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Abstract

Dependence of electrical properties on the structural characteristics of Lig 04(Ko sNag 5)0.96(Nb;_,Sb,)O3 (LKNNS (x = 0, 0.00 <y < 0.10))
and [Lig 04(Ko.5Nag 5)0.96_xAgJ(Nbg.9255bg.075)03 (LKNANS (0.01 < x < 0.05, y = 0.075)) were investigated. The oxygen octahedral distortion
was dependent on Ag™ and/or Sb>* content which affected to the phase transition temperature of LKNNS and LKNANS ceramics. The
orthorhombic—tetragonal and tetragonal-cubic phase transition temperatures (To_1, T¢c) of the specimens were decreased with increasing of
average octahedral distortion. With increasing of Sb>* content, the electromechanical coupling factor (k,), piezoelectric constant (d33) and
dielectric constant (&,) of the sintered specimens were increased up to y = 0.075, and then decreased. These results could be attributed to the shift of
To_t to near room temperature for Lig 04(Kg sNag 5)0.06(Nbg.09255b¢.075)O3.
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1. Introduction

Lead-free piezoelectric ceramics have been widely inves-
tigated to search the environment-friendly replacement for
(Pb,Zr)O3 (PZT) ceramics. Although (K sNag5)NbO3; (KNN)
ceramics with good electrical properties and high Curie
temperature (7¢) were considered as one of the most promising
candidates among the lead-free ceramics, KNN ceramics were
limited for practical applications due to poor sintered density by
the volatility of alkaline elements. Several types of KNN-based
ceramics such as KNN-LiNbO;, KNN-LiSbO; and KNN-
AgNbOj; [1] were investigated to improve the sinterability of
KNN ceramics, along with the changes of T¢.

Many studies reported that the electrical properties of KNN-
based ceramics were improved due to the high alignment of
ferroelectric dipoles by orthorhombic to tetragonal phase
transition temperature (To_t) near room temperature [1]. In
general, the electrical properties of materials were strongly
affected by the structural characteristics as well as T and To_r.
Therefore, the dependence of phase transition temperature such
as Tc and To_t on the structural characteristics of KNN-based
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ceramics should be investigated to control and predict the
electrical properties of materials.

It has been reported that KNN-based ceramics shows the
structural characteristics such as rattling of cation and
octahedral distortion resulted from the substitution of cation
with different ionic size for B-site ion in ABO5; perovskite
structure [2].

Therefore, the dependence of electrical properties on the
structural  characteristics of  [Lig04(Ko.sNag 5)0.06_xAg]
(Nb;_,Sb,)O3 ceramics were investigated with respect to the
phase transition temperatures of T and To_t in this study.

2. Experimental procedures

High-purity oxide powders of K,CO5; (99%, High Purity
Chemicals, Japan), Na,COj3 (99%, High Purity Chemicals,
Japan), Li,CO3; (99%, High Purity Chemicals, Japan), Nb,Os
(99.9%, Sigma—Aldrich, USA), Sb,Os (99.9%, High Purity
Chemicals, Japan) and Ag,O (99%, High Purity Chemicals,
Japan) powders were used as the starting powders. The powders
were prepared according to the desired composition of
[Lip.04(Ko.sNag 5)0.96—xAgc(Nb; _,Sby )O3 (0.01 < x <0.05,
0.00 <y <0.10) and ground with ZrO, balls for 24 h in
ethanol. These powders were calcined at 850 °C for 5h to
obtain a single phase. The calcined powders were milled again
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with ZrO, balls for 24 h in ethanol and then dried. Dried
powders were pressed isostatically into 10mm-diameter at
1500 kg/cm®. These pellets were sintered from 1050 °C to
1120 °C for 3 h in air.

Powder X-ray diffraction (XRD, D/Max-3C, Rigaku, Japan)
analysis was used to determine the phase identification. The
lattice parameters, unit-cell volumes and atomic positions were
obtained from Rietveld refinements of XRD patterns using
Fullprof [3]. The initial structure model for (K, sNags)NbO;
compounds was taken from the previous reports [4,5]. The
parameters such as zero shift, individual scale factor, unit-cell
parameters and phase profile parameters (U, Vand W) and two
asymmetry (orthorhombic and tetragonal) parameters were
refined until the apparent convergence of XRD patterns was
reached. The microstructure of the specimens was observed
using a scanning electron microscope (SEM, JSM-6500F, JEOL,
Japan). The vibration of NbOg octahedron was confirmed by a
Raman spectra meter (T 64000, HORIABA Jobin Yvon, France)
with an Ar* ion laser operating at 514 nm for excitation.

Silver electrodes were formed on both surfaces of each
sintered disk by firing at 700 °C for 10 min. The samples were
polarized in silicon oil bath at 120 °C by applying a DC electric
field (4 kV mm~' for 20 min). The piezoelectric coefficient
(d53) was measured using a piezo-ds3 meter (ZJ-3BN, Institute
of Acoustics, Chinese Academy of Sciences, China). The
electromechanical coupling coefficient (k,) was determined by
the resonance and anti-resonance method on the basis of IEEE
standards using an impedance analyzer (HP 4192A, Palo Alto,
CA, USA). The dielectric constant was measured as a function
of temperature by LCR meter (HP 4284A, Agilent, USA).

3. Results and discussion
Fig. 1 shows the XRD patterns of Lig 4(Kg.sNag 5)o.06(Nb;

_,Sb,)05 (LKNNS (0.00 < y < 0.10)) and/or [Lig,0s(Ko.sNa
0.5)0.96—xAgc|(Nbg 9255b¢ 975)03 (LKNANS (0.01 < x < 0.05))
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Fig. 1. X-ray diffraction patterns of [Lip 04(Ko.sNag.s)o.06—+Ag(Nb;_,Sb,)O3
(LKNNS (x=0, 0 <y <0.1), LKNANS (0.01 < x <0.05, y=0.075)) speci-
mens sintered at 1075 °C for 3 h.

specimens sintered at 1075 °C for 3 h with Sb>* and/or Ag*
content. A single phase with perovskite structure was detected
through the entire range of compositions. The morphotropic
phase boundary (MPB) between the orthorhombic (Amm?2) and
tetragonal (P4mm) phase was detected at 26 from 43° to 48° for
all specimens. The orthorhombic and tetragonal phase of
LKNNS were merged with Sb>* content, while those of
LKNANS showed the different intensities of those XRD peaks
with Ag* content. Therefore, the Rietveld refinement proce-
dures were performed to evaluate the structural characteristics
in MPB region. Using the two types of the initial structure mode
of the orthorhombic (ICSD # 18502) and tetragonal (ICSD #
2852), the lattice parameters and unit-cell volume for each
space group were obtained from the Rietveld refinement, as
shown in Table 1. The unit-cell volume of each space group was
decreased with increasing of Ag* and/or Sb>* content. These
results are due to the smaller ionic radius of Ag™ (1.28 A) than
that of K* (1.64 A) and/or Na* (1.39 A) and/or the smaller ionic
radius of Sb>* (0.60 A) than that of Nb>* (0.64 A) [6]. With
increasing of Ag* and/or Sb>* content, the volume fraction
(V.F.) of orthorhombic phase was decreased, while the V.F. of
tetragonal phase was increased. Also, the V.F. of orthorhombic
phase of LKNANS was smaller than that of LKNNS, while the
V.F. of tetragonal phase of LKNANS was larger than that of
LKNNS. From these results, the four types of bond lengths
(2 x dy, 2 X d,, d3, dy) for orthorhombic phase and the three
types of bond lengths (d;, d», 4 x d3) for tetragonal phase were
obtained in NbOg octahera, respectively. The octahedral
distortion (A) of NbOg was calculated from the bond length
[7]. With increasing of Ag" content, the average octahedral
distortion (A) between orthorhombic and tetragonal phase of
LKNANS was decreased up to x =0.03 and then increased.
However, the average A of LKNNS was increased with Sb>*
content.

From the SEM micrographs (not shown), cubic or
rectangular morphology of the grain with clear grain boundary
could be seen for the specimens with entire range of
compositions. With increasing of Sb>" and/or Ag* content,
the grain size of LKNNS and/or LKNANS ceramics was not
changed remarkably. However, the grain size of LKNANS
ceramics was larger than that of LKNNS ceramics.

The vibration of NbOg octahedron on the (K sNagy s)NbO3
(KNN)-based ceramics was determined by the Raman spectrum
mode. The Raman spectrum of LKNNS and/or LKNANS
ceramics with Sb™* and/or Ag* content are showed in Fig. 2.
The A, and F,, modes indicate the double and triply
degenerate symmetric O-Nb-O stretching vibration, respec-
tively [7]. In additional, the peaks shift to a lower frequency of
Ay and F5, mode means that the distortion of crystal lattice
increased due to the larger off-centering of the cation by
substitution ion with smaller ionic size.

Fig. 3 shows the temperature dependence of dielectric
constant (¢,) of LKNNS and/or LKNANS ceramics with Sb>*
and/or Ag* content at 10 kHz, respectively. The temperature
dependence of ¢. for the LKNNS ceramics showed two
phase transitions, which were corresponded to the orthor-
hombic-tetragonal phase transition temperature (To_) and
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Refinement results of the crystal structure of [Lig 04(Ko sNag 5)0.06—xAg:J(Nb;_,Sb)O3 (LKNNS (x=0, 0 <y <0.1), LKNANS (0.01 <x <0.05, y=0.075))
specimens sintered at 1075 °C for 3 h.

x (mol) y (mol) Space group Lattice parameter (;\) Vinitocell (A3) A x10* *V.E. *Rs (%)
a b c
0.01 0.075 Amm2 3.955 5.619 5.645 125.45 51.14 0.49 2.26
P4dmm 3.960 3.960 3.991 62.57 0.51 2.30
0.02 0.075 Amm?2 3.955 5.619 5.645 125.44 43.17 0.43 2.16
Pdmm 3.960 3.960 3.992 62.57 0.57 2.24
0.03 0.075 Amm?2 3.954 5.614 5.648 125.38 39.10 0.41 2.80
Pdmm 3.957 3.957 3.957 62.52 0.60 2.38
0.04 0.075 Amm?2 3.953 5.613 5.646 125.26 42.39 0.37 2.65
P4dmm 3.958 3.958 3.991 62.53 0.63 2.86
0.05 0.075 Amm?2 3.954 5.618 5.647 125.46 49.75 0.34 2.58
Pdmm 3.958 3.958 3.991 62.50 0.66 243
0.00 0.00 Amm?2 3.949 5.680 5.645 126.64 28.51 0.66 3.79
Pdmm 3.970 3.970 4.008 63.16 0.35 8.39
0.00 0.025 Amm?2 3.952 5.665 5.639 126.24 29.24 0.63 5.38
P4dmm 3.964 3.964 4.004 62.93 0.38 8.53
0.00 0.05 Amm?2 3.953 5.666 5.639 126.32 41.05 0.59 3.77
Pdmm 3.964 3.964 4.004 62.92 0.41 8.49
0.00 0.075 Amm?2 3.955 5.625 5.641 125.51 51.69 0.51 3.53
Pdmm 3.963 3.963 3.993 62.71 0.49 2.93
0.00 0.10 Amm?2 3.955 5.634 5.635 125.57 64.77 0.51 2.67
Pdmm 3.963 3.963 3.988 62.62 0.49 5.95

# Volume fraction.
® Bragg R-factor.

tetragonal—cubic phase transition temperature (7¢). Although
the Tc of LKNNS was decreased with Sb>* content, the To_t
was shifted to near room temperature up to y =0.075 and
then that disappeared with further addition of Sb>*. However,
the To_t of LKNANS was not observed and the T was not
changed remarkably with Ag* content. These results could be
attributed to the average oxygen octahedral distortion, as
shown in Fig. 4. With increasing of average octahedral
distortion A, the T¢, To_t of LKNNS and 7Tc of LKNANS
were decreased, while the decrease of T¢ with A for LKNNS
was larger than that of LKNANS. These results are due to the
fact that the relative amount of orthorhombic phase to
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Fig. 2. Raman spectrum of [Lip 04(Ko.sNag s)o.06—xAgc/(Nb; _,Sb,)O3 LKNNS
(x=0,0<y<0.1),LKNANS (0.01 < x <0.05,y=0.075) specimens sintered
at 1075 °C for 3 h.

tetragonal phase of LKNNS in MPB region was larger than
that of LKNANS, as confirmed in Fig. 1.

Fig. 5 show the piezoelectric constant (ds3), electromecha-
nical coupling coefficient (kp) and dielectric constant (g,) of the
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Fig. 3. Temperature dependence of the dielectric constant (g) for
[Lig.04(Ko.sNag 5)0.06—xAgJ(Nb; _,Sby)O3  (LKNNS (x=0, 0<y<0.D),
LKNANS (0.01 < x <0.05,y=0.075)) specimens sintered at 1075 °C for 3 h.
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Fig. 4. Dependence of phase transition temperature on the average oxygen
octahedral distortion for [Lig04(Ko sNag 5)o.06—+AgJ(Nb;_,Sb, )O3 (LKNNS
(x=0, 0 <y<0.1), LKNANS (0.01 <x <0.05, y=0.075)) specimens sin-
tered at 1075 °C for 3 h.
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Fig. 5. Electrical properties (dss, k, and &) of [Ligo4(KosNags)
0.96—xAZJ(Nb;_,Sb)O3 (LKNNS (x=0, 0<y<0.1), LKNANS (0.01
< x<0.05, y=0.075)) specimens sintered at 1075 °C for 3 h.

LKNNS and/or LKNANS ceramics with Sb>* and/or Ag*
content. With increasing of Sb>* content, the ds; and ¢ of
LKNNS ceramics increased up to y =0.075 due to the To_t
near room temperature (Fig. 3) [1] and rattling effect [2] of
cation by substitution of Sb>* for Nb>* and then decreased,
while the k, was not changed remarkably. Although the ds3, k,,
and &, of LKNANS ceramics were not changed remarkably with
Ag” content, the ds3 and &, of LKNANS ceramics were larger

than those of LKNNS ceramics. These results could be
explained that the To_t of LKNANS ceramics was more shifted
toward room temperature than that of LKNNS ceramics.

4. Conclusions

For the Li0A04(K0A5Na0A5)0_96(Nb1,ySby)Og (LKNNS (0.00
<y <0.10)) and [Lig 04(KosNag 5)9.06—xAgx](Nbg.9255bg.075)
O3(LKNANS (0.01 <x<0.05)) specimens sintered at
1075 °C for 3 h, morphotrophic phase boundary (MPB)
between orthorhombic and tetragonal phase was detected
through the entire range of compositions. With increasing of
Ag* and/or Sb* content, the volume fraction of tetragonal
phase was increased. The phase transition temperature (7o_,
Tc) was decreased with increasing of average oxygen
octahedral distortion. Typically, ds3=194pC/N, k,=0.37
and & =1116 for Lig.04(Ko.sNag.5)0.906(Nbg.9255b¢.075)03 and
dz3 =241pC/N, k,=0.38 and ¢ =1533 for [Lipps(Kos
Na0_5)0.93Ag0_03](Nbo_925Sb04075)O3 were obtained for the
specimens sintered at 1075 °C for 3 h.
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