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Abstract

Lead-free [(Kg.49Nag.s1)1—xLi J(Nbg.ooTag.04Sbg.06)O3 (KNLNTS) ceramics were prepared by a conventional ceramic processing
method, and the effects of Li content on the crystal phases and electrical properties of the ceramics were investigated. A secondary phase
was identified by XRD analysis when x=0.08, indicating that the maximum solid solubility of lithium in KNLNTS solid solutions is
lower than 8 mol%. The Curie temperature T¢ increased while the polymorphic phase transition (PPT) temperature T r decreased with
the increasing Li content. The coexistence of orthorhombic and tetragonal phases was observed near room temperature when x=0.04.
The optimum electrical performance, i.e. piezoelectric coefficient d33=215 pC/N, electromechanical coupling coefficient k,=0.313,
k,=0.306, relative permittivity 83T3/30:805 and loss tangent tan 0=0.045, was obtained for x=0.04.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Potassium sodium niobate (K, sNay sNbOj3, abbreviated
as KNN) is a well known lead-free piezoelectric material,
which has a high Curie temperature (7-~420°C) and
promising piezoelectric properties [1]. However, the pure
KNN ceramics are very difficult to densify by the tradi-
tional sintering processes because of the volatility of
alkaline components and the low phase stability at high
temperatures [2]. In order to improve the densification and
the electrical properties of the KNN ceramics, many
KNN-based systems have been investigated. It is found
that the ternary system (K,Na)NbOs—LiTaO;—LiSbO;
exhibits excellent piezoelectric properties [3]. The investi-
gation of the orthorhombic—tetragonal polymorphic phase
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transition (PPT) of the KNN-based ceramics reveals that
the PPT temperature (7o _7) is obviously affected by the
added elements. Many researchers have shown that the
To_r of the KNN-based ceramics is shifted to low
temperature by adding some elements or compounds,
and the piezoelectric properties of the ceramics can be
improved when To_z is shifted to near room temperature
[4-7].

Our previous study [8] indicates that the crystal phases
and electrical properties of KNN-LiTaO3;—NaSbOj; cera-
mics are influenced by the partial substitution of Sb>* for
B-site ions, and the ceramic with 6 mol% NaSbO; shows
good electrical performance due to the coexistence of
orthorhombic and tetragonal phases near room tempera-
ture. However, the T decreases gradually with the
increasing NaSbOj; content and the ceramics have a loose
microstructure and high porosity. Previous researches have
demonstrated that the T and Ty_ of the KNN-based
ceramics can be shifted by the increasing Li content [9,10].
Meanwhile, it is known that Li,O is usually used as
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sintering additive due to its low melting point [11], which
will promote the densification of KNN-based ceramics. On
the other hand, recent research shows that K,Na;_ ,NbOj;
ceramics with x=0.49 has the peak values of the piezo-
electric constant ds3 of 146 pC/N and the planar electro-
mechanical coupling coefficient k,, of 43% [12]. In order to
investigate the effect of Li on the properties of the
KNN-based ceramics with sodium-rich compositions,
[(Ko.49Nag 51)1 — xLi. J(Nbg 99 Tag 04Sbg.06)O3 (x=0.01-0.08)
ceramics were studied. The crystal phases and electrical
properties of the ceramics with different Li content were
investigated.

2. Experimental details

[(Ko.40Nag s1)1 - xLiJ(Nbg.99Tag 04Sbo.06)O3 (abbreviated
as KNLNTS, x=0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08)
ceramics were prepared by a conventional ceramics
processing route using reagent grade K,CO;, Na,COs,
Li,CO3, Nb,Os, Ta,O5 and Sb,Oj as starting raw materials.
The powders were mixed in stoichiometric proportions and
milled in ethanol for 12h, then dried and calcined at
850 °C for 5h. After the calcination, the powders were
reground and mixed with 5 wt% polyvinyl alcohol (PVA)
solution as binder, and then uniaxially pressed into discs
with 20 mm in diameter and about 1 mm in thickness. The
green discs were heated at 650 °C for 5h to eliminate the
binder and finally sintered at 1080-1100 °C for 2 h in air
atmosphere. The electrodes were made on the surfaces
of the discs by firing silver paste at 600 °C for 10 min.
The samples were poled in silicon oil bath at 110 °C for
30 min by applying a dc electric field of 5-6 kV/mm. The
piezoelectric properties of the ceramics were measured 24 h
after poling.

The crystal phases of the ceramics were investigated by
X-ray powder diffraction (XRD) with a Cu Ka radiation
(X’Pert PRO). The microstructure of the ceramics was
studied by using a scanning electron microscopy (SEM)
(JSM-6700F). Dielectric measurements were carried out by
the TH2810B LCR Meter and WTC2 system from room
temperature to 450 °C. The electromechanical coupling
factors, k, and k, were determined by a resonance-
antiresonance method using an impedance analyzer (Agilent
4294A). The piezoelectric constant d33 was measured by a
quasistatic piezoelectric constant testing meter (ZJ-3A). The
polarization versus electric field (P—E) hysteresis loops of the
ceramics were measured by a Radiant Precision LC Work-
station at 10 Hz.

3. Results and discussion

Fig. 1 shows the XRD patterns of the KNLNTS
ceramics sintered in air at 1080-1100 °C for 2h. No
secondary phase can be detected when x < 0.06, indicating
that Li has completely diffused into the perovskite lattice.
However, a trace amount of secondary phase is detected
when x=0.08. This result reveals that the maximum solid
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Fig. 1. XRD patterns of the KNLNTS ceramics: (a) wide range, (b)
selected regions.
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Fig. 2. Lattice parameters and unit cell volume of KNLNTS ceramics.

solubility of lithium in KNLNTS solid solutions is lower
than 8 mol%. In addition, XRD patterns show that the
crystal structure transforms from orthorhombic to tetra-
gonal as Li content increases. The ceramics with x < 0.03
display an orthorhombic while those with x > 0.05 exhibit
a tetragonal symmetry. These characteristics suggest that
the orthorhombic and tetragonal phases coexist in the
ceramics with 0.03 < x <0.05. This result means that the
polymorphic phase transition temperature (To_7) of the
KNLNTS ceramics can be shifted to near room tempera-
ture by increasing Li content.

Fig. 2 shows the lattice parameters and the unit cell
volume of the KNLNTS solid solutions with different Li
content. It can be seen that the crystal structure is
obviously affected by different Li substitution. The lattice
parameters change a little with the increasing Li content
when the unit cell has orthorhombic symmetry, but when
the unit cell becomes tetragonal, the lattice parameters
a=> decrease while ¢ increases gradually and the volume
of the unit cell decreases obviously with the increasing Li
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content. Due to a smaller ionic radius of Li* (0.90 A) than
K* (1.33A) and Na*t (0.97 A), substitution of Li* for
K™ and Na™ will lead to crystal distortion and deforma-
tion [10]. Similar changes of the unit cell volume of the
KNN-based solid solutions can be seen in the systems with
the partial substitution of Sb ions for B-site Nb>* ions of
the perovskite ABOj structure [13]. Sb is a valence-variable
clement, Sb>* (0.90 A) and Sb>* (0.62 A), but many
researchers believe that most Sb substituting Nb> " in the
modified KNN system are in Sb>* state [3,14—17]. Because
the ionic radius of Sb>* is much larger than that of Nb>*
(0.69 10\), the Sb*™ concentration must be below a certain
limit in order to maintain the stability of the perovskite
structure. The difference in ionic radius between Sb>* and
Nb> " is small. The partial substitution of Sb>* for Nb> "
will cause a weak lattice distortion. In addition, the Sb
content is maintained at 4 mol% in this work. The crystal
structure of the KNN-based solid solution with 4 mol% Sb
is similar with that of the pure KNN when Li is not added.
Therefore, the decrease of the unit cell volume with the
increase of Li content is the result of the crystal distortions
and deformation caused by the substitution of Li* for K™
or Na™ on the A-site.

Fig. 3 shows the SEM micrographs of the fractured
surface of the KNLNTS ceramics. It can be seen that the
ceramic with x=0.01 exhibits a relatively homogonous
microstructure with a 1-2 um grain size (Fig. 2a). As Li
content increases, the grains become larger. When 8 mol%
Li is added, the size distribution of the grains becomes
obviously bimodal, which is about 1-2 um for the small
grains and 4-5 pm for the coarse-grains (Fig. 3d). This

NONE

phenomenon is probably attributed to the partial remelting
and recrystallization due to the good fluxing properties of
Li>O. The partial melting takes place during the sintering
process of the ceramics with high Li content. The liquid
phase transforms into crystalline phase, which undergoes
secondary nucleation and growth during the cooling
process. Meanwhile, the liquid phase will accelerate grain
growth during the sintering process of the ceramics [18].
Therefore, bimodal grain size distribution is produced in
the ceramics with high Li content.

Fig. 4 shows the temperature dependence of the relative
permittivity, ¢,, and the loss tangent, tan ¢, for the unpoled
KNLNTS ceramics at 10 kHz. It can be seen that the
dielectric peak corresponding to tetragonal-cubic phase
transition (7¢) shifts monotonously to higher temperatures
with the increase of Li content. In contrast, the peak
corresponding to orthorhombic—tetragonal phase transi-
tion (To_7) shifts gradually to lower temperature with the
increasing Li content and disappears for the ceramics with
x> 0.05, indicating the To_r is lower than room tempera-
ture. It means that the ceramics with x>0.05 have
tetragonal phase at room temperature, which is in accor-
dance with the results of XRD analysis as shown in Fig. 1.
The variations of T¢ and T 7 of the KNLNTS ceramics
with different Li content are summarized in Fig. 5. Because
of the high Curie temperature and the large crystal
anisotropy of LiNbO;, the increase of T should be
attributed to [BOg] octahedral distortion in the ABOj;
perovskite induced by Li substitution [19]. Moreover, the
increase of Tc is also considered to be the result of the
enhancement of tetragonality [20]. Therefore, the variation

Fig. 3. SEM micrographs of KNLNTS ceramics with different Li content: (a) x=0.01, (b) x=0.03, (c) x=0.06 and (d) x=0.08.
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Fig. 4. Temperature dependence of (a) permittivity and (b) loss tangent of
KNLNTS ceramics with different Li content at 10 kHz.
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Fig. 5. The T¢ and To_r versus Li content for KNLNTS ceramics.

of T is probably ascribed to the changes of the crystal
structure induced by Li substitution.

It should be noted that although the ceramic with
x=0.04 exhibits a coexistence of the orthorhombic and
tetragonal phases at room temperature, the 7o 7 deter-
mined in accordance with the peaks of ¢,_7 curves is higher
than room temperature. Zuo et al. have indicated that it is

a thermal hysteretic effect during heating when the dielec-
tric constant is measured [21]. Analogously, Gao et al. also
pointed out that the state of the ceramics during a heating
or cooling process may not always be quasi-equilibrium or
equilibrium and the domain structure need a certain
amount of time to fulfill the adjustment when it contains
coexistent phase [22]. Meanwhile, Peng et al. pointed out
that the polymorphic phase transition occurs in a certain
temperature range rather than at an exact temperature
[23]. Therefore, the phase transition temperature
determined according to the ¢, 7 curves is less accurate
and the actual T 7 should be a little lower than that of
measurement.

In order to investigate the effect of poling on the To 7
and the dielectric properties, the ¢,_7 curves of the unpoled
and poled ceramic with x=0.04 are measured, respectively,
as shown in Fig. 6. It can be seen that the T 7 of the
ceramics before and after poling keeps unchanged. More-
over, the poled ceramic has a larger dielectric constant
than the unpoled sample. Bathelt et al. found that the
permittivity of tetragonal phase is larger after poling, while
it is smaller to the orthorhombic phase [24]. Chang et al.
also reported that the poled (Kg44Nag s55Lig 04)(Nbg g0-x
Tag»0Sb,)O3 ceramics with tetragonal symmetry had
larger dielectric constant than the unpoled samples, and
the variation of dielectric constants before and after poling
became smaller when the distortion of crystal lattice took
place [25]. Simultaneously, Wang et al. studied the
K 5Bis sTi4O15 (KBT) compound with orthorhombic sym-
metry and found that the permittivity of the poled KBT
was lower than that of the unpoled KBT [26]. Therefore,
the crystal structure of the KNLNTS ceramic x=0.04
should be a little closer to tetragonal phase side, even
though the Tp 7 is close to room temperature, which
means the coexistence of orthorhombic and tetragonal
phases in the ceramic.

In addition, the dielectric peak near T is broadened,
which is one of the characteristics of the disordered
perovskite structure with diffuse phase transition. The
diffuseness of the phase transition can be described from
the modified Curie-Weiss law (1/¢)—(1/ey) =(T—T,,)"/C
[27], where y is the degree of diffuseness, ¢, is the
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Fig. 6. Temperature dependence of permittivity of the unpoled and poled
ceramic with x=0.04 at 10 kHz.
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maximum dielectric constant, 7, is the temperature at ¢,
and C is the Curie—Weiss constant. y can be determined by
the slope of the graph plotted between In(1/e— 1/g,,) versus
In(T—T,,). The value of y gives information on the
character of the phase transition. y=1 is the case for
normal ferroelectric, y=2 describes to a full relaxor state
with completely diffuse phase transition, and 1 <y<?2
represents a combined ferroelectric/relaxor state with a
certain degree of diffuseness in the phase transition. Fig. 7
shows the plot of In(1/¢—1/¢,,) as a function of In(T—T,,)
for KNLNTS ceramics with different Li content. The value
of y is in the range of 1.525-1.719 for KNLNTS ceramics.
The highest value, 1.719, of y is obtained for the ceramic
with x=0.04, exhibiting the diffuse phase transition
behavior.

Fig. 8 shows the electrical properties of KNLNTS
ceramics as a function of Li content. As can be seen, ds3
value increases gradually with the increasing Li content
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Fig. 7. In(1/e—1/e,,) as a function of In(7—T,,,) for KNLNTS ceramics.

240
d33
200 i
—
o
~' 160
g—rt
D/
120
0.33 0.33
k—k,
——k¢ {030

Sy /
0.24 0.24

800 —0— ¢ /gy { 0.08

\B —=— tan §
& E/Z>§ ———— 0.06 oo
5 : =
Ew 600 0.04 =
[¢] /
Z 0.02
0.00 0.02 0.04 0.06 0.08

X
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relative permittivity 1, /9 and dielectric loss tan 6 of KNLNTS ceramics
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when x <0.04 and the highest d3; value of 215 pC/N is
obtained at x=0.04. When x>0.04, the d;; value
decreases gradually. The variations of k,, k, and &l;/e
with the increase of Li content are much similar to that of
ds3 coefficient. The highest values of k,, k, and s; /&g are
0.313, 0.306 and 805.2, respectively. The ceramics have
relatively low tan § in the range of 0.045-0.067. The lowest
value of tan ¢ is obtained for the ceramic with x=0.04.
These results indicate that the properties of the ceramics
are strongly affected by the crystal structure. As discussed
above, when x=0.04, a coexistence of the orthorhombic
and tetragonal phases is formed, which will make the
ferroelectric domain switching occur more easily and
enhance substantially the spontaneous polarization.

4. Conclusions

[(Ko.40Nag s1)1 - xLiJ(Nbg.90Ta.045b0.06)O3 (x=0.01,
0.02, 0.03, 0.04, 0.05, 0.06, 0.08) ceramics were fabricated
by a conventional ceramic fabrication technique. A sec-
ondary phase was identified by XRD analysis when
x=0.08, indicating that the maximum solid solubility of
lithium in KNLNTS solid solutions is lower than 8 mol%.
The Curie temperature T increases while the phase
transition temperature T 7 decreases with the increasing
Li content. The coexistence of the orthorhombic and
tetragonal phases was formed in the ceramic with
x=0.04 at room temperature. The optimum electrical
performance, ie. d;3=215pC/N, k,=0.313, k,=0.306,
&13/e0=805 and tan 6=0.045, was obtained for x=0.04.
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