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Abstract

(Lip.12Nag gg)(Nbg 96— »Sbo.04Ta,)O3 (LNNST) ceramics were fabricated by the normal sintering. These LNNST ceramics endure a phase
transition from an orthorhombic phase, a coexistence of orthorhombic and tetragonal phases, to a tetragonal phase with increasing Ta content.
Dense microstructure has been developed for all ceramics. The 7. decreases and the ¢, increases with increasing Ta content, together with a very
low dielectric loss of less than 1.3%. A high Q,, value of ~1230 is demonstrated for the ceramic with x = 0.06. Enhanced piezoelectric properties
are also demonstrated for the ceramic with x = 0.03 because of a coexistence of two phases. Therefore, this ceramic is a promising candidate for the

transducer and transformer applications.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based piezoelectric ceramics have been widely used in
actuators, sensors, resonators, and transducers because of their
excellent electrical properties and high Curie temperature [1].
However, these lead-based ceramics cause some seriously
environmental problems because of a high toxicity of PbO and its
high vapor pressure during sintering. Therefore, it becomes
urgent to develop the lead-free piezoelectric ceramics for the
replacement of these lead-based ceramics in various applications.

(K, Na)NbO; (KNN) lead-free piezoelectric ceramics have
been recently considered as one of the promising candidates in
the field of piezoelectric ceramics [2—13] because of a high
Curie temperature, good piezoelectric properties, and environ-
mental friendliness. In contrast, it is a tough issue to obtain
dense KNN-based ceramics by using a normal sintering method
because of the high volatility of alkaline elements at a high
processing temperature [14]. Although piezoelectric properties
of KNN-based ceramics are improved greatly by forming the
solid solutions with other ferroelectric materials [15-18], a low
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mechanical quality factor (Q,,) is often observed for these
ceramics [15—18]. In the past of several years, some sintering
aids have been used to enhance the Q,, value and the density of
KNN-based ceramics [19-25], but it is very difficult to
concisely control the content of these sintering aids together
with a complicated preparation process. A low Q, value is also
demonstrated for these KNN-based piezoelectric ceramics with
Li" by using some sintering aids [22-25], while the pure LNN
ceramic has a high Q,, value of ~530 [26], as shown in Fig. 1.

(Lig.1,Nag gg)NbO3 (LNN) lead-free piezoelectric ceramics
have been considered as a promising candidate for the high-
frequency filter application [26-32]. Moreover, the LNN
material without a K element can keep a good stoichiometric
ratio [26—32]. In the present work, we introduce both Sb and Ta
elements to the LNN material for further improving the Q,,
Value, and (LiO.12Na().88)(Nb0.96,XSb0'04Tax)03 (LNNST) lead-
free piezoelectric ceramics were fabricated by the conventional
solid-state method. Effects of Ta content on the mechanical
quality factor of LNNST ceramics were mainly investigated,
and these underlying physics mechanisms were also addressed.

2. Experimental procedure

(Lig.12Nag gg)(Nbg 96_Sbg.04Ta, )O3 lead-free piezoelectric
ceramics were fabricated by the conventional solid-state
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Fig. 1. Q,, value for these KNN-based ceramics with different sintering aids.

method. Raw materials were Na,CO5 (99.8%), Nb,Os (99.5%),
Li,CO3 (99.99%), Sb,03 (98%), and Ta,05 (99.99%). LNNST
powders were fabricated by using the following steps, as listed
below. After weighing according to the stoichiometric ratio of
LNNST ceramics, these powders were mixed by a ball mill
using anhydrous ethanol as the media, and then these dried
powders were calcined at ~850 °C for 6 h. These powders were
re-milled for 24 h for further improving the chemical
homogeneity. All ceramics were sintered in the temperature
range of 1150-1220°C for 2 h. Silver pastes were fired at
~700 °C for 10 min on both sides of these samples as
electrodes for electrical measurements. All samples were poled
at a room temperature in a silicone oil bath under a dc field of
~5.0 kV/mm for 20 min.

The crystal structure of these ceramics was examined by
using an X-ray diffraction (XRD) (DX1000, PR China).
Scanning electron microscopy (SEM) was employed to study
the surface morphologies of these ceramics. Their dielectric
behavior as a function of the measurement temperature was
obtained by using an LCR meter (HP 4980, Agilent, USA). The
piezoelectric constant ds; of these ceramics was measured
using a piezo-ds3 meter (ZJ-3A, China).
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3. Results and discussion

Fig. 2(a) shows the XRD patterns of LNNST ceramics as a
function of Ta content, measured at room temperature. All
ceramics have a pure phase, and no secondary phases are
observed in the measurement range of XRD. Fig. 2(b) plots the
expanded XRD patterns of LNNST ceramics in the 260 range of
46-48°. These LNNST ceramics with x <0.01 have an
orthorhombic phase, while a tetragonal phase is demonstrated
for these ceramics with x > 0.04. Therefore, a coexistence of
orthorhombic and tetragonal phases is observed for these
ceramics 0.01 < x < 0.04, as also confirmed by the temperature
dependence of the dielectric constant (¢g,) of these ceramics, as
shown in Fig. 4.

Fig. 3(a)—(c) shows the surface morphologies of LNNST
ceramics with x=0, 0.01, and 0.03, respectively. Dense
microstructure has been demonstrated for these ceramics.
Moreover, the introduction of Ta cannot decrease the density of
LNNST ceramics, that is, small grains surround large grains for
the LNNST ceramic with x = 0.03, as shown in Fig. 3(d). With
the increase of Ta substitution, average grain size of LNNST
ceramics dramatically decreases because the Ta depresses the
grain growth of these ceramics.

Fig. 4(a)—(g) shows the temperature dependence of the ¢, in
LNNST ceramics, measured at 1, 10, and 100 kHz. It has
reported that three phase transitions are observed for pure LNN
ceramic [26-32], i.e., a thombohedral phase to an orthorhombic
phase, an orthorhombic phase to a tetragonal phase (7,_), and a
tetragonal phase to a cubic phase (7.). As shown in Figs. 4(a)-
(g), the T, peak of LNNST ceramics tends to disappear with
increasing Ta content, and a broadened dielectric peak is
demonstrated for these ceramics with x > 0.04, confirming the
involvement of a phase transition from an orthorhombic phase
to a tetragonal phase. Therefore, two peaks [i.e., an
orthorhombic to tetragonal phase (7,.) and a tetragonal to
cubic phase (7.)] are demonstrated for these LNNST ceramics
with x < 0.04, while a peak of a tetragonal to cubic phase is
only observed for these LNNST ceramics with x > 0.04. These
results also confirm that a phase transition is involved into these
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Fig. 2. XRD patterns of LNNST ceramics, measured in the 26 range of (a) 20-70° and (b) 46-48°.
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Fig. 4. Temperature dependence of the dielectric constant of LNNST ceramics as a function of Ta content: (a) x =0, (b) x =0.01, (c) x=0.02, (d) x=0.03, (e)
x=0.04, (f) x=0.05, and (g) x = 0.06, measured at 1, 10, and 100 kHz. (h) T, value of LNNST ceramics as a function of Ta content.

LNNST ceramics. The 7. value of LNNST ceramics gradually
decreases with increasing Ta content [33], as shown in Fig. 4(h).
As shown in Figs. 4(a)—(g), all LNNST ceramics have a low
dielectric loss (tan §) in the temperature range of room
temperature ~200 °C, and their tan § values almost keep
unchanged in the range of measurement temperatures,
confirming the involvement of a good thermal stability in
these ceramics.

Fig. 5 shows the dielectric properties of LNNST ceramics as
a function of Ta content, measured at 10 kHz and room
temperature. The ¢ value of LNNST ceramics gradually
increases with increasing Ta content, which is well in
agreement with these reported results of Ta-modified KNN-
based ceramics [8,34]. However, all LNNST ceramics
demonstrate a low tan § value of less than 1.3%, which is

much lower than those of KNN-based ceramics [2-13].
Therefore, the introduction of Ta and Sb enhances the dielectric
properties of LNN ceramics, that is, a higher ¢, value and a low
tan § value are demonstrated for these LNNST ceramics.

Fig. 6 shows the piezoelectric properties of LNNST
ceramics as a function of Ta content, measured at room
temperature. The d33 value of LNNST ceramics increases with
increasing Ta content, reaches a maximum at x = 0.03, and then
decreases with further increasing Ta content. Similarity to the
change of the ds3 value, the k, value also reaches a maximum
for the LNNST ceramic with x = 0.03. It is of great interest to
note that the Q,, value of LNNST ceramics increases quickly
with increasing Ta content. It has been reported that Ta and Sb-
modified KNN-based ceramics have a very low Q,, value [35].
The addition of some sintering aids (i.e., CuO, MnO) can
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Fig. 5. Dielectric properties of LNNST ceramics as a function of Ta content,
measured at 10 kHz and room temperature.
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Fig. 6. ds3, kp, and Oy, values of LNNST ceramics as a function of Ta content.

improve the Q,, value of KNN-based ceramics, but its
preparation method is very complicated together with the
formation of a relative high dielectric loss in these ceramics, as
shown Fig. 1. In this work, a high O, value is demonstrated for
these LNNST ceramics because of the introduction of Ta, and
enhanced piezoelectric properties could be attributed to the
coexistence of two phases in these LNNST ceramics.

4. Conclusions

(Lig.1oNag gg)(Nbg 96_Sbg 04Ta, )O3 lead-free piezoelectric
ceramics have been fabricated by the conventional solid-state
method. A stable solid solution with a pure perovskite structure
is form for these LNNST ceramics. A coexistence of
orthorhombic and tetragonal phases is demonstrated for these

LNNST ceramics with 0.01 < x < 0.04, as shown in XRD
patterns and the temperature dependence of the dielectric
constant. The introduction of Ta slightly decreases the Curie
temperature of LNNST ceramics, the dielectric constant of
LNNST ceramics gradually increases with increasing Ta
content, and all ceramics exhibit a low dielectric loss of less
than 1.3%. The mechanical quality factor (Q,) of LNNST
ceramics increases with increasing Ta content, and a high O,
value of ~1230 is demonstrated for the LNNST ceramic with
x=0.06. As a result, the LNNST ceramic is a promising
candidate for the transducer and transformer applications.
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