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Abstract

The challenge to develop high piezoelectric sensitivity and lead-free composition ferro-piezoelectric ce-
ramics has recently dragged new attention to some classic ferroelectrics. Here, Ba(Ce Ti, )O, (Ce-BT) and
0.94(Bi, ,Na,,)TiO -0.06BaTiO, (BNBTG6) ceramics were piezoelectrically characterized from measurements
of complex impedance at electromechanical resonances and their analysis by Alemany et al. software. The
reconstruction of the spectra for each resonance is used as an accuracy test of the set of calculated coef-
ficients, quantitatively characterized by the regression factor (R?) of such reconstruction to the experimental
spectrum. Piezoelectric activity at room temperature (RT) was observed for Ce-BT with x=0.06 and 0.1, fer-
roelectrics with T(e"| )>RT, but also for x=0.2 with T(e’, )<RT, which confirms its relaxor character (P#0
Jor T=T(e’ )). BNBT6 fine grained ceramics (~1 um) were prepared from nanopowder obtained by sol-gel
autocombustion. Results obtained for the fine grained ceramic hot-pressed at 800°C for 2 h and recrystallized
at 1050°C for 1 h ared, ;=148 pCN" and kp=26.8%. Despite of its lower grain size, the properties of this mate-
rial are comparable with those reported for coarse grained ceramics obtained by sintering at T>1100°C. Some
measurement issues, as the role of the mode coupling on the characterization results, illustrated for the shear
mode of a thickness poled plate, are discussed
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I. Introduction

The scientific topics concerning ferro-piezoelectric
ceramics are wide, involving from precursor chemistry
and processing issues to solid state and applied physics,
and they constitute a dynamic area of research, despite
of the fact of being a well-established one [1]. With-
in this area, the development of high piezoelectric sen-
sitivity and lead-free composition materials remains to
date as a primary scientific challenge [2,3], driven by
the toxicity of lead oxide (PbO) and nowadays direc-
tives for environmental protection [4]. Such directives
require the elimination of PbO from the composition of
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ferro-piezoelectric ceramics in devices. This means the
substitution of the present commercial ceramics, based
in solid solutions containing the ferroelectric PbTiO,
(PT), such as (Pb,Zr)TiO, (PZT) or PbMg Nb, .O.-
PbTiO, (PMN-PT). The fact that PT is the ferroelectric
material of the highest combination of spontaneous po-
larization and Curie temperature known to date among
mixed oxides with perovskite structure [5] has origin in
the specific crystal-chemistry of PbTiO, [6].

The search for lead-free materials, in addition to the
development of new compositions that have reached so
far the performances of the so called hard PZT [2] but
not those of the highest sensitivity materials based on PT,
has driven also to the development of processing routes
to increase the ceramic performance. The remanent po-
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larization, P_and, consequently the piezoelectric perfor-
mance in rafldomly oriented ferroelectric polycrystals,
is limited by the symmetry of the crystal structure of the
ferroelectric (tetragonal: P"* = 0.83-P , with six <001>
equivalent directions of the spontaneous polarization
of the crystal, P; rhombohedral: P"* = 0.87-P, with
eight allowed <111> equivalent directions; orthorhom-
bic: P = 0.91-P, with twelve allowed <110> equiva-
lent directions [7,8]). Those solid solution systems with
the so called Morphotropic Phase Boundary (MPB), for
which composition two symmetries coexist, are desired.
This increases the number of equivalent directions of P
and, consequently, increases the P value. It is also pos-
sible to increase P_over the values of the classical ran-
domly oriented ceramics by the processing of textured
ceramics or single-crystals. To this end, both the Reac-
tive Templated Grain Growth (RTGG) [2] and the recent-
ly developed Solid State Single Crystal Growth (SSSC)
[9], a crystal growth technique exploiting the abnormal
grain growth in ceramics around a crystal seed, have
been applied with success to develop lead-free piezo-
electrics based on (K,Na)NbO, (KNN), a classical lead-
free ferroelectric [10]. Alkaline niobates have high melt-
ing point and presence of volatile elements that makes
difficult the achievement of single-crystals by the classi-
cal, more expensive, methods.

Recently [4], a strong interest has been also fo-
cused on two other classical lead-free ferroelectrics
(Bi,Na)NbO, [11] and BaTiO, [12] and also on their
solid solutions. In particular, ferro-piezoelectric ceram-
ics in the system (1-x)(Bi, Na ,)TiO,-xBaTiO, with
x = 0.06 (BNBT®6), close to the MPB, and prepared
from nanopowder obtained by sol-gel autocombustion
[13], and Ba(Ce Ti, )O,, processed by solid state reac-
tion, will be the subject of this work. Processing from
nanopowders allows getting fine grained, submicron
structured, ceramics that are of interest both for the
basic studies of size-effects in ferro-piezoelectrics and
for their use as high frequency ultrasonic transducers.

Piezoelectric characterization of ferroelectric ceram-
ics is commonly achieved by using standard methods
[14] from measurements of complex impedance data at
electromechanical resonances and their analysis. These
have the drawback of not accounting with material loss-
es, reason why alternative methods of analysis of imped-
ance data have been developed. The study of size effects
on the piezoelectric activity of submicron- and nano-
structured ceramics, or even the evidence of the ferro-
electric nature of these, rests on the feasibility of accu-
rate detection of minute changes or minute piezoelectric
activity [15], hence the importance of the use of the op-
timum characterization techniques. To carry out accu-
rate characterization of lossy ferro-piezoceramics at res-
onance, Alemany et al. [16] software has been used in
this work for determination of the coefficients associated

with thickness and radial resonances of, thickness poled,
thin ceramic disks. In this software the material data is
determined by solving a set of non-linear equations that
results when experimental impedance data at a number
of frequencies are introduced into the appropriate analyt-
ical solution of the wave equation for a given resonance
mode. This set of equations is established for as many
frequencies as unknown coefficients. It is worth noting
that the proper application of these methods [16] requires
strict conditions in terms of the sample geometry and di-
mensional ratios. These are needed for the applicability
of the one-dimensional models from which the analytical
expressions of the resonance modes are derived.

I1. Piezoelectric characterization of Ce-modified
barium titanate ceramics

2.1 Experimental

Four different compositions of BaCe Ti, O, (Ce-
BT) ceramics, with x = 0.06, 0.1, 0.2 and 0.3, within
the solid solubility range, x < 0.4 [17,18], were studied
here. The ceramics were prepared by solid state reaction
and pressureless sintering at 1500°C for 4 h. All ceram-
ics are single-phase and have tetragonal symmetry crys-
tal structure and bimodal grain size distribution, with
increasing mean grain size as the Ce content increases.

In Ce-BT for x > 0.06, some previous work [19] re-
ports the “pinch off” of the well-known phase transi-
tions of BT from the room temperature tetragonal to
the orthorhombic ferroelectric phases and from the
orthorhombic (for 7' < 0°C) to the rhombohedral (for
T < —80°C) ferroelectric phases. The only dielectric
anomaly observed for Ce-BT ceramics for x > 0.06
takes place at a decreasing temperature as the amount of
Ce increase (7(¢”,, ) ~100°C for x = 0.06 [19], T(¢’, )
~ 50°C [18,19] for x = 0.1, T(¢’, ) ~ —30°C [18,19]
forx = 0.2 and T(¢’, )~ —100°C for x = 0.3 [18,19]).
Such dielectric anomaly shows a diffuse character that
is common for relaxor ferroelectrics, but also for poly-
crystals (ceramics) of classical ferroelectrics. This is the
case for (Ba, Ce)Ti, (V) O, ceramics [20,21] that
follow a Curie-Weiss law above 7(¢’, ), contrarily to
relaxors, and do not show the frequency dispersion of
the temperature of the maximum, which characterizes
the relaxor ferroelectrics. At room temperature samples
for x > 0.06 have pseudo-cubic [19] rather than tetrag-
onal symmetry, but for 0.1 <x <0.4 they are better in-
dexed as tetragonal [18].

For Ce-BT with 0.02 < x <0.08, the field-induced
strain level is in the range of 0.14-0.19% with a small
hysteresis under 60 kV/cm [19], which makes this ce-
ramics a promising lead-free material for the high strain
and low hysteresis applications near room temperature
or at low temperatures. To date and to the best knowl-
edge of the authors, the performance as ultrasonic trans-
ducers of Ce-BT ceramics has not yet been reported,
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since these are mainly considered for high-K (capaci-
tor) uses due to the proximity to room temperature of
the peak of dielectric permittivity.

The piezoelectricity of BT ceramics, isotropic and
centrosymmetric, thus, non-piezoelectric, under the ac-
tion of strong electric fields (“poling”) remain unex-
plained to physicists until 1944. At that time the fer-
roelectricity of the BT was established and the role of
poling, which cause increasing orientation of ferroelec-
tric domains as the poling field and time increases un-
til reach the saturation of P, was understood. Poling
creates a macroscopic, non-centrosymmetric, 6 mm,
ceramic symmetry that leads to piezoelectric activity.
Poling remains nowadays as a major issue in the devel-

opment of high performance lead-free piezoceramics,
since for some of these field induced structural transi-
tions to ferro-piezoelectrically active phases have been
observed [22,23], which enhances the mere effect of do-
main orientation during poling and, consequently, the
piezoelectric performance. The good piezoelectric be-
havior found in systems that are in a pseudocubic phase
under zero electric field indicates that the search for
lead-free alternatives should not exclude such systems.

Ceramics of Ce-BT composition were microstruc-
turally and dielectrically characterized and this study
will be reported in detail elsewhere. Here the complex
properties at resonance in the ultrasonic range are stud-
ied and results discussed in terms of the sample com-
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Figure 1. Radial (left column) and thickness (right column) resonance spectra of Ce-BT disks, poled and excited in thickness,
showing the experimental data (symbols) and the reconstructed spectra (lines) after calculation of the material parameters
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Table 1. Results of the complex characterization at room temperature (R7), and regression factors (R?) of the calculations
from the planar (P) and thickness (7) resonances of ceramic disks, of Ce-BT ceramics under the optimum R7 poling
conditions and comparison with data on BaTiO, ceramics (For a given complex coefficient C*=C"-iC"’,

tan 6(C)=C""/C’; (*) d,, values measured in a Berlincourt meter; NA=not applicable).

Processing conditions BaCe Ti, O, solid state reaction 1500°C/4h BaTiO, [1]

Composition x=10.06 x=0.1 x=0.2 x=0
Density [g/cm?] 5.95 5.88 597 5.7

Grain size > 1 um >3 um >>3 um coarse

T(e ) ~100°C ~50°C ~-=30°C 115°C
d,[102C/N] (*) 150 110 40 190
k, [%] P 30.1 18.3 4.6 36
N, [kHz'mm] P 2962 3067 3329 ---
R? P 0.9367 0.9963 0.9997 NA
Poisson ratio P 0.45 0.38 0.33 -
k,[%] T 25.4 22.8 3.6 50
N, [kHz-mm] T 2814 2647 2843 ---
R T 0.6749 0.8710 0.7057 NA

&’ Je, at ~500 kHz P 864-13.4i 790-9.3i 5069-205.71 1700
tan § (7,) P 0.015 0.012 0.041 0.5
g5 Je,at~2700 kHz T 706—68.4i 688—-67.6i 4677-750.51 ---
tan 6 (¢°,,) T 0.097 0.098 0.160 ---
h, [10° V/m] T 14.26-0.5751 12.05+1.00i 0.76+0.012i ---
tan 6 (h,,) T 0.004 0.001 0.016 ---
g,, [10° m"V/N] P —6.01-0.051 -3.74+0.051 —0.34+0.001i ---
tand (g,)) P 0.008 0.013 0.002 ---
d,, [10"2C/N] P —-45.98+0.37i —26.14+0.65i1 —15.31+0.66i —78
tand (d,)) P 0.008 0.024 0.04 ---
s [102 m?/N] P 11.1-0.025i 9.5-0.038i 7.4-0.007i 9.1
tan 6 (s*,) P 0.002 0.004 0.0009 ---
s [10"2 m*/N] P —5.0+0.0111 -3.6 +0.014i —2.540.002i -
tan 6 (s* ) P 0.002 0.004 0.0008 ---

position. tors (k), relevant to each mode were carried out us-

2.2. Results and discussion

Thickness poling of the ceramic thin disks at 160°C
did not yield a piezoelectric activity. For all four com-
positions this is a temperature well above T(e’, ) and
this means that the samples are at that temperature in
a centrosymmetric, non-piezoelectric, phase. Poling
experiments were then carried out at room tempera-
ture. Poling field was maintained during 10 minutes.
Poling field was increased in steps of 10 kV/cm up to
breakdown of the samples. Measurements at the thick-
ness and planar extensional resonances of the disks
were carried out at each step. From these, calculation
of the dielectric, elastic and piezoelectric complex co-
efficients, as well as electromechanical coupling fac-

ing Alemany et al. software. As expected, not even at
room temperature the x = 0.3 ceramic could be poled
(T ) << T, i)

Fig. 1 shows the measured planar and thickness
resonance spectra for the x = 0.06, 0.1 and 0.2 sam-
ples, of typically 1 mm thickness and 36 mm? of elec-
troded area, under the optimum poling conditions.
The maxima of the experimental peaks (symbols) of
the a.c resistance (R) and conductance (G), the real
parts of the impedance (Z* = R + iX) and admittance
(Y* = G + iB), respectively, are used to determine two
of the frequencies needed for the calculation [16] and
the rest of the frequencies are determined automa-
tically by the software. After complex parameters de-
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termination, the spectra are reconstructed (lines in Fig.
1) as an accuracy test of the final set of calculated co-
efficients. This accuracy is also quantitatively char-
acterized by the regression factor (R*) of such recon-
struction to the experimental spectrum. The regression
factor is high for the planar mode when a sample is a
perfect disk and commonly much lower for the thick-
ness mode. This is mainly due to coupling to overtones
of the planar mode, but also to other sort of modes, as
edge ones [24]. This coupling, even for a ceramic of
optimum microstructure, can only be reduced by using
a ratio thickness: diameter >> 1:10 [14]. For this rea-
son, the calculations from spectra in Fig. 1, especial-
ly those from the thickness mode, have a restricted va-
lidity for characterization purposes. They will be used
here, however, to get comparative information from
the three compositions studied.

Table 1 shows the results of the complex coeffi-
cients obtained for each sample under the optimum
poling conditions. The trend of the elastic properties

in Table 1, s, and s* , (decrease of the real part of the
compliance and the mechanical losses) is related with
the trend of the grain size (increase) as the Ce con-
tent increases. The trend of the dielectric and piezo-
electric properties in Table 1 can be explained in terms
of the 7(¢’, ) for each composition with respect to
RT, which is both the poling and the measuring tem-
perature, and in terms of the ferroelectric (P = 0 for
T> T, ) orrelaxor (P # 0 for T > T(¢’, )) char-
acter of each composition. The high value, both of the
real part and the losses, of the dielectric permittivity
(e"%,) for x = 0.2 is related to the proximity of 7(e’ )
to RT and the high diffusivity of the dielectric anoma-
ly [18,19]. Though often used in the literature to char-
acterize the piezoelectric activity of ceramic composi-
tions, due to the relation between d, and the dielectric
permittivity, dl,j = gij'eTj » this is in fact a quite mislead-
ing parameter. Since the dielectric permittivity in-
creases from the x = 0.06 to x = 0.2 compositions the
comparison between their d,; and d,, values indicates
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Figure 2. Diagram explaining the process for the full matrix characterization of poled ferro-piezoelectric ceramics (6 mm
symmetry) for 3-D modelling. Three samples and measurements of complex impedance on four resonance modes (R and G
curves vs. frequency) of these are required. Alemany et al. software [16,32] provides for each mode a discrete number of

material coefficients, including all losses, namely: thickness (&, &5

modes of thin disks (a); shear mode (e, , &5, s°

) of thickness poled plate(b); length extensional mode

33

c’.) and planar (d,, &

5 .
85,5 8% ) extensional

SD33)

T
33 & 33

of length poled bars (c). A Finite Element Analysis (FEA) tool can be used to reproduce the previously studied
spectra, using as input data the whole matrix, as validity test of this. The FEA generated pattern of
the shear strain at resonance (highly exaggerated) of a thickness poled plate is shown here [32].
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Table 2. Results of the characterization of BNBT6 hot-pressed and recrystallised ceramics from sol-gel autocombustion
nanopowder, showing: the thickness dependence of the properties obtained from the shear resonance of thickness poled
plates (SH) (in bold the most reliable results), the properties from planar (P) and thickness (7) resonances of thin disks
and the comparison with data in the literature on similar ceramics. ((*) d,, values measured in a Berlincourt meter;
(**) dielectric permitivity value for unpoled sample; NA=not applicable).

Composition and BNBT6

synthesis route

sol-gel autocombustion

BNBT6 [33]
mixed oxides

BNT [34]
mixed oxides

Processing conditions

Hot pressed at 800°C/2h + recryst. 1050°C/1h

sintered 1200°C/2h sintered 1100°C/2h

Hot pressed density [g/cm?] 5.37 - -
Final density [g/cm?] 5.49 - 5.65 5.82 -—-
Grain size ~1 pm > 1 um > 1 um
Poling conditions 40 - 60 kV/cm, 180°C 30 kV/em, 60°C 55 kV/em, 60°C
d,, [102C/N] (*) 148 125 72.9
k, [%] P 26.8 20 16.8
N, [kHz'mm] P 2933 2975 3260
R? P 0.9999 NA NA
k, [%] T 40.4 52 455
N, [kHz-mm] T 2281 2600 2780
R T 0.9548 NA NA
Thickness [mm] SH 0.89 0.87 0.85 0.83 --- ---
R SH 0.6003 0.8580 0.9670 0.9847 NA NA
ks [%] SH 49.60 39.65 39.71 40.2 49.8 36.2
N ,; [kHz'mm] SH 1340 1395 1384 1373 1586 1650
el Je, P 641-311 580** (1kHz) 343 (IMHz)
tan 0 P 0.048 0.013 (1kHz) 0.028 (IMHz)
el e, SH 775-691 718-591 712-411 726 - 40i 373 367 (IMHz)
d,, [10"2C/N] P —-37.0+1.33i —40 -15
d,; [10°C/N] SH 203.25-24.8i 151.84-19.2i 153.6-9.82i 158.3—8.31i 194 87.3
s, [10"2 m*N] 9.73-0.07i 8.59 7.07
5%, [107> m*/N] P —-3.02+0.02i --- —1.88
s [107? m*/N] SH 24.73-1.22i 23.35-0.80i 23.79-0.42i 24.17-0.42i 23.3 17.9

a much higher relative piezoelectric activity of the lat-
ter than the actual one. This can be better determined
by comparing all other piezoelectric parameters (%, h,-p
el.j) in Table 1.

The overall properties at room temperature of the
ferroelectric x = 0.06 composition from the planar mode
compare well with those for classical BT ceramics [1].
Recently, however, these values have been enhanced by
processing of fine grained [25], domain engineered [26]
or textured [27] ceramics, which, via grain size effect
or increase of P "* over the one for a random distribu-
tion of domains, increase the piezoelectric performance.
For the relaxor composition x = 0.2 the fact that a small
piezoelectric activity is measurable provides the basic
information that, even above 7(e’, ), a stable ferroelec-
tric long-range order can be induced by poling.

I11. Piezoelectric characterization of BNBT6
ceramics from sol-gel combustion

3.1 Experimental

The composition near the MPB of the system  (1-x)
(Bi, ;Na )TiO,-xBaTiO, with x = 0.06 (BNBT6) was
found to have interesting properties as lead-free piezo-
electric ceramic [28]. Nanometric (15-30 nm) pow-
der of BNBT6 was synthesized by a citrate nitrate sol
gel auto-combustion method, details of which are ex-
plained elsewhere [13]. In this process, the pure per-
ovskite phase is directly obtained by combusting the
gel at 500°C. It is a well-known fact that the proper-
ties of ceramics are strongly dependent on the starting
powders used, as well as on the final microstructures.
Highly dense ceramics with controlled grain size, be-
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low 1um, also preventing off-stoichiometry, have been
obtained by a combination of hot-pressing at reduced
temperature (700-950°C) and subsequent recrystalli-
zation [29] at moderately higher temperature (1000—
1050°C for 1 h in air). Results obtained for the fine
grained ceramic hot-pressed at 800°C for 2 h and re-
crystallized at 1050°C for 1 h are d,, = 148 pCN"' and
k,=26.8%. Despite of its lower grain size, the proper-
ties of this material are comparable with those report-
ed for coarse grained ceramics obtained by sintering at
temperatures higher than 1100°C. The full report of the
study of these materials will be published elsewhere,
while some characterization issues, scarcely consid-
ered in the literature but of primary importance, will be
stressed in this work.

The accurate modeling of ferro-piezoelectric ce-
ramics rests on the accuracy of the material coefficients
used (Fig. 2). The knowledge of shear coefficients is
needed for the full matrix characterization of piezo-
ceramics [30], which allows simulation by numerical
methods (like Finite Element Analysis) of devices in the
design of new applications and in the study of material
resonances. However, the shear coefficients have been
scarcely reported in the literature for BNBT composi-
tions. This is due to the complexity of the achievement
of the in-plane poled geometry required for the stan-

dard methods of measurement and to the problem of
dynamic clamping and underestimation of the ceram-
ic coefficients associated to it [30,31]. To accurately de-
termine shear coefficients at resonance, including loss-
es, an alternative shear characterization method, which
uses thickness-poled samples (Fig. 2b) and Alemany et
al. software [32], has been developed and has been used
in this work.

3.2. Results and discussion

Table 2 shows measured data for BNBT ceram-
ic hot-pressed at 800°C for 2 h and recrystallized at
1050°C for 1 h. The disks used have 0.99 mm thick-
ness and 143 mm? To the best knowledge of the au-
thors, shear resonance related complex material coeffi-
cients have not yet been reported for BNBT ceramics.
In the study of complex coefficients, one must keep
in mind that their determination requires the knowl-
edge of accurate values of impedance around the char-
acteristic frequencies [16,32], thus mode coupling is
always undesired. However, regardeless of the sam-
ple aspect ratio, the electrically driven thickness-shear
mode excites, mechanically, the different overtones of
plate waves (n, n+1, nt+2, etc.) when corresponding
frequencies get close giving place to more or less se-
vere mode coupling. For shear plates, instead of a uni-
versal threshold value of the sample dimensional ratio

0,0004{ t=0.89mm * G l200000 000044 t=0.87mm = G| 200000
'1 L] —

G(@Q") RIIR@ 6@ R (©)
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Figure 3. Illustration of the process to get the best aspect ratio for the calculation of the parameters related to the thickness
shear resonace for a BNBT6 ceramic. The resonance spectra correspond to a 9.43 mm x 9.53 mm plate, thickness poled,
with initial thickness of 0.89 mm. Optimum ratio for minimum mode coupling and higher regression factor (R?) of the
reconstructed spectra by Alemany software to the experimental one is found for 0.83 mm.
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to avoid mode coupling, we must consider the opti-
mum length and thickness of the plate for a given ma-
terial to obtain uncoupled modes. The minimum length
should be the one where the distance between two
plate resonances is the same as the distance between
the maximum of the conductance and the maximum of
the resistance for the thickness-shear resonance. Such
distance is determined by the shear electromechanical
coupling factor of the material. Optimum thicknesses
are the ones that place both maxima halfway between
given overtones of the plate resonances, minimizing
the coupling between the plate and shear waves.

Fig. 3 shows an example of the measurement of
the complex impedance (R and G curves) vs. frequen-
cy at the shear resonance. The process to get the most
accurate shear coefficients is illustrated. A rectangu-
lar, thickness poled, plate that has, initially, 0.89%9.43
mm? area of electroded surface and 9.53 mm of dis-
tance between measuring electrodes, is reduced in
thickness in steps of 0.02 mm, measuring the reso-
nance spectrum at each step. Practically, as the thick-
ness of the sample is reduced by grinding, a spectrum
that fulfils the above mentioned condition is found for
the ceramic under study (Fig. 2d) at a sample thick-
ness of 0.83. The shear mode related complex coeffi-
cients and the regression factors of the experimental
curves to the reconstructed ones in Table 2 are cal-
culated from these measurements and compared with
values in the literature [33,34]. It must be noticed the
wide range of values of the shear properties, both the
piezoelectric coefficient (d,;) and the electromechani-
cal coupling factor (k,,), obtained for BNBT6 sample
by changing the dimensional ratio and, thus, changing
the mode coupling. The most reliable coefficients for
material characterization, the ones with higher R* val-
ue corresponding to the measurement for uncoupled
modes (Fig. 3d), however, are not the highest ones.
The comparison with the reported values in the litera-
ture is not straightforward, both because of literature
values come from in-plane poled samples and standard
calculation methods and because of measurement ar-
tifacts, as the mode coupling just shown, can overes-
timate actual material parameters. However, the over-
all performance of the obtained ceramics from sol-gel
combustion nanopowders, by hot-pressing and recrys-
tallization, can be considered similar to the one report-
ed for coarser grained ceramics [33] and competitive
with those of BNT with controlled stoichiometry [34].
This fine grained ceramic has suitable properties in
the range needed to consider it as promising lead-free
piezoelectric material for industrial applications.
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