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Abstract

Perovskite type (Bag gsCayg 15)(Zry 10 Tip.00) 1 —x(Cu;,3Nb,3), 05 (x=0.00, 0.005, 0.01, 0.015 and 0.02) (abbreviated as BCZT-
1000xCN) lead-free ceramics were prepared via a conventional solid-state reaction method. The phase structure, microstruc-
tural morphology and electrical properties of BCZT-1000xCN ceramics with different CuO/Nb,O; content were systemati-
cally investigated. The phase identifications of the ceramic samples were investigated by X-ray diffraction and the results
indicated that all samples showed a pure perovskite phase with no secondary phase. Microstructure, electrical properties
and polarization—electric field (P-E) hysteresis loops indicated that a small amount of CuO/Nb,O5 (x=0.005-0.02) addition
affected the properties obviously. The addition of CN effectively resulted in the decrease of grain sizes and slightly improved
uniformity of grains in BCZT ceramics. Moreover, the results revealed that the addition of CN significantly improved the
sinterability of BCZT ceramics which resulted in a reduction of sintering temperature from 1450 to 1400 °C without sac-
rificing the high piezoelectric properties. Achieving a polymorphic phase transition point at room temperature about 20 °C
could improve the piezoelectric properties of BCZT-1000xCN ceramics. Main piezoelectric parameters of BCZT-1000xCN
ceramics were optimized around x =0.01 with a high piezoelectric coefficient (d;; =550 pC/N), a planar electromechanical

coefficient k,, of 50%, a remnant polarization (P, = 12.6 pC/cm?), a high dielectric constant (&

=6056) and a low dissipa-

rmax

tion factor (tané=1.55%) at 1 kHz, indicating promising applications for lead-free piezoelectric ceramics.

1 Introduction

In recent years, the study of piezoelectric ceramic materials
had made significant progress. Piezoelectric ceramics were
a kind of important functional materials which could convert
electric energy from mechanical energy. At present, lead-
based piezoelectric ceramics as the functional materials,
represented by lead zirconate titanate were widely used for
piezoelectric actuators, sensors and transducers due to their
good thermal stability and excellent electrical properties
[1-3]. However, PbO volatile produced more pollution to
the environment and damaged to human body in the prepara-
tion process of lead-based piezoelectric ceramics. With the
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recent growing demand for global environmental protection,
the restriction of the use of certain hazardous substances in
electrical and electronic equipment (RoHS) directive banned
the placing on the European Union market of new electrical
and electronic equipment containing more than agreed levels
of lead in 1 July 2006. Consequently, from the viewpoint
of long-term development of the world, seeking lead-free
or low-lead content materials with more environmentally
friendly benefits and competitive properties to replace the
traditional Pb-based ceramics had become one of the most
significant works [4].

In the research of Pb-free piezoelectric ceramics, con-
siderable attention had been recently given to (K 5,Na 5)
NbO;-, BiFeO;- and Bi 5)Na0.5,TiO5-based ceramics
because of their environmental issues, high Curie tempera-
ture, and good piezoelectric properties [4—12]. Moreover,
their inferior piezoelectric coefficients (d;;=490-570 pC/N)
could match those of part Pb-based piezoelectric ceramics
[13—-16]. However, there is still some gaps between Pb-free
piezoelectric ceramics and the high d;; values of lead-based

@ Springer


http://orcid.org/0000-0002-8525-2017
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-8225-3&domain=pdf

2950

Journal of Materials Science: Materials in Electronics (2018) 29:2949-2957

ceramics (d3;~ 590 pC/N for PZT-5H). Meanwhile, low-
density, low temperature stability and relatively lower pie-
zoelectric properties hindered their practical applications.
Therefore, it was urgent to seek a new lead-free material
system with higher piezoelectric properties to replace lead-
based ceramics.

Barium titanate (BaTiO5) was the earliest known perovs-
kite-type ferroelectric ceramics and had five kinds of phase
structures at different temperatures, but its piezoelectric con-
stant (d53) was still poor [17]. In order to improve the piezo-
electric and dielectric properties, modified BaTiO; ceramics
had recently been demonstrated to create the morphotropic
phase boundary (MPB) at room temperature by doping Ca
and Zr. The study acquired a high dj;, superior to that of
lead zirconate titanate materials [18]. Numerous researches
had discovered that the excellent piezoelectric performance
was attributed to a triple point morphotropic phase boundary
state (MPB), a coexistence of tetragonal, orthorhombic, and
cubic phases close to room temperature [18-21].

In addition, the formation of a polymorphic phase transi-
tion point at room temperature also resulted in the BCZT
materials having excellent piezoelectric behavior [18]. The
investigator had found that the tricritical point led to strong
temperature dependence in (Bay g5Cay ;5)(Zry 1(Tig 90)O3
(BCZT) ceramics was above room temperature (~315 K),
thus a relatively low d;; value was achieved in this work.
Therefore, it was important to decrease the polymorphic
phase transition point down to room temperature for further
improving the piezoelectric properties of these materials,
which had become the main key research direction cur-
rently. In addition, lead-free BCZT based ceramics show-
ing excellent piezoelectric properties (piezoelectric coeffi-
cient; d3;~ 600 pC/N) and good dielectric properties were
attributed to the use of high calcination (1300-1350 °C) and
sintering temperature (1500-1550 °C) as well as very long
dwelling times [18]. Recently, some authors also found that
Ca and Zr codoped BaTiO; ceramics with a dense micro-
structure and a high d;; were obtained only by sintering in
an industrial N, atmosphere as well as a high temperature
[22]. For BCZT ceramics, the introduction of Zr into Ti site
usually raised sintering temperature, and then the densifi-
cation of ceramics became difficult [23]. However, BCZT
ceramics could be well sintered at a lower temperature if
a liquid-phase was formed during sintering process. It was
well known that a small amount of suitable addition was an
effective and simple method to modify electrical proper-
ties of piezoelectric ceramics. CuO was commonly chosen
as a kind of sintering aid in lead-free ceramics to further
improve piezoelectric properties and reduce the sintering
temperature such as BNT-BZT, KNN and (Ba,Sr)(Ti,Zr)
O; ceramics, because of its low melting point and forma-
tion of the liquid phase [24-26]. Meanwhile, Zheng et al.
also found that CuO-modified Ba(Ti,Zr)O; ceramics had
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an excellent piezoelectric performance [27]. Furthermore,
it was well known that the addition of Nb,Oj could slightly
reduce the Curie temperature (7,) of piezoelectric ceramics.
We speculated on whether the additive of Nb,Os could shift
the tricritical point to room temperature and simultaneously
caused a decrease in Curie temperature (7). The last but not
least, the use of CuO/Nb,Os as the additive could make the
microstructure denser, resulting in an amelioration in the
electrical properties and sintering temperature of piezoelec-
tric ceramics [28-30].

Therefore, the purpose of this study was to present the
effect of CN addition on the density, phase structure, elec-
trical properties and sintering temperature of BCZT ceram-
ics. The dielectric properties of BCZT-1000xCN ceramics
were also measured as a function of temperature. A low
sintering temperature and enhanced electrical properties of
BCZT ceramics were obtained by the addition of CN, and
the physical mechanism underlying some properties were
also illustrated.

2 Experimental procedure

A conventional solid-state reaction technique was used
to prepare (Bag gsCag 15)(Zrg 1Tig 90)1-(Cuy;3Nby/3)05
(x=0.00, 0.005, 0.01, 0.015 and 0.02) (BCZT-1000xCN)
lead-free piezoelectric ceramics. Reagent-grade powders,
BaCO; (99.0%), CaCOj; (99.0%), ZrO, (99.0%), TiO,
(98.0%), CuO (99.0%) and Nb,Os (99.9%) used as the raw
materials were weighed and mixed in a centrifugal mill, as
well as wet-homogenized with the addition of alcohol for 4 h
and then dried. The dried mixtures were calcined at 1150 °C
for 4 h. Thereafter, the mixtures were ball-milled in ethanol
for 8 h, then dried, sifted and mixed with 7 wt % poly vinyl
alcohol (PVA) solution. The mixed powder was pressed uni-
axially into disk specimens with a diameter of 12 mm and a
thickness of 1.2—1.5 mm under 100 MPa and consolidated
by isostatic pressing at 200 MPa. After burning out PVA at
650 °C for 20 min to ensure that all the binder and organic
materials were removed, the disks were sintered at 1400 °C
for 4 h in a sealed alumina crucible.

The bulk densities of the sintered samples were measured
by the Archimedes method and theoretical density of each
composition was calculated from the XRD data. The phase
identifications of the sintered samples were investigated by
X-ray diffraction (XRD) (D/MAX-2500, Rigaku, Tokyo,
Japan) using Cu Ka radiation with scanning at 8 °/min and
20 range of 20-70°. Scanning electron microscopy (SEM,
S4800, Hitachi, Japan) was used to observe the microstruc-
ture of the natural surface of the ceramics. The sintered sam-
ples were polished into disk samples and their thicknesses
were from 0.8 to 1.0 mm. Silver electrodes were painted on
the upper and bottom surfaces of the polished pellets, and
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fired at 735 °C for 15 min for dielectric and piezoelectric
characterization. After this, sintered samples were poled
in silicone oil at room temperature under 5.0 kV/mm for
25 min. The relative dielectric constant and dielectric loss
measurements were performed at room temperature with an
LCR automatic meter(XC2810A, Tianjin Xin Ce Electronics
Apparatus Technology Co., Ltd., Tianjin, China). The planar
coupling K, was determined by impedance analyzer(XFG-7,
Shanghai YaMei Electric Appliance Co., Ltd. Shanghai.,
China). Planar electromechanical coupling factor k, were
calculated following IEEE standards. The temperature
dependence of the dielectric constant and the dissipation fac-
tor of the specimen homogenously were measured with tem-
peratures ranging from — 25 to 125 °C at a step of 1 °C/min.
The piezoelectric constant d;; was measured by quasistatic
dy3 meter (ZJ-3AN, Institute of Acoustics Academic Sinica,
Beijing, China) based on Berlincourt method. A standard
ferroelectric tester(WS-2000, Tsinghua University, Beijing,
China) was followed to measure the ferroelectric hysteresis
P-E loops at a frequency of 1 kHz.

3 Results and discussion

The phase formation of the room temperature (T =25 °C)
BCZT-1000xCN lead-free piezoelectric ceramics were
shown in Fig. la. From the XRD patterns, it could be seen
that all samples exhibited pure perovskite phase (PDF#79-
1482) with no secondary phase existing. To observe the
phase evolution clearly, further observation on the XRD
patterns was carried out in the diffraction angle range of
44.4-46°, and the results were displayed in Fig. 1b. Results
showed that the Cu ion and Nb ion could be dissolved in a
BCZT solution.

The radius of Nb>*(r=0.64 A, Coordination Number=6)
and Cu** (r=0.73 A, Coordination Number =6) were
slightly larger than that of Ti** (r=0.605 A, Coordination
Number = 6) and Zr** (r=0.72 A, Coordination Number=6)
correspondingly [22]. It was a possibility for Cu** and Nb>*
(CN) occupying B site to substitute Ti*" or Zr** resulting
in a change for the lattice parameter. Comparing to pure
BCZT ceramics, the diffraction peaks of the BCZT-10CN
ceramics shifted slightly to lower angles, suggesting that
the value of the lattice parameters increased. However, with
further rising CN content (x =0.02), the diffraction peaks
began to shift to higher angles. A possible explanation was
due to partial Cu®* and Nb>* ions began to occupy the ions
with larger radius in A sites, which resulted in the decrease
of lattice parameters with high CN content.

According to the different characteristics of the {200}
peaks in the perovskite structure, we can easily identify the
distinction between tetragonal and rhombohedral phases
[19]. And all peaks could be indexed based on the standard
X-ray pattern of the tetragonal BaTiO; (JCPDS#05-0626).
The coexistence of tetragonal and rhombohedral phase at all
samples confirmed the morphotropic phase boundary (MPB)
nature of these compositions [7]. In Fig. 1b, the sample of
x =0 showed that {200} peaks split into (002) and (200)
peaks unevenly and (200) peaks was higher in the range
of 44.4-46°, implying that the tetragonal and rhombohe-
dral phases coexisted and tetragonal phase was the main
phase. With the increase of x, the samples with compositions
x=0.01-0.02 showed {200} peaks splitting uniformly, indi-
cating that tetragonal and rhombohedral phases coexisted
evenly. The results revealed obvious changes in diffraction
peaks near 20 =45°, indicating that CuO/Nb,Oj substitution
could induce a structural phase transition from tetragonal
phase which was the main phase of pure BCZT ceramics to

Fig. 1 a X-ray diffraction —
patterns of BCZT-1000xCN (a) = _ (b)
ceramics sintered at 1400 °C for g =~ = 8 s =z E
4 h. b The {200} peaks in the o ‘F‘X 48 g 7\’ BCZT-20CN
20 range of 44.4-46° et N A
J BCZT-15CN A
g LA A /. A
G
=y BCZT-10CN
BCZT-5CN
[« (=3
J g\ &
BCZT
A A N A A
" 1 " " 1 1 1 L 1 " 1 1 1 L
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the mixture of rhombohedral and tetragonal phases equably
with further increase of x.

Based on the XRD data 20 range of 10-120° with slow
scanning at 1 °/min, the variation of the lattice parameters
(a, b, ¢) and the unit cell volume (V) for the BCZT-1000xCN
ceramics were determined and shown in Fig. 2. Since the
lattice parameters a was similar to b, the main crystal phase
of ceramics was likely to be tetragonal phase and rhombo-
hedral phases (T;_; was reduced from 32 to 20 °C as dis-
cussed in Fig. 3). We could see that, with the increase of x,
the variation of the lattice parameters (a, b, ¢) and the unit
cell volume (V) were similar respectively. They increased
initially, reached their maximum value at x =0.01, and then
decreased until x=0.02. The slightly shift of diffraction
peaks to lower angles was consistent with the increase in
the lattice parameters and unit cell volume, which should be
attributed to the bigger ionic radius of Cu and Nb in com-
parison with Ti. However, with further rising CN content
(x=0.015-0.02), the lattice parameters and unit cell vol-
ume began to decrease. A possible explanation was due to
partial Cu®* and Nb>* ions began to occupy the ions with
larger radius in A sites, which resulted in the decrease of
lattice parameters and unit cell volume with large CN con-
tent. Moreover, the uniformly coexistence of tetragonal and
rhombohedral phases was helpful to improve the electrical
properties of ceramics at x=0.01 [31]. The crystallographic
data of refinement on the BCZT-1000xCN piezoelectric
ceramics were given in Table 1.

As shown in Fig. 3, stripes and herringbone paterns could
be observed in the similar grain. Obviously, the samples had
different width of domain with different contents of CN. Fig-
ure 3 showed the temperature dependence of the dielectric
properties for the BCZT-1000xCN ceramics, measured at
1 kHz. As can be seen, two obvious peaks were observed
on the dielectric constant versus temperature curves in the
measured temperature range between — 25 and 125 °C. It
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Fig.2 Lattice parameters (a, b, ¢) and unit cell volume V for the
BCZT-1000xCN ceramics
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Fig.3 Temperature dependence of the dielectric properties at 1 kHz
for the BCZT-1000xCN ceramics sintered at 1400 °C for 4 h

was considered that these two peaks corresponded to the
polymorphic phase transition from rhombohedral phase to
tetragonal phase (T;_;) and from tetragonal phase to cubic
phase (T,), respectively [18, 32]. The transition tempera-
tures of T_rand T were about 30 and 85 °C, respectively.
With increasing CN content, the T decreased from 88 to
75 °C.The variation tendency of Ty_; was similar to the T
(from 32 to 20 °C). Comparing to pure BCZT ceramics, the
characteristic peak of T_rand T shifted slightly to the low
temperature, suggesting that the location of the Ti and Zr
were replaced and led to lattice distortion with increasing
CN content potentially. The decrease in T value reflected
the incorporation of Cu** and Nb>* into the BCZT lattice,
and the amount of CN incorporated as solid solution also
increased with the increasing of CN content. At the same
time, the tricritical point of BCZT ceramics decreased, and
could be shifted to room temperature with the increasing
of CN content, as shown in the insert of Fig. 3. Achieving
a polymorphic phase transition point at room temperature
could improve the piezoelectric properties of BaTiO;-based
ceramics [18].

Figure 4a depicted the polarization—electric field (P-E)
hysteresis loops of the BCZT-xCN ceramics as a function of
x from 0.000 to 0.02 which were measured at 1 kHz under

Table 1 Crystallographic data of refinement on the BCZT-1000xCN
ceramics

X a(A) b (A) c(A) Unit-cell Rwp (%)
volume (/&3)

0.00  3.998  3.9986  4.0161  64.21 13.196

0.005  3.9990 3.9990 4.0172  64.28 12.955

0.01 4.0070  4.0070  4.0304  64.71 12.986

0.015  4.0021  4.0021  4.0247  64.46 13.263

0.02 3.9977  3.9977 40178  64.21 12.969
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Fig.4 a The polarization—electric field (P-E) hysteresis loops, b the remnant polarization (P,) and coercive field (E,) of the BCZT-1000xCN

ceramics as a function of x from 0.00 to 0.02

an electrical field of 3 kV/mm near room temperature. All
samples exhibited unsaturated and slim P-E loops with very
low E,, indicating that these materials were very “soft”. The
varying remnant polarization (P,) and coercive field (E,)
were shown in Fig. 4b. It could be seen that the pure BCZT
ceramics exhibited a worse ferroelectric polarization hys-
teresis loop, and the P—E loops became ameliorative with
increased x. E, decreased initially until x=0.005-0.165 kV/
cm, then raised sharply at x=0.01-0.255 kV/cm, and sub-
sequently droped. Besides, P, increased initially, reaching
the maximum value at x=0.01-12.6 pC/cmz, and then
decreased until x=0.02-7.4 pC/cm?. The results of the
coercive field (E_) showed that the CN doped BCZT ceram-
ics became softer and the ferroelectric properties strongly
depended on Cu** and Nb>* content. Distinctly, the sample
with x=0.01 had the largest P,, suggesting that the increase
oxygen vacancies would pin the domain to switch. It was
well known that high P, and low E_ might be ascribed to the
coexistence of orthorhombic and tetragonal phases. Gener-
ally speaking, large remnant polarization usually facilitated
the piezoelectric properties of the ceramics [32].

Figure 5 showed the variation of the piezoelectric strain
constant (d3;) of pure (Ba, g5Cay 15)(Zr 1o Tig 99)O5 under the
condition of the poling time of 25 min with different polari-
zation temperature and electric field. We chose 30 and 60 °C
to explore polarization temperature because of the BCZT
Curie temperature was around 90 °C. As illustrated in Fig. 5,
with increasing the poling electric field of 2.5-5.0 kV/mm,
the piezoelectric strain constant (d;;) increased gradually
and both the 30 and 60 °C reached the maximum values of
349 and 335 pC/N, respectively. Besides, the piezoelectric
properties of polarization temperature at 30 °C was better
than 60 °C. The reason of this phenomenon might that the
temperature of 60 °C was closer to the BCZT Curie tempera-
ture. When the ceramic was poled, the domain was easy to
change direction and the polarization was more sufficient.

350 —=30°C

——60°C

340
330
320

310

d33(pC/N)

300
290

280

1 N I . I L I . 1 . 1
3.0 3.5 4.0 4.5

Electric filed(kV/mm)

Fig.5 Variation of the piezoelectric strain constant(d;;) of
(Bay g5Cay 15)(Zrg 10T 90)O5 With the electric field at different polari-
zation temperature

After removed the electric field, the temperature of the sam-
ple in the 60 °C started to reduce, and no applied voltage
kept the direction of the electric domain. It resulted in some
of the domains returning to the original direction. However,
for the polarization sample near room temperature (30 °C),
the domain activity was low and the electric domain was
difficult to turn direction again after removed the electric
field. Moreover, the volume fractions of domains might be
much easier to be switched during poling for the ceramic
with the coexistence of two phases when the poling tem-
perature value was close to MPB [33]. Its d;; value gradually
increased with the further increasing of E. It was believed
that the higher poling electric field could be beneficial to
the switching of domains in BCZT ceramics. But excessive
poling electric field could cause samples breakdown and
deteriorate piezoelectric properties in BCZT ceramics.
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Fig.6 Piezoelectric coefficient,d;; and planar mode electromechani-

cal coupling coefficient, k, values of the BCZT-1000xCN ceramics

sintered at 1400 °C for 4 h

Figure 6 showed the piezoelectric coefficient and planar
mode electromechanical coupling coefficient of BCZT-
1000xCN ceramics as a function of CN content. It could be
observed that both d3; and K, curves possessed a peak with
the increased of CN content. With the raising of x to 0.01,
both dy; and K|, reached their maximum value of 550 pC/N
and 50%, respectively. It was believed that the observed
high piezoelectric properties should be ascribed to the phase
coexistence [18, 33-35] and the first-order phase transition
occurring near room temperature should be the origin of
this phase coexistence. It was well known that the radius of
Cu** and Nb>* were slightly larger than that of Ti**. There-
fore, it was a possibility for Nb>* and Cu** occupying B
site to substitute Ti** resulted in the bigger lattice distor-
tion, harder electric domain rotation and less orientation of
electric domain along the direction of the electric field when
CN doped amount increased. Therefore, it was possible that
the piezoelectric properties decreased with the CN doped
amount overmuch. Moreover, the high piezoelectric con-
stant d;; phenomenon could be linked thermodynamically
through the relation of dy; = 2Q,,P,e1; [33], where Q,,P,
and €45 respectively represented the electrostrictive coef-
ficient, remnant polarization and dielectric constant. With
the raising of x to 0.01, both the P, and &'5; reached their
maximum value of P, = 12.6 pC/cm? and e";; = 6056 shown
through Figs. 7 and 8b, separately.

In order to study the effect of CN addition on the dielec-
tric behavior of BCZT ceramics, the relative dielectric con-
stant ¢, and dielectric loss tand for BCZT-1000xCN ceram-
ics measured at 1 kHz were shown in Fig. 7. As illustrated
in Fig. 7, with increased x the relative dielectric constant ¢,
(1 kHz) increased firstly for x up to 0.01 (e, =6056) and
then decreased with further x composition. However, the
loss tangent (1 kHz) distinctly decreased at first and reached
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Fig.7 Relative dielectric constant, €, and dielectric loss, tané of the
BCZT-1000xCN ceramics measured at 1 kHz

a minimum value of 1.55% at x=0.01 CN addition. There
was consensus among most experts that the BCZT ceramic
defect reduced, energy consumption of domain wall motion
decreased and dielectric loss decreased due to the increased
density. When a small number of defects caused by doping
the minor elements CN exists, it promoted the sintering pro-
cess and increased the density of the BCZT ceramic. There-
fore, the energy consumption of the domain wall motion was
reduced. Because of these reasons, the relative dielectric
constant decreased and dielectric loss increased. When CN
doped amount was overmuch, Cu?* and Nb>* would not be
completely dissolved in BCZT ceramics. There were a part
of lattice distortion and impurity phase produced and depos-
ited at grain boundaries, which resulted in the dielectric loss
increasing. Therefore, the materials excessively doped with
CN were easy to appear ion conductance loss phenomenon
and would make the relative dielectric constant decrease
and dielectric loss increase. Moreover, this component also
had the minimum tané value of 1.55% owing to the denser
microstructure (as listed in Fig. 8f) induced by the addi-
tion of CN [36]. The low tand and high ¢, indicated that the
BCZT-1000xCN ceramics were promising applications for
lead-free piezoelectric ceramics.

Figure 8a—e showed the surface morphologies of
BCZT-1000xCN ceramics sintered at 1400 °C for 4 h.
All samples showed high density with low porosity and
the grain size decreased sharply and became uniform.
When a small amount of CN was added, a dense micro-
structure with shrunken grains was developed (seen as
Fig. 8a—e). Meanwhile, the uniformity of grains seemed
to be improved by the increase addition of CN. The
result was evident that CN addition caused a change on
the grain size and dense microstructure, indicating that a
small amount of liquid phases contributed to control the
mobility of grain boundary to a certain degree so that a
relative uniformity of grain was obtained and lowered the
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Fig.8 SEM micrographs of BCZT-1000xCN ceramics: a x=0.00; b x=0.005; ¢ x=0.01; d x=0.015; e x=0.02; and f the measured density

and relative density of BCZT-1000xCN ceramics

sintering temperature of BCZT ceramics [37, 38]. The
measured density with Archimedes method and relative
density of CN codoped specimens were shown in Fig. 8f.
It could be seen that the measured density and the relative
density increased firstly, and then decreased with further
increasing CN amount. Both the measured and relative
densities reached the maximum values of 5.61 g/cm? and
97.31% at x=0.015, respectively. The variations trend of
SEM and density could be attributed to the low melting
points of CuO (1026 °C) additives. And the lower sinter-
ing temperature of BCZT here could be partly attributed to
the formation of CuO-BaO transient liquid phase (eutec-
tic point~925 °C) during the earlier sintering process.
These consequences promoted the grain uniform and the
densification behavior by facilitating the dissolution and
migration of the species [14, 39]. In the later stage, Cu>*
and Nb>" ions would enter into the ceramics lattice to sub-
stitute the ions at A or B sites and improve the properties
of ceramics. However, when the doping content further
increased, the liquid phase would be separated out and
form glass phase, which would deteriorate overall perfor-
mance of samples. Moreover, the surface micrographs of
BCZT-1000xCN (x =0.02) ceramics were similarity to
the pure BCZT ceramics, indicating that Cu-rich liquid
phase(s) segregated at the grains boundaries when the
CN content was higher than its solid solubility limited in
crystal structure in the ceramics with further increasing x
above 0.015. A larger amount of the intergranular liquid
phase(s) might result in voids and inhibit both densifica-
tion and uniform grain of the ceramics [40, 41]. Therefore,

it was believed that the proper amount of CN addition to
BCZT ceramics could make the grain refinement and result
in a reduction of sintering temperature.

Figure 9 depicted the particle size distribution of
the BCZT-1000xCN ceramics sintered at 1400 °C for
4 h with different x. It could be seen that with the rais-
ing of x, the mean particle size decreased gradually from
x=0.00-25.9 pm to x=0.02-3.2 pm and the standard devia-
tion decreased gradually from x=0.00-9.4 to x=0.02—-1.2.
It indicated that the grain size was decreased and the uni-
formity of grain was improved by the increased addition
of CN. Among the various reasons for this phenomenon,
high density of crystal nucleus at the early stage of sinter-
ing by adding CN played the most important role. It reduced
the collision distance among nucleation sites during early
phase transformation and restricted the dendritic crystal
growth in sintering process. As a consequence, a uniform
and fine crystallized microstructure was formed. Meanwhile,
the CuO-BaO transient liquid phase was formed during the
earlier sintering process. It indicated that a small amount of
liquid phases contributed to control the mobility of grain
boundary to a certain degree so that a relative uniformity
of grain was obtained. Furthermore, the radius of Cu?* and
Nb>* were close to BCZT ceramics. Thus, it was easy to
form a solid solution phase with the main crystal phase and
then caused lattice distortion. In this case, the number of
defects increased and the particles were easier to move, so
that the sintering was accelerated. However, when the dop-
ing content overmuch, the liquid phase would be separated
out and formed glass phase overabundance, which would
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Fig.9 The particle size distribution of the BCZT-1000xCN ceramics sintered at 1400 °C for 4 h: a x=0.00; b x=0.005; ¢ x=0.01; d x=0.015;
ex=0.02

deteriorate piezoelectric properties of samples. Therefore, it~ suitable particle size could improve the piezoelectric prop-
was believed that the proper amount of CN addition and the  erties of BCZT-1000CN ceramics(as discussed in Fig. 6).
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4 Conclusions

Lead-free (Bagg5Cay 15)(Zrg.10Tip.90)1-x(Cuj/3Nby13)05
piezoelectric ceramics were prepared by the conventional
solid-state reaction sintering process in air, and it was found
that the polymorphic phase transition point of the ceram-
ics were shifted to room temperature by the introduction
of CuO/Nb,Os. The crystalline phases,dielectric and pie-
zoelectric properties of the ceramics were studied. X-ray
diffraction(XRD) data showed that the ceramics contain-
ing CuO/Nb,Os still showed the coexistence of tetragonal
and rhombohedral phases similar to the undoped samples.
The study found that adding a small amount of CuO/Nb,O5
into BCZT ceramics could largely reduce the sintering
temperature. Main piezoelectric parameters were opti-
mized nearly at x=0.01 with d33=550 pC/N, k, = 50% and
P, = 12.6 uC/cm?, owing to the room-temperature about
20 °C the polymorphic phase transition point induced by
doping with CN. Besides, the BCZT-10CN ceramic dem-
onstrated an enhanced dielectric properties (&,,,x =06056
and tand=1.55%) at room temperature and a relevant low
sintered temperature of 1400 °C, showing a promising can-
didate for the transducer and transformer applications.
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