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Abstract In this study, modified (Na,K,Li)(Nb,Ta)O3((Na,K;.
20.96L10.04(Nbo.90Ta0.10) 0.998Z10.00s03) ceramics were fabri-
cated using a normal sintering technique. The dielectric and
piezoelectric properties of the resulting ceramics were studied
with special emphasis on the varying sodium concentration.
The results of X-ray diffraction patterns show that the specimen
exhibits an orthorhombic perovskite phase structure. High
physical properties of d;3=261 pC/N, k,=0.44, £,=735, p=
4.53 g/cm3 and d33-g33=10.47 me/N were obtained from the
composition ceramics with x=0.56 at room temperature.
Aky/kpopec and Af/f 20oc showed the maximum value
of 0.034 and —0.025 at 40 °C and 50 °C, respectively.
Also, the temperature stability of ds;, g3 and ds3-gs3 of
specimen with x=0.56 was an excellent. Therefore, it is
considered that the temperature stability of electrical
properties is suitable for the applications of piezoelectric
actuator, sensor and energy harvester.

Keywords Temperature stability - Electromechanical
coupling coefficient (k) - Piezoelectric charge constant (ds3) -
Piezoelectric voltage constant (gs3)

1 Introduction

Lead-based piezoelectric ceramics such as Pb (Zr,Ti)O;
(abbreviated as PZT) have been widely used as piezo-
electric energy harvesters and piezoelectric actuators
because of their excellent piezoelectric properties [1,
2]. However, the lead-based piezoelectric ceramics
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containing PbO >60 wt% can cause serious environmen-
tal pollution and human health problems because of its
high toxicity. Therefore, many studies for environment
friendly Pb-free piezoelectric materials have been widely
performed [3, 4].

(Nag 5K 5)NbOs (abbreviated as NKN) ceramics generally
show low piezoelectric properties via the high volatiliza-
tion of potassium and sodium during sintering process.
The piezoelectric properties of the ceramics can be
improved through the formation of solid solutions with
other ABOs-type ferroelectrics or non-ferroelectrics [5,
6]. In addition, an improvement in the microstructure of
NKN-based piezoelectric ceramics was reported by the
addition of novel sintering aids such as K5 4C;3T1009,
CuO, ZnO [7-12] or ternary component substitutions
such as BaTiO; [13], SrTiO5 [14], CaTiO5 [15].
However, these systems have the high performance sen-
sitivity for stoichiometry and sintering temperature, poor
durability against water, and low stability of piezoelec-
tric properties, etc. In order to solve the above prob-
lems, various techniques, such as spark plasma
sintering, hot isostatic pressing as well as sintering
using double crucibles have been applied [16].

The enhancement of piezoelectric properties of the modi-
fied NKN-based ceramics is generally attributed to the poly-
morphic phase transition (PPT) temperature near or at
room temperature. However, the strongly temperature-
dependent behaviors of the piezoelectric properties near
the PPT of these ceramics were not suitable for practical
device applications. Therefore, the key approach for
enhancing the temperature stability and avoiding the
degradation of piezoelectric properties is to shift the
PPT temperature (orthorhombic—tetragonal phase transi-
tion [T,.]) above room temperature. In general, gener-
ating energy of piezoelectric energy harvesting device is
proportional to the value of djj-g;; [12, 17-21].
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In this work, in order to develop lead free piezoelec-
tric ceramics for the application of energy harvesting device
with higher d33-g33 and good temperature stability, the
((Na,K;_)0.96L10.04(Nbg 90Tag.10)0.998Zn0.00s03)(abbreviated
as N,K; ,LNTZ (x=0.55~0.59) ceramics substituted with
Zn were accurately selected and prepared using a con-
ventional sintering method. We studied the microstruc-
ture, T, and T. phase transition behavior, piezoelectric
properties and temperature stability of the resulting
ceramics.

2 Experimental

The raw materials such as Li,COs(Junsei), Na,COs(Junsei),
K>COs(Junsei), Nb,Os(Junsei), Ta,Os(Kanto chemical) and
ZnO (Junsei) with the purity above 99 % were used to prepare
Lig.04(Na,K_)0.906(Nbo.90Tag.10)0.998Z10.00503 (x=0.55~
0.59) ceramics using a conventional mixed oxide method.
The composition was weighted by mol ratio and the powders
were ball-milled in plastic jar for 24 h (240 rpm) using acetone
(Ball mill drive, NANOINTECH, Korea). After drying, they
were calcined at 900 °C for 6 h. Thereafter, calcined powders
were ball-milled and dried again. Polyvinyl alcohol (PVA)
was added to the dried powders. The powders were molded
by the uniaxial pressure of 22 MPa in a mold with a diameter
of 21 mm (Ceramic press, AN JEON HYDRAULIC, Korea),
burned out at 600 °C for 3 h, and then sintered at
1110 °C for 5 h. The specimens were polished into
1 mm thickness and then printed electrode at both side
with silver paste by screen printing method. Poling was
carried out at 120 °C in a silicon oil bath by applying
fields of 40 kV/cm for 30 min.

The density of specimens was calculated using the
Archimedes method. The microstructure of sintered surface
was observed using scanning electron microscopy (SEM,
S-2400, Hitachi, Japan) and grain size was measured using
Linear intercept technical method. The crystal structure was
determined using X-ray diffraction (XRD, X-ray Diffraction,
D/MAX-2500H, Rigaku, Japan) with Cu Ko radiation (A=
1.5406 A). The dielectric properties were measured using an
LCR meter (ANDO4034). The electromechanical coupling
coefficient k, was calculated using the resonance-anti reso-
nance method with an impedance analyzer (Agilent 4294A;
Agilent Technologies, USA) [22]. The piezoelectric constant
ds; was measured using a piezo d;3 meter (YE 2730A; APC,
USA). The value of g35 constant was calculated using below
equation;

di3
833 = —T[Vm/N]
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Fig. 1 X-ray diffraction pattern of specimens as a function of sodium
concentration
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Fig. 2 Scanning electron microscopy microstructure of specimens as a function of sodium concentration

Temperature coefficients of k;, and resonance frequen-
cy (f;) were calculated in the temperature range of —20
to 80 °C as shown in the following equations: [19].

Ak /kp 20:¢ = (kp—kp 20°¢) /kp 20°C
And
Af/frapc = (fi—fra0oc)/ fraoec

3 Results and discussion

Figure 1(a) shows the XRD pattern of specimens as a function
of sodium concentration. All the specimens showed a pure
perovskite phase with an orthorhombic symmetry structure
without a secondary phase. Figure 1(b) shows the magnified
XRD pattern in the range of 26 from 43 to 49°. The diffraction
peaks (202) and (020) were slightly shifted to the higher angle
and the orthorhombic peaks slightly increased with increasing

Table 1 Physical properties of specimens as a function of sodium concentration

x Density (g/em’) Kk, Qnm ds3 (pCN) & Tt (°C) T (°C) g3 (107 VIUN)  dss3-gss (pm*/N)
0.55 4.52 043 108.1 254 725 125 430 39.64 10.07
0.56 4.53 0.44 104.9 261 735 123 428 40.10 10.47
0.57 4.52 0.43 91.8 251 671 130 440 42.19 10.58
0.59 4.49 041 89.9 237 591 123 430 45.29 10.73
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sodium concentration owing to a smaller ionic radius size of
Na' (0.93 A) than that of K'(1.33 A) [23]. These Na substi-
tution can increase the symmetry of a crystal probably by
decrease in the length of a and ¢ axes of an orthorhombic
lattice (a = ¢ > b in a pure NKN). As shown in Fig. lc, the
lattice parameters of the perovskite primitive cell a = c(A), b
(A) and (°) of 0.56 Na substituted specimen were observed
as 3.944, 4.004 and 89.80, respectively. Since, a = c(A), b (A)
and ((°) of 0.59 Na substituted specimen were observed as

3.934, 3.987 and 90.00, respectively. As expected, the lattice
parameters decreased with the increasing Na values. The
result shows that the a = c(A) decreases and 3(°) increases
with increasing Na content. The relative density of the
NK | LNTZ ceramics showed 96.4, 96.7, 95.4 and 95.5 %
for the x=0.55, 0.56, 0.57 and 0.59 compositions, respectively.

Figure 2 shows SEM photographs of specimens as a func-
tion of sodium concentration. We took the SEM images from
sintered surface. The SEM images showed the general
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bimodal grain size distribution. The pores of the ceramics with
x=0.56 exhibited a tendency to decrease. It is considered that
the denser microstructure with lesser pores and grown grains
may be due to the optimum sintering temperature of the
ceramics. However, with further increasing sodium concen-
tration, grain size of specimens was significantly decreased. It
is also considered that these results are attributed to the deg-
radation of sinterability of the ceramics according to the
increase of sintering temperature due to the increase of
NaNbO;(melting point=1410 °C) composition ratio, com-
pared with KNbO3(melting point=1054 °C).

Table 1 shows the physical properties of specimens as a
function of sodium concentration. The excellent physical prop-
erties of the piezoelectric constant (ds3)=261 pC/N, electrome-
chanical coupling factor (k;,)=0.44, dielectric constant (¢,)=
735, d33-233=10.47 pm*/N, and density (p)=4.53 g/cm® were
obtained from the composition ceramic with x=0.56. In this
experiment, the poling of specimens was performed at 120 °C,
which shows the coexistence of orthorhombic and tetragonal
phase. Accordingly, higher ds; and k,, values appeared due to
the increased polarization efficiency of the specimens [20]. In
this experiment, when sodium increases to x=0.59, the piezo-
electric voltage constant (g33) reaches the remarkably highest
values of 45.29x 10> Vm/N. The 233 value can increase rela-
tively due to the decreased dielectric constants resulting from
g33=d33/e33". Moreover, while ds3-g33=10.466 pmz/N in the
composition ceramic with x=0.56, the ds3-gs3 in the composi-
tion ceramic with x=0.59 showed a higher value of 10.73 pm?*/
N, compared with 9.293 pm*N in PZT-5A and 3.141 pm?/N in
Pb —free NKN ceramics [21]. However, this composition has a
poor temperature stability of the dielectric constant (¢,) as
indicated in Fig. 3(a) which shows the temperature dependence
of dielectric constant of specimens as a function of sodium
concentration. With the increase of sodium concentration, the
¢, were slightly increased up to x=0.56 at room temperature,
and then decreased by further increasing sodium content. Two
peaks of €. were observed for all of the specimens correspond-
ing to the enlarged phase transitions from orthorhombic to
tetragonal (T,.) as indicated in Fig. 3(b) and from tetragonal
to cubic (T). The T, and T, did not change largely as sodium
concentration increased.

Figure 4(a) shows the temperature dependence of electrome-
chanical coupling factor (k;,) of specimen with x=0.56. The
temperature stability of k, was measured at an interval of
10 °C in the temperature range of —20 to 80 °C. The specimen
indicated stable properties in all the temperature range, and the
k,, showed a higher value of more than 0.41. Figure 4(b) shows
the variations of Akp/kp 20°C and Af/f; »0-c in the temperature
range of —20 to 80 °C for specimens with x=0.56. The Ak/k,
20°c shows the maximum value of 0.034 at 40 °C. Also, the Af/
1+ 200c shows the maximum value of —0.025 at 50 °C.

Figure 5 shows the temperature dependence of ds3, g3; and
ds3-gs3 of specimen with x=0.56. The temperature stability of
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Fig. 4 Temperature dependence of electromechanical coupling factor

(kp), variations of Ak,/k,20°C and Af/£;20°C in the temperature range
of =20 to 80 °C for x=0.56 specimen

them was measured at an interval of 10 °C in the temperature
range of —20 to 80 °C. The ds3 " g33 shows the maximum value of
10.72 pm?/N at 60 °C. Taking into consideration above excellent
temperature stability, it is considered that the composition ce-
ramics is suitable for the application of piezoelectric energy
harvesting device in the temperature range from —20 to 80 °C.
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4 Conclusion

In conclusion, N,K; ,LNTZ (x=0.55~0.59) composition ce-
ramics were fabricated using a normal sintering technique and
the dielectric, piezoelectric properties and temperature stability
of the ceramics were investigated. The results obtained from the
experiment are as follows: The crystal structure of the entire
specimen exhibited an orthorhombic phase. The N, K, LNTZ
(x=0.56) ceramics showed the optimum piezoelectric properties;
higher physical properties of d33=261 pC/N, k,=0.4366, ¢,=
735, p=4.53 glenr’, ds3-g33=10.466 pm*/N were obtained at
room temperature. Also, the temperature stability of di3, g33 and
ds3° g33 of specimen with x=0.56 was an excellent. Accordingly,
It is considered that the excellent temperature stability of elec-
trical properties of specimen with x=0.56 is suitable for the
application of piezoelectric energy harvesting device.
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