domain wall motion during polarization, these ma-
terials exhibit lower d33 values than coarse-grained ones [12,27]. The
increase in non-ferroelectric grain boundaries and inner stresses in these
fine-grained BCZTs also causes a decrease in permittivity (¢’) [4,27].
Yan et al. [5] have reported a critical grain size of ~12.9 pym for the same
composition of BCZT-06, which maximizes ¢’ and stabilizes d3z. In
addition to the constriction of wall motion, the small grain size leads to a
decrease in the lattice aspect ratio (c/a), with a consequent loss of the
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Fig. 10. HAADF/EDS, HRTEM and FFT results of the HP-BCZT-055 sample, (a and b) HAADF image and elemental mappings of two different regions, (c and d)

HRTEM micrograph along the [0 1 0]; zone axis and the corresponding FFT.

ferroelectric properties at a critical submicrometric grain size [26].
Since HP prevented the segregation of secondary phases and
increased the relative density, a significant increase in dss was obtained
for all HP-BCZT, compared to the CS-BCZT of the same stoichiometry.
These results are in agreement with those published by Ye et al. [28] for
coarse-grained BCZT. In addition, although the XRD results for CS-BCZT

10

and HP-BCZT samples mostly showed pseudocubic symmetry, when
analyzing the Williamson-Hall plot for these samples (Fig. 11), which
shows the dependence of the XRD line broadening as a function of the 26
angle, the typical linear behavior for a single phase was observed only
for CS-BCZT samples. However, a deviation from linearity with scat-
tered data was clearly observed for HP-BCZT samples. This artifact of
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Fig. 11. Williamson-Hall plot for CS-BCZT and HP-BCZT ceramic samples. § is the integral breadth of XRD peaks.
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Table 4
Influence of the stoichiometry and sintering process on the piezoelectric coefficient of BCZT samples.
Sample Relative density Average grain size (s.d.) dsz ds3 (24 h) e’
(%) (um) (pC/N) (pC/N)
CS-BCZT—-04 97.4 1.12 (0.76) 5.1 - 2210
CS-BCZT—-045 96.6 1.19 (0.85) 11.0 9.2 2210
CS-BCZT—-05 98.8 1.20 (0.60) 9.8 7.8 2220
CS-BCZT—-055 98.3 1.35(0.79) 16.6 16.6 3890
CS-BCZT—-06 97.5 1.52 (1.2) 21.0 20.0 3360
HP-BCZT—-04 99.2 0.96 (0.35) 10.0 6.5 2450
HP-BCZT—-045 99.8 1.01 (0.82) 20.5 16.1 3220
HP-BCZT—05 99.9 0.96 (0.64) 30.0 20.0 4380
HP-BCZT—-055 99.7 1.29 (0.44) 60.0 47.0 3830
HP-BCZT—06 99.8 1.76 (1.5) 88.0 80.6 3280
Table 5
Piezoelectric and dielectric permittivity of BCZT in previously published works.
Solid solution Synthesis method Grain size & dss Ref.
(sintering process) (um) (pC/N)
Bag.gsCap.15Z10.1Tip 903 Solid-State 0.4 ~3000 ~72 [12]
(Spark plasma sintering) 1.5 <3000 <200
Bag g5Cag.15Zro.1 Tip.903 Mechanochemistry 0.90 + 0.38 - - [17]
(Flash sintering) 1.88 + 0.98 7470 145
2.15 £0.91 5500 105
2.23 £ 0.90 3290 100
Bag gsCap.15Z1r0.1Tip 903 Solid-state 2.48 <1250 - [29]
(Conventional sintering)
Bag gs5Cao.15Z10.1Tip 903 Mechanochemistry 1.0 <2000 17 £ 2 [16]
(Spark plasma sintering) 2.0 <2500 45+ 2
Bay.g5Cao.152r0.1Tip 903 Mechanochemistry 4.7 - 270 [6]
(Conventional Sintering)
Bag g5Cag.152r¢9.1Tip 903 Sol-gel 15 - 39 [4]
(Conventional Sintering)
Bag g5Cag.15Zr0.1Tip.003 Sol-gel 0.5 736 21 [27]
(Conventional sintering)
Bag g5Cag.15Zr0.1Tip.003 Mechanosynthesis 0.96 +0.11 4380 30 This work
(HP sintering)
0.4Ba(Zrg »Tig §)03—0.6(Bag, ;Cag 3) TiO3 Solid State 2 - 120 [5]
and high energy milling
(Two-step sintering)
0.4Ba(Zrg 2Tip.8)O3—0.6(Bag 7Cag 3)TiO3 Mechanosynthesis 1.76 + 0.04 3280 88 This work

(HP sintering)

anisotropic line broadening suggests the presence of very close or
overlapping diffraction lines due to different crystal structures, which is
consistent with the tetragonal microdomains observed by TEM in these
samples and can also explain the higher d33 values found. Additionally,
the use of lower sintering temperatures in HP could lead to higher d3s3
values because of a lower concentration of point defects acting as
pinning points for domain wall motion [17].

Table 4 shows how ds3 increases with decreasing Ba and Zr stoichi-
ometry, as expected [23], and the maximum ds3 value was obtained for
HP-BCZT-06, reaching a value of 88.0 pC/N. This value is higher than
most previously reported for BZCT solid solutions of comparable
average grain size, typically Bag gsCag.15Zr¢.1Tip.9O03 (Table 5).

4. Conclusions

All studied stoichiometries of the BCZT solid-solution were success-
fully formed by high-energy mechanochemical synthesis after 120 min,
showing a pseudocubic perovskite phase with homogeneously distrib-
uted A- and B-cations in the crystal structure. The residual BaCO3 im-
purity phase in the as-milled samples, derived from the BaO; precursor,
disappeared after annealing at 900 °C. After sintering, the BCZT
perovskite phases exhibited a crystal structure more compatible with
pseudocubic symmetry and a fine-grained microstructure with an
average grain size <1.8 pym in all cases. Conventional sintered samples
with high x values showed the presence of a non-negligible amount of a
secondary phase with chemical formula A4B30;9 and Ruddlesden-
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Popper structure. Nevertheless, HP prevented this secondary phase
segregation and increased the relative density. Williamson-Hall plot
showed the typical linear behavior for CS-BCZT samples, but a deviation
from linearity with scattered data was clearly observed for HP-BCZT
samples, suggesting the presence of different crystal structures, which
was consistent with the tetragonal microdomains observed by TEM.

Despite the pseudocubic symmetry, both CS-BCZT and HP-BCZT
ceramic samples exhibited dss values ranging from 5.1 to 21 pC/N and
from 10.0 to 88.0 pC/N, respectively. Due to the strong influence of the
fine-grain size on the properties of these solid-solutions, the d33 values
were less than 100 pC/N, but higher than most previously reported
values. Electric-field-induced phase transformation should be consid-
ered as responsible for the piezoelectric response in this type of pseu-
docubic structures. The presence of different crystal structures,
supported by the Williamson-Hall plot and TEM analysis, as well as the
higher density and lower sintering temperature in HP samples could be
responsible for the increase in dss values compared to those of CS
samples.
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