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Abstract

The dependence of electrical properties of [Agy2(Ko.52Nag4g)og]l(Nb;_Ta, )O3 (AKNNT, 0.025<x<0.1) ceramics on their
structural characteristics was investigated. Sintered specimens had a single phase of perovskite structure with orthorhombic symmetry.
The unit-cell volume and B-site bond valence (V) of ABO5 perovskite structure decreased with Ta®™ content. This decrease induced
distortion in the oxygen octahedra. The electromechanical coupling factor (k,) and the piezoelectric constant (ds3) of the sintered
specimens increased with octahedral distortion. Also, the dielectric constant (¢,) increased due to the decrease in B-site bond valence
(Vg). Effects of Ta’> " content on the remanant polarization (P,) and coercive field (E,) as well as mechanical quality factor (Q,,) of the
sintered specimens were also discussed.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Sintering; C. Electrical properties; D. Perovskites

1. Introduction

Many studies have been investigated to improve the
electrical properties and sintering process of KNN-based
ceramics for lead-free piezoelectric ceramics. It is well
known that the ion substitution with different ionic size
and electronegativity for A or B-site ion in the ABO;
perovskite structure and generating compositions close to
morphotropic phase boundary (MPB) were the effective
ways to improve the electrical properties of the KNN-
based ceramics [1]. However, Ag™ substituted KNN-based
ceramics such as KNN-AgNbO; [2], KNN-AgSbO; [3],
KNN-AgTaO; [4] have good piezoelectrical properties
(d33=216 pC/N) even though compositions of ceramics
did not close to the MPB. KNN-Ag based ceramics
commonly formed single phase of perovskite structure with
orthorhombic symmetry and the improved electrical properties
of KNN-Ag based ceramics were only explained by effects of
dense microstructure, ion substitution and distorted structure
[2-4]. However, the relationships between structural character-
istics with substitution ions and electrical properties of KINN-
Ag based ceramics have been still unclear. The electrical
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properties of KNN based ceramics are strongly affected by
structural characteristics such as displacement of octahedral
cations and distortion of oxygen octahedra [1]. Therefore, the
dependence of electrical properties on the structural character-
istics should be studied to control and improve the electrical
properties of KNN-Ag based ceramics effectively.

In this study, the electrical properties of [Agy(Kg sz-
Nag.45)0.8](Nb; _, Ta, )O3 (AKNNT, 0.025 <x <0.1) cera-
mics were investigated, as a function of Ta’™ content at
optimum sintering conditions. The effects of structural
characteristics on the electrical properties were also dis-
cussed on the basis of crystallographic considerations of
oxygen octahedra and bond valence.

2. Experimental procedures

AKNNT ceramics were prepared by a conventional
solid-state reaction from oxide powders with purities
above 99%. Mixed powders with the desired composition
were calcined at 1000 °C for 5h, milled with 0.5 wt%
MnO; (as an additive) and ZrO, balls for 24 h in ethanol,
dried, and pressed isostatically at 1500 kg/cm? to form
pellets with a diameter of 15mm. These pellets were
sintered at 1050 °C for 5 h in air based on the preliminary
result for optimum density of each composition.
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The apparent densities of the sintered specimens were
measured using Archimedes’ method. The relative densities
were obtained from theoretical values. The polished surfaces
of the sintered specimens were observed using a scanning
electron microscope (SEM, JSM-6500 F, JEOL, Japan).
Powder X-ray diffraction (XRD, D/Max-3C, Rigaku, Japan)
analysis was used for the phase identification. The lattice
parameters, unit-cell volumes, and atomic positions were
obtained from Rietveld refinement of XRD patterns using
the Fullprof program [5]. The initial structural model for
KNN compounds was taken from previous reports [6]. The
zero shift, individual scale factor, unit-cell parameters, and
phase profile parameters (U, V, and W) along with symmetry
(orthorhombic) parameter were refined until the apparent
convergence of XRD patterns was reached.

Silver electrodes were formed on both surfaces of each
sintered pellet by firing them at 700 °C for 10 min. The
samples were polarized in a silicon oil bath at 80 °C by
applying a DC electric field at 3—4 kV/mm for 20 min. The
piezoelectric constant (d33) was measured using a piezo-ds;
meter (ZJ-3BN, Institute of Acoustics, Chinese Academy
of Sciences, China). The electromechanical coupling coef-
ficient (k,), dielectric constant (¢,), and mechanical quality
factor (Q,,) were determined using the resonance and
antiresonance method according to IEEE standards using
an impedance analyser (HP 4192 A, Palo Alto, CA, USA).
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Bragg position

Intensity (Arb. units)

3. Results and discussion
3.1. Structural characteristics

Fig. 1 shows the Rietveld refinement of XRD patterns of
the AKNNT (x=0.1) specimens sintered at 1050 °C for
5h. A single phase of perovskite structure with orthor-
hombic symmetry (4mm?2) was confirmed by the Rietveld
refinement of XRD patterns for the entire compositions.
Using the initial structure mode of the orthorhombic phase
(ICSD #18502), the four types of bond lengths (2 x d,
2 x d», dy and d4) for the oxygen octahedra and unit-cell
volumes of the sintered specimens were determined from
the Rietveld refinement (Table 1). Although the ionic
radius of Nb>* (0.64 A) is equal to that of Ta’* for the
same coordination number of 6 [7], the unit-cell volume
decreased with increasing Ta’ " content. These results were
related to octahedral distortion. The distortion of NbOg
octahedra was calculated using equation [§]

I« (R—R\’

A= 62{ R } M
where R; is the individual bond length and R is the average
bond length of the oxygen octahedra. With increase of
Ta®* content, the value of octahedral distortion increased.
This result indicated that displacement of B-site ion was
enhanced by Ta’" substitution due to the higher polar-
iziability of Ta’* (4.73 A% than Nb>* (3.97 A®). The
distortion tends to be larger if the ions involved have
higher polariziability [9]. Also, hybridization of covalency
bonding between one oxygen and Ta’" ion could be
reason for induced octahedral distortion [1].

The polariziaibilty difference of Ta’* from Nb>* also
affected the bond length and bond strength of the
composing ions of AKNNT ceramics. The bond length
and bond strength between B-site ion and oxygen could be
evaluated by bond valence. The bond valences (Vp)
between B-site cations and oxygen ions in ABOj; perovskite

b : ) A 4 ¥ structure were calculated using equations [10]
i} ¥
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Fig. 1. Rietveld refinement patterns of [Agy (Ko s:Nagas)os] (Nb;_Ta,)O;
(x=0.1) specimens sintered at 1050 °C for 5 h. UVB_O = exp[(RB_o—dB_o)/b] (3)
Table 1
Relative density and structural characteristics and mechanical quality factor (Q,,) for [Ago.»(Ko.52Nag.48)0.8](Nb; _ . Ta,)O; specimens sintered at 1050 °C
for Sh.
x (mole) Relative B-site bond length (A) Unit-cell Vg Octahedral Rgrage Gof Om
density (%) volume ( A3) distortion (A x 10%)
ll'l 61'2 d3 d4

0.025 92.876 2.055 1.949 1.976 2.031 125.827 4.88 17.359 7.39 2.7 175.37
0.05 93.062 1.878 2.116 1.972 2.049 125.747 4.77 24.895 6.29 2.5 174.17
0.075 93.448 1.859 2.147 1.982 2.054 125.536 4.71 35.629 5.93 2.2 172.16
0.1 93.735 1.849 2.167 1.983 2.060 125.337 4.66 42.934 7.31 2.2 157.64

Vg is B-site bond valence, R, is Bragg R-factor and Gof is goodness of fit.
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Fig. 2. SEM micrographs of [Agg(Ko.52Nag.4g)0.s](Nb; _Ta,)O5; (0.025 < x <0.1) specimens sintered at 1050 °C for 5h; (a) x=0.025, (b) x=0.05,

(c) x=0.075, and (d) x=0.1 (bar=10 pm).

where Rp_o is the bond valence parameter, dg_o is the
bond length between B-site cations and oxygen ions, and b
is generally taken to be a universal constant equal to
0.37 A [11]. The values for the bond valence parameters
matched in Brese’s report [10]. The bond lengths were
calculated using the Rietveld method (Table 1). The V3
decreased with Ta®" content, which could affect the
dielectric constant (g,.) of the ceramics.

AKNNT specimens (0.025 < x < 0.1) that were sintered
at 1050 °C for 5 h showed relative densities of above 93%
(Table 1). SEM micrographs of the AKNNT specimens
sintered at 1050 °C for 5h are shown in Fig. 2. The
ceramics with x=0.025 had inhomogeneous and the
abnormal grains were observed. For the ceramics with
x=0.1, a rectangular morphology and dense microstruc-
ture was observed, which agrees with the results of relative
density (Table 1). With increasing of Ta>" content,
orthorhomic-tetragonal phase transition temperature
(T, _,) shifted toward the lower-temperature regions and
the octahedral distortion increased.

3.2. Electrical properties

Fig. 3 shows the P-E hysteresis loops of the AKNNT
specimens sintered at 1050 °C for 5h. With increasing
Ta’" content, the remanant polarization (P,) of the
specimen increased, while the coercive field (E,) decreased.
The ceramics with x=0.1 possess a large remanant
polarization (P,=22.4 uC/cm?) and small coercive field
(E.=0.5kV/mm). The spontaneous polarization (Py)
increased and E. decreased with Ta’" content. These
result could be explained by following equation [12]:
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Fig. 3. P-E hysteresis loops of [Agy.(Kg 5oNagag)os](Nb;_,Ta, )O3
(0.025 < x <0.1) specimens sintered at 1050 °C for 5 h.

where K=(258 +9) pCem ~> A, Az is the ionic effective
displacement of the active ferroelectric ion, Py is sponta-
neous polarization.

This equation indicated that high value of displacement
of the B-site central ion from its equilibrium position
induced spontaneous polarization and remanant polariza-
tion. Similarly, octahedral distortion increased with sub-
stitution of Ta’™ content (Table 1), which induced
remanant poalrization for AKNNT ceramics (Fig. 3).

On the other hand, the high polarization is directly
proportional to piezoelectric constant (ds3). Marcos et al.
suggested the following equation [13]:

dy3 =201 P33 ®)
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where Qp; is the longitudinal transverse electrostrictive
coefficients. Thus, large dielectric constants and high
polarizations are required to produce a large induced
piezoelectric constant. These factors could also be con-
firmed for AKNNT ceramics in this study.

Fig. 4 shows the dependence of the d33 and k, on the
octahedral distortion of the AKNNT specimens sintered at
1050 °C for 5h. With increasing Ta" content, the
octahedral distortion also increased causing ds3 and k, of
the specimens to increase. Octahedral distortion related to
displacement of B-site cation in ABOj perovskite structure.
Therefore, induced off-centering of B-site ion increased
vibration of lattice, which improved the piezoeletric prop-
erties [9].

Fig. 5 shows ¢, at 1kHz for the AKNNT specimens
sintered at 1050 °C for 5 h. With increasing Ta>" content,
¢, of the specimens increased due to the decrease of Vp
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Fig. 4. Dependence of piezoelectric constant (ds;) and electromechanical

coupling factor (k,) on octahedral distortion (A) of [Agy (Ko s:Nagas)os]
(Nb; _,Ta,)O5 (0.025 < x < 0.1) specimens sintered at 1050 °C for 5 h.
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Fig. 5. Dependence of dielectric constant (¢,) on B-site bond valence (V5)
of [Ago‘z(K0‘52N30_48)0'8](Nb1 ,'\—Ta_\»)03 (0025 <x< 01) specimens sin-
tered at 1050 °C for 5 h.

(Table 1) [14]. Low Vjp indicated low bond strength
between oxygen and B-site ion. Therefore, B-site ion was
more rattling in the oxygen octahedra, which induced large
dielectric constant (g,) of AKNNT ceramics. However, Q,,
of the sintered specimens at x=0.1 had lower value than
x=0.025 specimens (Table 1) even though dense micro-
structure was confirmed at x=0.1 (Fig. 1). Decrease of
0, could be attributed to internal friction as a result of
the octahedral distortion of crystal structure. With increas-
ing Ta’" content, the increased octahedral distortion
improved the piezoelectric properties (ds3, and k,) and
ferroelectric properties (P,, and P,). These results imply
that the domain walls are easier to move under the driving
electric field, which always leads to the increase of the internal
friction of the ceramics and the decrease of Q,, [15].

4. Conclusions

For the AKNNT (0.025 < x <0.1) specimens sintered at
1050 °C for 5 h, a single phase of perovskite structure with
orthorhombic symmetry was detected through the entire
range of compositions. The values of ds3 and k, of the
sintered specimens increased with the Ta>" content. These
results could be affected by the octahedral distortion. Also,
octahedral distortion enhanced the ferroelectricity of the
sintered specimens. ¢, of the sintered specimens increased
because of the decrease in B-site bond valence (V) of
ABOj perovskite structure. However, Q,, of the sintered
specimens decreased due to increase of internal friction by
octahedral distortion.
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