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Doping effects of CuO on the sintering behavior and electrical properties of 0.94(Bi,sNa,5)TiO5;—0.06(BaTiO5)—-xCuO
(BNT-BT6-xCu) lead-free piezoceramic obtained by the conventional solid-state reaction method were investigated. Regarding
the undoped system, it is already known that it presents the best densification values when it is sintered at 1150 °C, however, the
doped system was sintered at 1150°C, 1100°C, 1050 °C, 1025 °C, and 975 °C to determine the effect of Cu on the densification
process. Therefore, it was obtained that the CuO-doped samples sintered at 1050 °C presented the highest density values and
therefore were the ones chosen to perform the characterization tests together with the undoped system. The samples were
characterized using X-ray diffraction (XRD), Raman microspectroscopy, and scanning electron microscopy (SEM) analysis,
whereas the ferroelectric and dielectric properties were evaluated by means of ferroelectric hysteresis loops and impedance
spectroscopy studies. As a result, the addition of CuO allowed an improvement in sinterability and densification, with the
subsequent grain growth, and the improvement of the piezoelectric coefficient (ds3).

Keywords: Lead-free piezoelectric; piezoelectric properties; solid-state reaction; CuO dopant.

1. Introduction

Piezoelectric materials based on lead zirconate titanate (PZT)
are widely used in a large number of electronic devices due to
their excellent electrical properties.!> Compositionally, PZT
ceramics lie near a morphotropic phase boundary (MPB) sep-
arating the tetragonal and rhombohedral phases, at a concen-
tration x = ~0.48 of PbTiO;. It is generally known that MPB
compositions display anomalously high dielectric and piezo-
electric properties due to the enhanced polarizability, produced
by the coupling between tetragonal and rhombohedral phases.?
However, the European Union (EU) legislation restricts the
use of hazardous substances and encouraged a strong effort
into the science and technology of lead-free piezoceramics.*

Bismuth sodium titanates are one of the most studied
lead-free piezoceramic families due to the existence of a
polymorphic phase boundary between the orthorhombic and
tetragonal phases for the (BiysNaj5)TiO; (BNT) composi-
tion. However, the high coercive field (E.~73 kV/cm), in
addition to the relatively high leakage currents, hinders the
complete polarization of these ceramics.>®

Therefore, to solve the main drawbacks presented by the
BNT composition, (Bi, sNa, 5)TiO;—BaTiO; (BNT-BT) solid
solutions were studied.’!! These ceramics present a poly-
morphic phase transition where good piezoelectric properties
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are obtained and, consequently, are considered as promising
candidates to replace lead-based piezoelectric materials.
Piezoelectric properties of BNT-BT solid solutions can
also be modified by the incorporation of additives for spe-
cific applications. These additives produce structural defects
(oxygen or cationic vacancies) modifying the dielectric and
piezoelectric properties of the solid solution. Moreover,
some additives reduce the sintering temperature restricting
the elements’ volatilization and, consequently, diminish-
ing the processing cost. Indeed, for K, sNaj,;NbOs;-based
materials, CuO has been successfully utilized to bring the
sintering temperature down to as low as ~950°C.'>-'% In
the case of BNT-based materials with 4-wt.% CuQO, it can
also be obtained a similar sintering temperature in addition
to improvements in relative density and dielectric permit-
tivity going from 81.8% and 195 to 96.7% and 494 values,
respectively.® Moreover, CuO addition into BNT-BT-KNN
solid solutions reduces the sintering temperature, as a sin-
tering additive, and benefits the piezoelectric properties.
For the composition with 0.01-mol.% CuO, a high unipolar
strain of 0.39% under 5 kV/mm contributes to a large d*;; of
780 pm/V at room temperature, which is competitive with the
other BNT-based ceramics.'> This additive can also be used
to improve the low mechanical quality factor, Q,,, from 72 for
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the pure KNN to a very high value of 1965 in 1 mol.% CuO-
doped ceramic. Remembering that the Q,, factor is a param-
eter that measures the relationship between the stored energy
and the energy dissipated during a complete signal cycle, a
high Q factor indicates a low rate of energy loss relative to
the energy stored by the resonator.'® However, beyond the
reduction in sintering temperature, the doping with CuO is
accompanied by a pronounced impact on defect structure
owing to the formation of defect dipoles as well as on the
piezoelectric properties.

Taking into account the previous results reported by
other researchers, different amounts of CuO (x = 0, 0.5,
I, and 2 mol.%) were added to the 0.94(Bi,sNa,s)TiO5—
0.06BaTiO; polymorphic phase boundary composition syn-
thesized by the solid-state method. The sintering temperature
at which the best densities are obtained was determined and
finally the structural, microstructural, dielectric, and piezo-
electric properties were evaluated.

2. Materials and Methods
2.1. Sample preparation

Lead-free ceramics with the composition 0.94(Bi,sNa,s)-
TiO5—0.06(BaTiO;)-xCuO (BNT-BT6—xCu, x = mole per-
centage) were synthesized by the conventional solid-state
reaction method. Then, different excess amounts of CuO
(0, 0.5, 1, and 2 mol.%) were introduced. For the synthesis,
Bi,0; (Sigma Aldrich, 99.9%), TiO, (Sigma Aldrich, 99%),
Na,CO; (Biopack, 99.5%), BaCO; (Merck, 99.5%), and CuO
(Mallinckrodt, 99,7%) were mechanochemically activated,
using zirconia balls in an alcoholic medium for 3 h, in a plan-
etary mill (Fritsch, Pulverisette 7, 1450 rpm) and thermally
treated at 850 °C for 2 h. The obtained powders of each com-
position were uniaxially pressed into disks and sintered at
different temperatures (975°C, 1025°C, 1050°C, 1100°C,
and 1150°C) for 2 h, employing heating and cooling rates
of 5°C/min.

2.2. Structural and microstructural characterization

Crystalline phases were characterized by X-ray diffraction
(XRD; PANalytical, X pert Pro, Cu-Ka). Density values were
determined using the Archimedes method. Ceramic samples
were polished and grain boundaries were highlighted through
a thermal etching step employing a heat treatment which
consists of keeping the sample at 50 °C below the sintering
temperature for 20 min. Etched samples were analyzed by
scanning electron microscopy (SEM; Jeol JSM-6460LV).
Raman analyses of samples were performed on a multichan-
nel Renishaw in via Reflex microspectrometer. Excitation
was provided by the 514-nm line of an Ar laser. Totally 30-50
scans were performed with an exposure time of 15 s and with
a laser power between 30 mW and 300 mW to improve the
signal-to-noise ratio.
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2.3. Electrical characterization

In order to perform the electrical measurements, silver elec-
trodes were painted on both plane-parallel sides of the sam-
ples and fired at 700 °C for 20 min. An impedance analyzer
(Hewlett-Packard, HP4284A) was used to determine the tem-
perature dependence of the dielectric properties (frequency
range from 100 Hz to 1 MHz). Samples were polled by apply-
ing a DC field of 30 kV/cm for 10 min in a silicone oil bath
at 90°C. The piezoelectric constant d;; was measured using
a piezo di; meter (YE2730A d;; Meter, APC International,
Ltd., USA). The polarization—electric field (P-E) hysteresis
loops were measured in a modified Sawyer—Tower circuit
using a silicon at room temperature.

3. Results and Discussion
3.1. Materials characterization

From the XRD patterns of BNT-BT6—xCu samples at
room temperature (RT) [Fig. 1(a)], it was confirmed a sin-
gle-phase perovskite structure without the formation of sec-
ondary phases. Figure 1(b) shows the peaks between 39° <
20 < 41° corresponding to the (003) and (021) planes and
the other peaks between 45.5° < 260 < 47.5° corresponding
to the (202) plane of the rhombohedral structure, typical of
pure Bi,sNa,sTiO;. However, it can be seen a co-existence
between tetragonal and rhombohedral symmetries by the
splitting of the (202) plane into (002) and (200) planes sug-
gesting the stabilization of an MPB structure.!*!> Besides,
from the obtained patterns, lattice changes with CuO addition
were not observed.

Figure 2 shows the relationship between sintering
temperature and density (Archimedes method) for BNT—
BT6-xCu ceramics sintered at 975°C, 1025°C, 1050°C,
1100°C, and 1150°C. In previous reports, it has been deter-
mined that undoped BNT-BT6 samples achieve the high-
est densification value when the sintering temperature is
1150°C.%-!! Taking into account these results, undoped sam-
ples were sintered at 1150 °C and the determined density was
5.67 g/cm3. The doped samples sintered at 1050 °C showed
a significant increase in the degree of densification for the
entire range of the analyzed compositions. In the case of the
doped samples sintered at 1025 °C, 1100°C, and 1150°C, the
values were slightly higher compared to the undoped system.
However, the sintering temperature of 975°C was insuffi-
cient to achieve densification, obtaining considerably lower
density values. Therefore, it was found that CuO doping was
effective for lowering the sintering temperature of BNT-BT6
by 100°C without the deterioration of densities. In what
follows, the characterization analysis will be focused upon
BNT-BT6—xCu samples sintered at 1050°C, since they gave
the highest density values, and the results will be compared
with the undoped system, which sinters optimally at 1150°C.

Figure 3 shows SEM images of polished and thermally
etched BNT-BT6—xCu ceramics, which were sintered at
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Fig. 1. (a) XRD patterns of BNT-BT6—xCu sintered ceramics.
(b) Details of the XRD patterns in the 39—40.5° and 45.5-47° ranges.
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Fig. 2. Density as a function of sintering temperature of BNT—
BT6—xCu (x=0.5, 1, and 2 mol.%).

1050°C, and the undoped BNT-BT6 (sintered at 1150°C).
Sintered ceramics exhibit dense homogeneous microstruc-
tures with low porosity, where the pores are located mainly
at grain boundaries and triple points. Figure 4 shows the
relationship between the medium grain size and the addition
amount of CuO. The average grain size of undoped BNT-
BT6—xCu (x = 0) was close to ~0.82 + 0.42 ;m. The doped
samples showed an increment in the mean grain size with the
addition of CuO. As in previous reports,'*! this behavior was
attributed to the formation of a liquid phase by CuO doping
along the grain boundaries, which improves sinterability and
allows grain growth.

Raman spectroscopy was used to confirm the presence of
an MPB because it is highly sensitive to the perovskite distor-
tion.!” Figure 5 shows the Raman spectra of BNT-BT6-xCu
sintered samples, where the results obtained are in agreement
with previously reported data.'”'8 As is known, the BNT-BT
system presents a co-existence between tetragonal and rhom-
bohedral symmetries,'® however, CuO addition introduces a
distortion in the lattice and therefore changes in the spatial
distribution are observed. The mode at 130 cm™! is associ-
ated with the Na—-O vibration. The broadband composed

1 2 % 4, 5

Gra‘in sizypm]’
(d) 2Cu0/1050°C

-

5 nm

Fig. 3. SEM micrographs and grain size distributions of BNT-BT6-xCu ceramics: (a) x = 0 mol.% (1150°C), (b) x = 0.5 mol.% (1050 °C),

(¢) x=1mol.% (1050°C), and (d) x =2 mol.% (1050°C).
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Fig. 4. Evolution of the grain size with the CuO content.

of the peaks 157, 273, 314, and 404 cm™! is dominated by
the Ti—O vibration,22! whereas the bands at 533 cm™! and
616 cm!, approximately, can be assigned to the Ti—O-Ti
stretch in edge-shared TiO4. Bands close to 765 cm™!' and
856 cm™! are related to a short Ti—O stretching vibration in
distorted TiOq.!"?>23 From Fig. 5(a), the co-existence of the

x=0 mol% x=0.5 mol%

x=1 mol% x=2 mol%
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Fig. 5. (Color online) Raman spectra of BNT-BT6—xCu sintered
samples: (a) the evolution of the tetragonal phase (orange peak)
and (b) the asymmetry of the band 273 cm™' are observed. Black,
red, blue, and green lines correspond to x = 0, 0.5, 1, and 2 mol.%,
respectively.
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Fig. 6. Temperature dependence of (a) the real permittivity and
(b) the dielectric loss (at 1 kHz) of BNT-BT6—xCu ceramic samples.

rhombohedral and tetragonal phases in the undoped system
is confirmed by the appearance of a band at ~314 cm~! which
corresponds to a tetragonal symmetry.>* However, the broad-
band at 273 cm™! causes difficulty in the visualization of the
band at 314 cm~'. Although the shoulder at 314 cm~" is not
completely defined, the asymmetry rises as the amount of
CuO increases, which reflects the contribution of this peak
[see Fig. 5(b)] and therefore the tetragonal phase increases
for doping higher than 0.5 mol.%.

Dielectric curves as a function of the temperature of
BNT-BT6 sintered at 1150°C and BNT-BT6—xCu sintered
at 1050°C are shown in Fig. 6. BNT-BT6—xCu samples
exhibit high real permittivity values in the analyzed tempera-
ture range presenting a ferroelectric—relaxor transition tem-
perature (7gg) in the 140-180°C region which corresponds
to the nonergodic relaxor-to-ergodic relaxor transition that
indicates the existence of some relaxing mechanisms at tem-
peratures higher than RT.> The wide peak at 300°C (T,,,,)
reveals the existence of a diffuse phase transition (DPT)
with high permittivity (e,). The dielectric permittivity at 7,,,,
and RT increases with the concentration of CuQO, however,
the sample with x = 0.5 mol.% presents a curve below the
undoped system. Additionally, the dielectric anomaly peaks
at T, for all the ceramics, are relatively broad, where real

max?
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dielectric permittivity reached a maximum value of ~6000
gy for BNT-BT6-2Cu samples. The same sequence between
the relative amounts of tetragonal phase analyzed by Raman
spectroscopy (see Fig. 5) and the variation of the permittivity
can be observed. In this way, the sample with x = 0.5 mol.%
shows a decrease in tetragonality and permittivity regarding
undoped samples, which then increase with the dopant con-
tent. Furthermore, from Fig. 6(b), it is observed that the first
drop of dielectric loss corresponds to the transition tempera-
ture Tp and it rises when reaching T, which is the typi-
cal behavior of ceramic relaxors. Comparing the dielectric
curves of all samples, variations in the transition tempera-
tures are observed, which suggest that CuO addition affects
the dielectric properties of the base system. Nevertheless,
due to the detection limit of the XRD equipment, significant
changes in the lattice parameters were not observed.

On the other hand, the hysteresis loops at room tempera-
ture were influenced by CuO addition. Figure 7 shows the
shape of the polarization hysteresis loops of sintered sam-
ples, at room temperature. All hysteresis loops have an ellip-
tical shape indicating a lossy dielectric response, and that
the saturated polarization was not reached. Although, due to
equipment limitations, it is not possible to determine with
precision the P, and E_ values because the applied fields are
below the one required to achieve polarization switching, the
doped samples produced lower coercive field values than the
undoped sample (E, = 9.1 kV/cm). Effectively, for the sam-
ples with x = 0.5 mol.% and 1 mol.% similar coercive fields
were obtained (E, =7.5 kV/cm), while for the sample with x =
2 mol.% it was E, = 8.5 kV/cm. In the case of remnant polar-
ization, the sample doped with x =2 mol.% presented a value,
P, = 9.4 mC/cm?, practically equal to the undoped system,
however in the doped ones with x = 0.5 mol.% and 1 mol.%
the remnant polarization decreased to P, = 6.2 pC/cm? and
5.6 pC/cm?, respectively. Under the applied fields, it can be
observed that the hysteresis loops have the contribution of all

0Cu0/1150°C
~———10.5Cu0/1050°C
1Cu0/1050°C
2Cu0/1050°C

10

-10 1

-.“;0 -il) -1|0 0 10 20 30
E[kV/em]

Fig. 7. Hysteresis loops at room temperature of BNT-BT6—xCu
(x=0,0.5, 1, and 2 mol.%).
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Fig. 8. The ds; and density values of BNT-BT6—xCu as a function
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other polarization mechanisms but for the intrinsic dipoles’
reorientation polarization mechanism.

Figure 8 shows the piezoelectric coefficient (d;;) as a func-
tion of CuO content, and it turned out that d;; increased with
increasing the CuO amount and showed the maximum value
of dy; =131 pC/N at x = 1 mol.% of CuO which corresponds
to the sample with the highest density value, p=5.83 g/cm?.

4. Conclusion

The influence of CuO addition on dielectric and piezoelec-
tric properties of (BijsNa,;)TiO;—BaTiOs-based ceramics
was investigated. BNT-BT6-xCu samples were obtained by
the solid-state reaction synthesis method and it was observed
that the functional properties were strongly dependent on the
concentration of the incorporated additive. CuO allowed to
improve the sinterability and the density of the system; more
precisely, the sintering temperature was reduced from 1150°C
to 1050°C (by 100°C) and the density regarding the undoped
system increased from 5.67 g/cm? to 5.83 g/cm? for the com-
position x = 1 mol.%. Moreover, for this composition the high-
est piezoelectric coefficient (d;;) was achieved. Additionally, a
small amount of Cu ions could substitute into the lattice site of
the perovskite structure, whereas excessive CuO addition was
accompanied by a notable grain growth due to the formation of
a liquid phase during the sintering process. Dielectric permit-
tivity and loss values showed that the transition temperatures
Tyg and T, were modified while Raman spectroscopy showed
that the relative amount of rhombohedral and tetragonal phases
varied with the content of Cu, therefore these changes sug-
gested that Cu ions modified the perovskite structure.
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