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Abstract

In this study, the effects of sintering temperature on microstructure, dielectric and piezoelectric properties
are investigated for the non-stoichiometric (Nay 44K ) 173Li; 0457 0.007)(Nby 853100, 058P0 06 Ti0.007)O3 (NKLNTS-
ST) piezoelectric ceramics. The results suggest that the piezoelectric properties are enhanced owing to the
more normal ferroelectric characteristics, higher density, more uniform grains and presence of polymorphic
phase transition regions, which are observed with an increase in the sintering temperature up to 1080 °C. The
piezoelectric properties are weakened owing to the larger degree of diffuse phase transition and more cation-
oxygen-vacancy pairs with an increase in the sintering temperature above 1080 °C. The best piezoelectric
properties including k, = 40%, dzz = 288 pCIN, Opax = 72.12, loss = 2.57%, E. = 13.45kV/cm and P, =
10.23 uCjem? are obtained at the sintering temperature of 1080 °C.
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I. Introduction

Piezoelectric materials can be used in various
applications, such as actuators, sensors, transform-
ers, ultrasonic transducers and energy harvester [1].
Pb(Zr, Ti,)O, (PZT) materials have superior elec-
tromechanical properties and performances when mor-
photropic phase boundaries (MPBs) exist in the piezo-
electric ceramics [2,3]. However, the Pb-based ceramics
are toxic, cause environmental pollution and affect the
human health. Therefore, eco-friendly materials have
been fabricated in recent years [4]. Among the vari-
ous lead-free piezoelectric materials, the sodium potas-
sium niobate (Na, K )NbO; (NKN) ceramics exhibits
an outstanding piezoelectric coeflicient ds3 of 97 pC/N
and high Curie temperature of 420°C [3,5,6]. How-
ever, synthesis and sintering of NKN-based materials
are challenging. Owing to the high sintering tempera-
ture (1100 °C), Na and K cations easily volatilize at high
temperatures and thus it is difficult to obtain a high den-
sity (4.25 g/cm?) and high electromechanical coupling
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factor (k, = 25-35%) [3,5,6]. Therefore, extensive stud-
ies have been carried out on the (Na, K, 5)NbO; ce-
ramic system by doping with different elements, which
can improve densification during the sintering and over-
coming the problem of easy deliquescence [7,8].

Lim et al. [9] and Feng et al. [10] reported that
the piezoelectricity also increases by incorporation
of different dopants in the NKN ceramic structure as
polymorphic phase boundaries (PPBs - coexistence
of the orthorhombic and tetragonal phases) can be
obtained at room temperature. Kim et al. [11] reported
that the electrical properties were improved and that the
orthorhombic to tetragonal phase-transition temperature
To-t was decreased to room temperature when lithium,
tantalum and antimony were added. The presence
of PPBs can induce good electric properties, similar
to the MPBs in lead-based piezoelectric ceramics
[2,3]. Lin et al. [12] reported that the densities and
piezoelectric properties of NKN-based ceramics can be
improved by substituting Li, Ta, and Sb at A and B sites
of (1-x)K,sNaj5(Nby 4,Sb 46)O;3-xLiTaO; ceramics
with excellent piezoelectric properties including ds3 =
271pC/N and k, = 53% at room temperature. Further-
more, Chang et al. [13] reported that the piezoelectric
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properties were enhanced and the loss tangents were
reduced through Sr’* and Ti** ions in NKN-based
ceramics. Su et al. [14] reported excellent piezoelectric
properties owing to the PPBs in non-stoichiometric
(Nag 45K 4731 04510 007) (NDg gg3Tay 455Dy 06 T 097)O5
(NKLNTS-ST) piezoelectric ceramics (bulk type)
fabricated by using the conventional solid-state reaction
method. However, the effects of the sintering tempera-
ture on the NKLNTS-ST piezoelectric ceramics have
not been analysed.

The multi-layer technology based on tape casting has
an important role for the fabrication of these structures.
The thinner film and the textured ceramics are usually
fabricated by tape casting technology. However, its elec-
tric property is inferior to bulk ceramics because of less
density and grain growth. Therefore, in this study ap-
plicability of tape casting for processing of the non-
stoichiometric NKLNTS-ST piezoelectrics is evaluated.
The effects of sintering temperature are also investi-
gated. In addition, the dielectric properties of the ob-
tained NKLNTS-ST ceramics are estimated by using
the empirical and Curie-Weiss laws. The piezoelectric
properties are also analysed by the resonant frequency
method and ferroelectric hysteresis loops.

II. Experimental methods

2.1. Sample preparation

Na,CO;, K,CO,, Li,CO,, SrCO;, Nb,Os, Sb,0;,
Ta,O, and TiO, powders (purity: >99%) were used
as raw materials to fabricate the non-stoichiometric
NKLNTS-ST ceramics by tape casting. First, Na,COj;,
K,CO,, Li,CO;, SrCO;, Nb,Os, Sb,0;, Ta,O4 and
TiO, powders were ball-milled together with ZrO, balls
in a polyethylene jar for 24h using ethanol (purity:
99%) as the medium. The slurry was dried and then cal-
cined at 890 °C in air for 4 h. The calcined powders were
thoroughly mixed with a solvent (50 vol.% ethanol and
50 vol.% toluene) and dispersant in a ball mill for 24 h.
A binder and plasticizer were added and then the mix-
ture was ball-milled again for 24 h. The slurry was tape-
cast to form a green sheet with a thickness of approx-
imately 30 um on an aluminium foil by using a doc-
tor blade apparatus. After drying, a single-layer sheet
was cut, fifteen layers were laminated, and then hot-
pressed at temperature of 60 °C and pressure of 80 MPa
for 5 min to form a 0.5 mm thick green sheet. The lam-
inated green sheets were heated at 600 °C for 10 h with
an intermediate step at 300 °C for 5 h to remove organic
substances before sintering. The samples were sintered
in air at different temperatures (1060-1140°C) for 3 h,
and then cooled to room temperature at a cooling rate
of 5°C/min. Silver paste was fired on the surfaces at
750 °C for 20 min to obtain electrodes for the measure-
ment of electrical properties. The samples were then
poled in silicon oil at 60 °C for 20 min under a direct-
current field of 3kV/mm. The piezoelectric properties
were measured after the poling for 24 h.

2.2. Measurements

The densities of the sintered samples were measured
by using the Archimedes’ method. The phase rela-
tions of the sintered samples were identified by XRD
(D2 PHASER, Bruker, Germany) with Cu K, radia-
tion (4 = 0.154nm). The microstructures were ob-
served by using scanning electronic microscopy (field-
emission SEM, SU8000, Hitachi, Japan). The dielectric
constants (in the range of 25 to 450 °C at 1 MHz) and
piezoelectric properties were measured by using a preci-
sion impedance analyser (4294A, HP, USA). The piezo-
electric constant ds3 was measured at room temperature
by utilizing a static piezoelectric-constant testing meter
(APC Cat. #90-2030). The P-E hysteresis loops were
measured by using a ferroelectric tester at 1 Hz (Preci-
sion Premier II Ferroelectric Tester, Radiant Technol-

0gy).
II1I. Results and discussion

3.1. XRD patterns and analysis

Figure la shows XRD patterns of the NKLNTS-
ST ceramics sintered at different temperatures. Silicon
powders are used for calibration to obtain exact diffrac-
tion angles. All samples exhibit almost pure perovskite
structures without obvious secondary phases, similar
to previous results [14]. The split phenomenon occurs
as the lattice structure is transformed to a structure in
which orthorhombic (002) and tetragonal (200) phases
coexist [15], as shown in Fig. 1b. When the sintering
temperature of the sample increases, it is found that the
shift of the peak to the right means that the crystal lat-
tice becomes smaller (Fig. 1b). The ionic radius of Sr
(Sr** = 1.18 A) at A-site and the ionic radius of Ti (Ti**
= 0.60 A) at B-site are smaller than those of K (K* =
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Figure 1. XRD patterns of the NKLNTS-ST ceramics
sintered at different temperatures (a) and expanded XRD
patterns in the 26 range of 42—48° (b)
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Figure 2. The (002)-(200) XRD peaks and their fitting results for the NKLNTS-ST ceramics sintered at: a) 1060, b) 1080,
¢) 1100, d) 1120 and e) 1140 °C

1.30A) and Nb (Nb°* = 0.64 A), Ta (Ta>* = 0.64 A),
Sb (Sb>* = 0.61 A) ion radii. Therefore, it is suggested
that the solid solubility is enhanced with increasing the
sintering temperature. Furthermore, the observed shift-
ing of the XRD peaks to the right could be also due to
the alkaline elements volatilization because of its low
volatilization temperature.

In Fig. 1, only two XRD peaks corresponding to
(002) and (200) plains are clearly seen. In order to fur-
ther examine the changes in the diffraction peaks Ri-
etveld refinement software was employed for the XRD
20 range from 43° to 47° and the fitting results are
shown in Fig. 2. It is found that the samples at different
sintering temperatures have coexisting orthorhombic (O
phase) and tetragonal (T phase) phases with three XRD
peaks. Furthermore, the calculated weighted-profile R-
factor (R,,,) and goodness of fit (GOF') have very small
values. Usually R,,, needs to be less than 10% and GOF
needs to be less than 4% [16], which demonstrates that
the fitting results can accurately describe the measured
XRD patterns. The weighted ratio of orthorhombic and
tetragonal phases changes with the increase of sinter-
ing temperature, as shown in Fig. 3. When the sinter-
ing temperature increases to 1080 °C, the amounts of O
and T phases are quite close. This suggests the pres-
ence of polymorphic phase transition (PPT) regions in
the NKLNTS-ST ceramics. As the sintering tempera-
ture continues to increase to 1120-1140°C the content
of O and T phases changes again. Li et al. [17] re-
ported that during high sintering temperature process-
ing of NKN-based piezoceramics oxygen vacancies are
generated because of the volatile nature of the alkali
elements (sodium/potassium). In conclusion, the phase
structures are affected by the SrTiO; (ST) content and
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Figure 3. Phase structure transitions of the NKLNTS-ST
ceramics sintered at different temperatures

the alkali-oxygen vacancy pairs. At the lower sintering
temperatures 1060—1100 °C, the amount of O phase is
increased and T phase is decreased since sintering in
this temperature range enhances the solid solution for
the NKLNTS-ST ceramics. At higher sintering tempera-
tures 1120-1140 °C, the amount of O phase is decreased
and T phase is increased since the alkali-oxygen va-
cancy pairs are induced by the volatilization of the alkali
elements.

3.2. Densities

Figure 4 shows the densities of the NKLNTS-ST ce-
ramics sintered at different temperatures, which are es-
timated by using the Archimedes method. As shown in
Fig. 4, the maximum density of 4.66 g/cm? is obtained at
the sintering temperature of 1080 °C. According to the
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Figure 4. Phase structure transitions of the NKLNTS-ST
ceramics sintered at different temperatures

SEM images (Fig. 5), this is attributed to the increase in
grain size and decrease in pore content with the increase
in sintering temperature. The density decreases with the
increase in sintering temperature above 1080 °C. These
results are similar to those reported by Kim et al. [11],
Cen et al. [19] and Palei et al. [20] who confirmed
that the alkaline elements easily volatilize and form
cation vacancies in NKN-based ceramics when the sin-
tering temperature is too high. Thus, the low density at
the increased sintering temperature is attributed to the
volatilized alkaline elements and increased pore con-
tent, as shown in SEM images (Fig. 5).

3.3. SEM analyses

Figure 5 shows SEM images of the NKLNTS-ST ce-
ramics sintered at different temperatures. No obvious
secondary phases are observed for all samples, consis-
tent with the XRD results (Fig. 1). The grain size distri-
bution is uniform, while the grains have square shapes,
similar to the previous results [18-20]. As shown in Fig.

Sa, the grain size is small and more pores are observed
when the lowest sintering temperature of 1060 °C is
used. The grain size increases, while pore content de-
creases with the increase in sintering temperature. How-
ever, pore content seems to increase again when the
sintering temperature is sufficiently high. The average
grain sizes of the samples sintered at different tempera-
tures of 1060, 1080, 1100, 1120 and 1140 °C, estimated
by using the log-normal size distribution model [21], are
1.2, 1.5, 1.8, 2.4 and 3.3 pm, respectively (Fig. 5).

3.4. Dielectric properties

Figure 6 shows the 1 MHz dielectric constants ver-
sus temperature of the NKLNTS-ST ceramics sintered
at different temperatures. As shown in Fig. 6a, the di-
electric peak is broad at the sintering temperature of
1060 °C, while that at 1080 °C is narrow. However, the
broadening of the dielectric peak is increased again at
sintering temperatures higher than 1080 °C, similar to
previous results [18]. The broad dielectric peak repre-
sents the diffuse phase transition [22,23]. Typically, the
degree of diffuse phase transition (DPT) is expressed

as [24]:
Em

= (H
1+(

1, \¢
=3

where ¢, is the maximum dielectric constant at the tem-
perature T, & is a diffusion parameter (in the range of
1 to 2; normal ferroelectric characteristics are observed
at ¢ value of approximately 1, while total DPT relaxor
characteristics are observed at ¢ value of approximately
2 [25]), and D is the diffusion extension (a larger D im-
plies more diffusive characteristics [25]).

The experimental data in Fig. 6 are fitted by using
Eq. 1. The fitting results are consistent with the experi-
mental data, as the measurement temperature is only in
the paraelectric area (after the peak), similar to previ-

Figure 5. SEM images of the NKLNTS-ST ceramics sintered at: a) 1060, b) 1080, c¢) 1100, d) 1120 and e) 1140 °C
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Figure 7. Phase structure transitions of the NKLNTS-ST
ceramics sintered at different temperatures

ous results [23]. According to work done by Santos and
Eiras [24] and Clarke and Burfoot [25], the empirical
law can be used to describe the dielectric behaviour of
the paraelectric area of a material.

According to the fitting results in Fig. 6, the DPT be-
haviour (¢ and D values) can be estimated as shown
in Fig. 7. The ¢ and D values increase with a de-
crease in sintering temperature up to 1080 °C. Above
1080 °C, the ¢ and D values increase with an increase
in the sintering temperature, similar to previous results
[18]. Hao et al. [26] reported that the short-range or-
der and DPT relaxor behaviour start to be more sig-
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nificant as the small grains lead to domain refinement
in the (Ba,4sCa 5)(Zr,Ti;¢)O; lead-free piezoelec-
tric ceramics. Furthermore, the alkaline elements eas-
ily volatilize in NKN-based ceramics when the sinter-
ing temperature is sufficiently high [14]. Therefore, the
dielectric behaviour is affected owing to the induced
cation-oxygen-vacancy pairs [27]. The experimental re-
sults in Fig. 7 and previous reports suggest that the long-
range order and normal ferroelectric characteristic are
enhanced owing to the larger grain size when the sin-
tering temperature is increased. Furthermore, the DPT
is increased with increasing content of cation-oxygen-
vacancy pairs when the sintering temperature is suffi-
ciently high.

The Curie-Weiss law is also usually used to describe
the dielectric behaviour, which was proposed to explain
the phase transitions of ferromagnetic materials. The
paramagnetic phase is observed above the Curie temper-
ature (T¢), while spontaneous polarization is induced
when the temperature is below T¢. A large number of
studies have demonstrated that the dielectric behaviour
follows the Curie-Weiss law [28,29]:

c

=T g (2)

X
where y is the dielectric susceptibility, C is the Curie-
Weiss constant, and 6 is the Curie-Weiss temperature,
slightly lower than the phase transition temperature 7,
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Figure 8. Temperature dependences of the reciprocal dielectric constants and curves fitted by using the Curie-Weiss law for
the NKLNTS-ST ceramics sintered at: a) 1060, b) 1080, c) 1100, d) 1120 and e) 1140 °C

corresponding to the maximum dielectric constant. Fig-
ure 8 shows the 1 MHz reciprocal dielectric suscepti-
bilities of the NKLNTS-ST ceramics sintered at vari-
ous temperatures as a function of the temperature and
their fitting curves according to the Curie-Weiss law.
As shown in Fig. 8, the dielectric behaviour follows
the Curie-Weiss law when the measurement tempera-
ture is sufficiently high in the paraelectric range. When
the measurement temperature is decreased and is close
to the phase transition temperature 7,, the dielectric be-
haviour deviates from the Curie-Weiss law. The temper-
ature at which the deviation begins is denoted as 7.
The deviation is induced by the correlation of neigh-
bouring polar microregions or freezing of spontaneous
polar pairs. The deviation is dependent on the DPT [30].
Therefore, the empirical parameter AT, is usually used
to estimate the degree of deviation from the Curie-Weiss
law [31]:

ATm =Tp— Tm (3)

Table 1 shows the AT,,, Tg and T, values obtained ac-
cording to the experimental data and fitting by Egs. 2
and 3. As shown in Table 1 and Fig. 8, the AT}, values

and DPTs are lower at sintering temperatures of 1080
and 1100°C. In contrast, the AT,, values are higher,
while the DPTs are larger at sintering temperatures of
1060, 1120 and 1140°C. These results are consistent
with previous results [18].

3.5. Piezoelectric and ferroelectric properties

Figure 9 shows the piezoelectric properties (k,, d33,
Onax and loss) of the NKLNTS-ST ceramics sintered at
various temperatures. The piezoelectric properties are
enhanced when the sintering temperature is increased.
The best piezoelectric properties (k, = 40%, ds3
288 pC/N, O,0x = 72.12, loss = 2.57%) are observed at
the sintering temperature of 1080 °C. With the increase
in sintering temperature above 1080 °C, the piezoelec-
tric properties weaken, similar to the previous results
[18]. According to the experimental data and previ-
ous reports, the piezoelectric properties are dependent
on the normal ferroelectric characteristics, density and
grain uniformity [10]. The more normal ferroelectric
characteristics, higher density and more uniform grains
can enhance the piezoelectric properties with the in-
crease in sintering temperature up to 1080 °C [10]. The

Table 1. Empirical parameters of the NKLNTS-ST ceramics sintered at different temperatures

Sintering temperature [°C] 1060 1080 1100 1120 1140
T [°C] 380 390 398 411 435

T, [°C] 326 350 355 360 379

AT, [°C] 56 40 43 51 59
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Figure 9. Piezoelectric parameters of the NKLNTS-ST
ceramics sintered at different temperatures

larger DPT and number of cation-oxygen-vacancy pairs
can weaken the piezoelectric properties with the in-
crease in sintering temperature above 1080 °C [14,27].
Figure 10 shows the polarization-electric-field (P-E)
hysteresis loops of the NKLNTS-ST ceramics (sintered
at different temperatures) at room temperature at a fre-
quency of 1 Hz. The ferroelectric hysteresis loops sig-
nificantly change with an increase in the sintering tem-
perature. At lower sintering temperatures, the shape of
the hysteresis loop changed from thinner to thicker with
an increase in the sintering temperature. The thickest
hysteresis loop is observed at the sintering temperature
of 1080 °C. The maximum remnant polarization P, and
maximum coercive electric field E. are 10.23 uC/cm?
and 13.45kV/cm, respectively, at the sintering temper-
ature of 1080°C, as shown in Fig. 11. At sintering
temperatures higher than 1080 °C, the hysteresis loop

25
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Figure 10. Ferroelectric hysteresis loops (P-E) of the
NKLNTS-ST ceramics sintered at different temperatures
measured at 1 Hz at room temperature
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Figure 11. Remnant polarization (P,) and coercive electric
field (E.) of the NKLNTS-ST ceramics sintered at different
temperatures

changed from thicker to thinner with an increase in
the sintering temperature, similar to the previous results
[20]. The reason is that the density and grain size in-
crease as the sintering temperature increases. The in-
crease in P, of the NKLNTS-ST samples sintered at
1080 °C may be related to the increase in domain wall
motion and the increase in grain size, which helps to
switch domains and therefore affects the amount of po-
larization [32]. With the further increase of the sintering
temperature, the value of P, is found to decrease, which
may be due to the increase of the grain size, which leads
to the decrease of density due to excessive extrusion.
According to the experimental data and previous re-
ports, the hysteresis loops are dependent on the DPT.
A relaxor ferroelectric with a larger DPT has a thinner
hysteresis loop [33].

IV. Conclusions

In this study, we investigated the effects of the sin-
tering temperature on the non-stoichiometric NKLNTS-
ST ceramics. All samples exhibited pure perovskite
structure. The dielectric behaviour and piezoelectric
properties changed with the sintering temperature. The
best piezoelectric and ferroelectric properties including
k, =40%, d33 = 288 pC/N, 0,0 = 72.12, loss = 2.57%,
E. = 13.45kV/cm and P, = 10.23uC/cm? were ob-
tained at the sintering temperature of 1080 °C. The bet-
ter piezoelectric properties could be attributed to higher
density, more uniform grains, smaller number of cation-
oxygen-vacancy pairs, more normal ferroelectric char-
acteristics and presence of polymorphic phase transition
regions.
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