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Abstract CuO-doped lead-free ceramics based on bis-
muth sodium titanate (BigsNagsTiO3;, BNT) and barium
zirconate titanate (Ba(Zrg 7Ti0.93)O3, BZT) were prepared
via a multi-step solid-state reaction process. The BNT-
BZT with CuO dopant ceramics sintered at 1150-1180 °C
for 2 h in air showed a pure perovskite structure. SEM
images reveal that a small amount of CuO (<2 mol%) play
a significant role on the microstructure to improve its sin-
tering attributes, while it will degrade when the dopant is
added beyond 2 mol%. The dielectric and piezoelectric
properties of CuO-doped BNT-BZT ceramics were eval-
uvated. At room temperature, the sample doped with
2 mol% CuO shows quite good properties such as a high
piezoelectric constant (d33 ~156.5 pC/N) and a high
electromechanical coupling factor (k, ~52%). The depo-
larization temperature increased dramatically and the
maximum permittivity temperature decreased slightly.

Introduction

Due to the increasing demand for environmental protec-
tion, studies have been performed in depth on various lead-
free ceramics for environmentally friendly applications
(dielectrics for capacitors, actuators, etc). Bismuth sodium
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titanate (Big sNay sTiO3, BNT) is one of the most important
lead-free piezoelectric materials with a perovskite structure
[1]. It has a high Curie temperature (7, = 320 °C) and a
large remnant polarization (P, ~38 uC/cm®) at room
temperature. BNT has been considered as a promising
candidate to substitute for the widely used lead-based
piezoelectric materials. Nevertheless, the large coercive
field (E. ~7.3 kV/mm), low depoling temperature, and
high conductivity during poling are barriers for practical
applications [2-4].

On the other hand, BaTiO; and its doped species, i.e.
doped on A and B sites of the ABO; perovskite structure,
have been investigated to develop high-quality lead-free
ceramics to replace the toxic lead-based materials and
components because of their very high level of strain (up to
1% along the (001) direction). Many studies show that the
substitution of Ti** in BaTiO; with quadrivalence ions
(such as Zr** and Ce**) can significantly improve the
overall properties of the material [5, 6]. Ba(Ti 95Zr(5)O3
ceramics were reported to show a satisfactory piezoelectric
response with the ds; value of 236 pC/N at room temper-
ature [7]. We also investigated Ba(Zr,Ti;_,)O5; (BZT)
ceramics focusing on the relationship between the com-
position and piezoelectric parameters. A high valued
piezoelectric parameter of dz3 ~300 pC/N was obtained at
x =0.07 between the orthorhombic and rhombohedral
phases in our work. Second, a small decrease in the Curie
temperature was obtained for a low content of Zr in
the BZT. ie. T, = 106 °C when x = 0.07 compared to
T. = 120 °C for BaTiOj;. Therefore this composition was
used in this study. However, the large temperature depen-
dence of the dielectric constant and a low Curie temperature
for BaTi,_,Zr,O3 (BZT) ceramics limit their practical
applications. To make use of the merits of both materials a
trade off is required between the high piezoelectric
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coefficient of BZT and the high Curie temperature of BNT.
Several solid solutions of BNT with SrTiO5 [8], NaNbOs
[9], BaTiOj3 [10] have improved electrical properties to that
of BNT.

The BNT-BZT system becomes dense at about
1180 °C, and the bismuth and sodium content may evap-
orate during the sintering process which can cause a
deficiency in A-site ions. It is believed that the sintering
attributes of BNT-BZT system can be improved consid-
erably to enable practical industrial applications. Among
the several sintering aids employed for dielectric ceramics,
CuO is often used because of its low melting point and
formation of the liquid phase [11-13].

Based on our work, efforts were made to locate the mor-
photropic phase boundary (MPB). The xBNT-(1—x)BZT
ceramics were studied and the MPB was found at x = 0.075
for BZT in the compounds. In this study, 0.925Bi, sNag 5
Ti05-0.075BaZr( o7 Tig 9303 (BNT-BZT) acted as the host
material and x mol% CuO (x = 0.5, 1, 2, and 5) as the
addition. The influences of CuO doping on the microstruc-
tures and electrical properties are presented.

Experimental procedure

High purity Bi»O3; (99.9%), Na,CO3 (99%), TiO, (99%),
BaCOs3 (99.5%), and ZrO, (99%) powders were used as
starting materials. To prepare the BiysNagsTiO; (BNT)
raw powder, Bi,O3;, Na,COs3, and TiO, were mixed and
ground and then calcined at 850 °C for 4 h in air.
BaZryg;Tig9305 (BZT) powders were prepared through
mixing BaCO;, ZrO,, and TiO, and calcined at 1200 °C
for 4 h. BZT powders were ball milled again and dried
before being mixed with BNT powders. The BNT and BZT
as-calcined powders were then weighed and mixed
according to the compositions of 0.925BNT-0.075BZT
with x mol% CuO doping (x = 0.5-5). After ball-milling in
alcohol for 4 h and drying, the powders were pressed into
discs of 12 mm diameter by 1 mm thick. The discs were
then sintered in air at temperatures of 1150-1180 °C for
2 h with multiple steps at different heating rates between
2.5 and 5 °C/min. X-ray diffraction (XRD) using a Philips
Diffractometer with CuK,, radiation (4 = 0.15406 nm) was
performed to check the phases of the powders and
ceramics. The morphology was observed by field emission
scanning electron microscopy (SEM, JSM-6335F). The
ceramic discs for electrical characterization were elect-
roded with silver paste screen-printed on both sides
followed by a heat treatment at 650 °C for 20 min. The
dielectric constant and loss tangent of the ceramics were
measured as a function of temperature (room temperature
to 500 °C) in a frequency range from 1 kHz to 1 MHz
using impedance analyzers HP 4192A and HP 4194A. To

measure the piezoelectric properties, the ceramic samples
were poled in silicone oil at 80—100 °C under a d.c. electric
field of 4-6 kV/mm for 30 min. The piezoelectric charge
coefficient d3; was measured at 110 Hz using a piezo ds3
meter (ZJ-38, Institute of Acoustics Academia Sinica). The
electromechanical coupling coefficients (k,, k) were
determined using the resonance method from the imped-
ance data measured by an impedance analyzer (HP 4294A)
as a function of frequency.

Results and discussion

Figure 1 shows the X-ray diffraction patterns of BNT
powder, BZT powder, and a BNT-BZT ceramic in the 26
range of 20-60°. The BNT powder was pure perovskite
phase after calcining the ball-milled raw materials of
Bi,03, Na,COs3, and TiO, at 850 °C for 4 h. The solid-state
reaction between TiO,, ZrO,, and BaCO; was almost
complete at 1200 °C forming a pure perovskite structure,
as shown in Fig. 1b. The BNT-BZT ceramic was sintered
at different temperatures, resulting in a splitting of peak
(111) in the sample sintered at 1150 °C for 2 h. The (110)
peak was detected at 20 = 32.62° for the BNT powder, at
31.51° for the BZT powder, and merged into a single peak
located at 32.24° for BNT-BZT ceramic. However, the
(111) peak was detected at 40.16° for the BNT powder,
38.83° for the BZT powder, and 38.45°/39.81° for BNT—
BZT ceramic. The split peaks of 38.45° and 39.81° were
almost matched with BNT(111) and BZT(111). This sug-
gested that the solid solution reaction between BNT and
BZT was incomplete at this temperature (see Fig lc),
showing two peaks from BNT(111) and BZT(111),
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Fig. 1 XRD pattern of (a) BNT powder calcined at 850 °C for 4 h;
(b) BZT powder calcined at 1200 °C for 4 h; and (c¢) 0.925BNT-
0.075BZT ceramic sintered at 1150 °C for 2 h. (d) 0.925BNT-
0.075BZT ceramic sintered at 1180 °C for 2 h
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Fig. 2 X-ray diffraction patterns of BNT-BZT ceramics doped with
x mol% CuO (x = 0.5-5) sintered at 1180 °C for 2 h

respectively. As the temperature was increased the peak at
38.45° is reduced significantly and the (111) peak for the
solid solution remains, as shown in Fig. 1d.

Figure 2 shows the X-ray diffraction patterns of BNT—
BZT ceramics doped with x mol% CuO (x = 0.5-5) sin-
tered at 1180 °C for 2 h. The XRD patterns show a pure
perovskite phase and no individual phases from BNT or
BZT can be seen, implying the formation of a solid solu-
tion rather than a mixed compound. The fact that peaks
split at about 40° and 46° indicates the co-existence of
rhombohedral and tetragonal phases in the CuO-doped
BNT-BZT ceramics. The (002) and (200) peaks are sepa-
rated for the samples with low CuO concentration and

Fig. 3 SEM images of polished
and thermally etched BNT-BZT
doped with x mol% CuO
ceramics. (a) x = 0, (b) x = 0.5,
(¢) x =1, and (d) x = 2. Labels
“A” and “B” in (a) denote the
voids in the ceramic

@ Springer

merged gradually into one broad peak with the increased
amount of dopants. Moreover, the intensity of (002) peak
decreased and that of (200) increased with increasing CuO
amount.

Figure 3 shows SEM images of polished and thermally
etched BNT-BZT + x mol% CuO ceramics, which depict
the doping effect of CuO on the grain size. The grain size
of the undoped BNT-BZT ceramic sintered at 1180 °C for
2 h is between 1 and 3 pm with several voids approxi-
mately 2 pm in size labeled as “A” and “B” in Fig. 3a.
The average grain size increased from 3 to 5 pm for a
0.5 mol% CuO-doped sample, indicating that the CuO
dopants enhance the grain growth with more regular square
shaped grains, as shown in Fig. 3b. With the increased
amount of CuO, a much easier densification of BNT-BZT
ceramics is revealed, as shown in Fig. 3c and d. The size
distribution of the BNT-BZT ceramics was predominantly
determined by the amount of CuO addition and sintering
temperature. For the 1 mol% CuO doped sample, larger
grains were found with grain sizes > 10 pm. When the
amount of CuO dopant is over 5 mol%, the microstructures
of BNT-BZT ceramics become more porous. The dense
ceramics with a density >90% of the theoretical density
were obtained by sintering at 1180 °C with CuO-doping. A
small increase in densities was found by increasing the
content of CuO, but the density reaches saturation value
when the CuO doping was >2 mol%. The relative density
is about 94% of the theoretical density for the sample with
2 mol% CuO-doping.

Figure 4 shows the temperature dependence of the
relative permittivity (e;) of undoped BNT-BZT ceramic at
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Fig. 4 Temperature dependence of the relative permittivity of
undoped BNT-BZT ceramics at different frequencies ranging from
1 kHz to 1 MHz

different frequencies ranging from 1 kHz to 1 MHz. Three
phases of ferroelectric, anti-ferroelectric, and paraelectric
exist in all samples at different temperatures [14]. The
depolarization temperature (7y), referred to the transition
temperature between ferroelectric phase and anti-ferro-
electric phase increased to 135.3 °C (120 °C for pure BNT
ceramic). The maximum permittivity temperature (7,,) is
314.8 °C, which is slightly lower than that of pure BNT
(320 °C).

The temperature dependence of the relative permittivity
for samples with different amounts of CuO-dopant was
measured to determine phase transitions. Two transition
points (Ty and T,,) are clearly seen in the &—T plot, as
shown in Figs. 4 and 5. The ferroelectric to paraelectric
phase transition temperature decreased after doping with
CuO. The relative permittivity increased except for the
sample doped with 5 mol% CuO, which is probably due
the microstructures containing more voids. The loss tan-
gent increased slightly, especially for the samples with
greater CuO-doping. The depolarization temperatures were
determined from the temperature dependence of the
dielectric constants (ref. in Figs. 4, 5), as shown in inset of
Fig. 5. The depolarization temperature increased sharply
from 120 °C (x = 0) to 156.7 °C (x = 0.5) for the samples
with low CuO content and reached a maximum value of
186.1 °C for x = 2. Meanwhile, the T,, dropped dramati-
cally from 304.1 °C (x =0) to 282.3 °C (x =0.5) and
remained almost constant after a slight increase to
282.4 °C for x = 2. The improvement in Ty from 120 to
186.1 °C is beneficial for practical applications. The
depolarization temperature results from a transition to an
antiferroelectric state from a ferroelectric state [10, 15].
Some researchers suggested that there is a coexistence
of rhombohedral and tetragonal phases instead of an anti-
ferroelectric phase [16]. The results show that the
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Fig. 5 Temperature dependences of relative permittivity and loss
tangent for the samples with various amount of CuO dopant from
x =0 to 5 mol% for temperatures ranging from room temperature to
500 °C at a frequency of 100 kHz. The inset shows the compositional
dependence of the two transition temperatures in BNT-BZT + x
mol% CuO ceramics at 100 kHz

CuO-doping effectively suppressed the rhombohedral-to-
tetragonal phase transition, giving rise to an increase in Tyg.
Figure 6 shows relative permittivity (&) and loss tangent
(tand) of poled and unpoled BNT-BZT + x mol% CuO. It
can be seen that the unpoled samples have higher values of
&, and tand than those of the poled samples. The decrease in
& and tand after poling were attributed to the movement of
domains in the piezoelectric ceramics [17]. The increase of
tetragonality in the samples with a low CuO content also
causes a decrease of the differences in relative permittivity
between the unpoled and poled samples. It is evident that
the (002) and (200) peaks become broad and merge into
one peak, when the amount of CuO-doping is increased to
5 mol%. This has the effect of decreasing the tetragonal
structure (see Fig. 2). The relative permittivity (¢,) of both
poled and unpoled samples increases with increasing
amounts of CuO. The maximum value of & appears in the
sample doped with 1 mol% CuQO, while the loss tangent has
an inverse trend with relative permittivity. The loss tangent
of the unpoled samples decreased slightly at low percent-
age of CuO and then increased, but decreases for the poled
samples when the amount of CuO is beyond 2 mol%.
Figure 7 shows the piezoelectric coefficient (d33) of the
BNT-BZT + x mol% CuO ceramics as a function of the
amount of CuO. The value of ds3 increases from 120 pC/N
for the pure BNT-BZT to a maximum value of 156.5 pC/N
for x =2 around the MPB region and then decreases to
136.5 pC/N for x = 5. Note that the d33 of BNT-BZT + x
mol% CuO ceramics improves with low concentration of
CuO doping due to an improvement in its sintering attri-
butes (Ref. in Fig. 3). The maximum value of piezoelectric
constant was higher than that of the BNT-BZT9 ceramics

@ Springer
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Fig. 6 The relative permittivity and loss tangent of BNT-BZT
ceramics as a function of the amount of CuO-dopant

[18]. A further increase in the CuO-doping of the com-
pounds will degrade the microstructure, leading to a
decrease in ds3.

The mechanical coupling factors (k, and k) are also
affected by the CuO-doping. The value of k, increases from
41% for the pure BNT-BZT ceramic to 52% for the sample
doped with 2 mol% CuO and then decreases slightly to
48% for the sample doped with 5 mol% CuO. The value of
k, was 15.8% for the pure BNT-BZT ceramic, and this
decreased to 14.8% for the sample with 1 mol% CuO. It
was found that CuO dopant had less effect on the &, value.
The maximum values of k, (~16.5%) and k; (~52%) were
obtained from the sample doped with 2 mol% CuO. It is
obvious that the CuO-doping can improve the electric
properties of BNT-BZT ceramics.

The mechanism for the effect of lattice distortion by
addition of CuO is complicated. It is well known that Bi**
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Fig. 7 The piezoelectric coefficient (d33) of BNT-BZT + x mol%
CuO as a function of the amount of CuO dopant
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the Cu®* cations in the A-sites are formed by the Bi’*
deficiency. Bi** has a radius of 1.17 A (6-coordinate) lar-
ger than 0.87 A (6-coordinate) of Cu**, which acts as a
donor. It is also possible for Cu®* to fill in the sites of Na*
(6-coordinate, r = 1.16 A). Therefore, Cu?* acts as both a
donor and an acceptor in the BNT-BZT ceramics.

In the MPB regions, enhanced dielectric and piezo-
electric properties are obtained. This is attributed to the
polarization vector being able to easily switch between the
allowed polarization orientations [18]. The relationship
between crystal phases and electrical properties requires
further understanding that could lead to improved compo-
sition selection. It is believed that the electrical properties
of BNT-BZT ceramics may be improved further.

Conclusions

This study aims to investigate the doping effect of CuO on the
microstructure and electrical properties of BNT-BZT
ceramics. BNT-BZT ceramics doped with x mol% CuO
(x = 0-5) were prepared by a conventional solid-state reac-
tion technique with a multi-step sintering process at 1180 °C
for 2 h in air. The ceramics showed pure perovskite structures
with the coexistence of rhombohedral and tetragonal phases.
The grain size increases with an increasing amount of CuO.
The maximum permittivity temperature is suppressed dra-
matically from 304.1 °C for pure BNT-BZT ceramic to
273.7 °C for the sample doped with 1 mol% CuO, and then
increased gradually in the samples doped with further
amounts of CuO. The depolarization temperature of the
ceramics increased, which is beneficial for using the ceramics
at higher temperatures. The maximum value of the piezo-
electric constant dz3 (156.5 pC/N) was obtained for the
ceramic doped with 2 mol% CuO, which has a tetragonal
phase near the MPB region. A high electromechanical cou-
pling factor (k, ~52%) was found in the sample doped with
2 mol% CuO. The BNT-BZT system is expected to be a new
and promising lead-free dielectric and piezoelectric ceramics
for practical applications.
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