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Abstract 

Samples of 0.96(K0.48Na0.48Li0.04)(Nb0.95Sb0.05)O3-0.04Bi0.5(Na0.82K0.18)0.5ZrO3 piezoelectric ceramic 

were fabricated with conventional ceramic techniques and sintered at different temperatures. 

The effect of sintering temperature (TS) on the structure, microstructure, and piezoelectric 

properties of the ceramics was studied in detail. The experimental results showed that with 

an increase of the TS temperature, the structure of the ceramics transformed from an 

orthorhombic-tetragonal mixed phase (O-T) at TS  1100 °C into a rhombohedral-tetragonal 

(R-T) mixed phase with a dense microstructure of uniform grain size at TS = 1110 °C. When TS 

was further increased (TS  1120 °C), the ceramics showed only a rhombohedral phase (R). 

The ceramics showed the best electrical properties for TS = 1110 °C at which the 

rhombohedral and tetragonal (R-T) phases coexist. Specifically, the ceramic density reached 

its highest value (4.22 g/cm3), the electromechanical coupling coefficients kp and kt were 0.46 

and 0.50, respectively, and the piezoelectric coefficient d33 was 245 pC/N. 
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1. INTRODUCTION 

Piezoelectric ceramics are special functional materials that have been widely 

applied in many electronic devices. Since the 1950s, PbZr1-xTixO3 (PZT) ceramics have 

attracted much attention due to their excellent piezoelectric properties. As a result, PZT-

based ceramics are widely used in most types of piezoelectric equipment (Haertling, 

1999). However, more than 60% of the toxic lead elements in the PZT have greatly 

affected the surrounding environment during fabrication and processing. Therefore, many 

countries have focused on research and development of lead-free piezoelectric materials 

to replace lead-based piezoelectric materials (European Union, 2003). 

Since Saito et al. (2004) reported a high d33 piezoelectric coefficient of 416 pC/N 

in textured KNN ceramics doped by Li, Ta, and Sb, KNN-based ceramics have become 

one of the widely studied lead-free piezoelectric materials (Phan & Nguyen, 2015; Phan 

et al., 2018; Phan et al., 2021; Tan et al., 2018; Wang et al., 2014; Zhai et al., 2019; Zhang 

et al., 2020). The construction of a rhombohedral-tetragonal (R-T) polymorphic phase 

boundary was carried out to enhance the piezoelectric properties of this ceramic system 

(Tan et al., 2018; Wang et al., 2014; Xing et al., 2018). Because the domain walls rotate 

easily for the coexisting phases, the piezoelectric properties of the ceramics are 

significantly improved (Gao et al., 2014). On that basis, many recent studies have focused 

on studying the structural phase evolution of KNN-based ceramics by partially replacing 

A-site (Na+, K+) and B-site (Nb5+) ions with similar ions, such as Li+, Sb5+, Ta5+ in the 

ABO3-type (KNN) perovskite structure (Guo et al., 2004; Saito et al., 2004; Tangsritrakul 

& Hall, 2018; Wang et al., 2014) or by adding other perovskite compounds into the KNN, 

such as Bi0.5(Na0.82K0.18)0.5ZrO3 (Tangsritrakul & Hall, 2018) or Bi0.5(Na0.9K0.1)0.5TiO3 

(Huang et al., 2014) to form a rhombohedral-tetragonal phase boundary at or near room 

temperature, similar to the morphotropic phase boundary in PZT, to enhance the 

piezoelectric coefficient d33 of KNN-based ceramics (Xu, 1991). 

In addition, the sintering process of KNN-based piezoelectric ceramics often 

encounters many difficulties due to the evaporation of alkaline elements at high sintering 

temperatures, leading to a nonstoichiometric composition for the ceramics and the 

appearance of a second phase. As is well-known, sintering is the most important step in 

the technological process of fabricating ceramic materials, and the sintering temperature 

plays a major role in affecting the quality of the ceramics. Therefore, controlling the 

sintering temperature during ceramic sintering is very important (Huang et al., 2014; Wu 

et al., 2014). 

In this paper, we present some research results on the effect of sintering 

temperature on the structure, microstructure, and piezoelectric properties of 

0.96(K0.48Na0.48Li0.04)(Nb0.95Sb0.05)O3-0.04Bi0.5(Na0.82K0.18)0.5ZrO3 multi-component 

piezoelectric ceramics to identify the optimum sintering temperature corresponding to the 

best electrical properties for the ceramics. 
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2. EXPERIMENTAL PROCEDURE 

Ceramic material was prepared according to the chemical formula 

0.96(K0.48Na0.48Li0.04)(Nb0.95Sb0.05)O3-0.04Bi0.5(Na0.82K0.18)0.5ZrO3 (KNLNS-0.04BNKZ) 

from oxides and carbonates Bi2O3, Sb2O3, ZrO2, Na2CO3, K2CO3, Nb2O5, and Li2CO3 
with 99% purity using the conventional solid-state reaction method. Before the raw 

materials were weighed according to their stoichiometric formulas, the K2CO3 and 

Na2CO3 powders were dried in an oven at 150 °C for 2 hours to minimize the effect of 

moisture. The mixture was ball milled in ethanol for 10 hours, and then calcined at 850 °C 

for 2 hours in air to obtain a homogeneous composition. After that, the calcined powders 

were further ball milled for 16 hours, pressed into disks of 12.0 mm diameter and 1.5 mm 

thickness under a pressure of 1.5 T/cm2, and sintered at temperatures of 1090 °C, 1100 °C, 

1110 °C, 1120 °C, and 1130 °C for 2 hours in a Lenton furnace (UAF model, England). 

The densities of the samples were measured by Archimedes’ principle. The crystal 

phase structure and microstructure of the samples were examined at room temperature by 

X-ray diffraction (XRD; Bruker D8 ADVANCE) and scanning electron microscope 

(SEM; Hitachi S-4800). The ceramic samples were coated with silver paste on both sides 

to serve as electrodes to measure electrical properties. The samples were polarized in 

silicon oil at 60 °C with a dc field of 35 kV/cm for 20 min and then aged for 24 hours. 

The piezoelectric properties of the KNLNS-0.04BNKZ samples were determined using 

an impedance analyzer (HP 4193A and RLC Hioki 3532) to measure the radial and 

thickness resonant vibration spectra. The piezoelectric factor (d33) was determined by a 

d33 meter (YE2730A, SINOCERA, China). 

3. RESULTS AND DISCUSSION 

3.1. Phase structure of the KNLNS-0.04BNKZ ceramics at different sintering 

temperatures 

Figure 1a shows the XRD pattern in the 2θ range of 20-80° measured at room 

temperature with Cu-K radiation of wavelength 1.5405 Å for the KNLNS-0.04BNKZ 

ceramics sintered at temperatures of 1090 °C, 1100 °C, 1110 °C, 1120 °C, and 1130 °C. 

It can be seen that the ceramic samples all exhibit a pure perovskite phase. No secondary 

phase was detected, indicating that BNKZ diffused into the KNN matrix to create a 

homogeneous KNLNS-0.04BNKZ solid solution regardless of sintering temperature. 

With the increase in sintering temperature, the characteristic shape of the diffraction peak 

for ceramic samples at 2θ  45.5° changed, showing that sintering temperature has a great 

influence on the crystal structure of KNLNS-0.04BNKZ ceramics. 

To further investigate the effect of sintering temperature on the phase structure 

transition of KNLNS-0.04BNKZ ceramics, the XRD patterns of the ceramic samples at 

2θ  45.5° were enlarged and simulated with Gaussian fitting functions (Figure 1b). As 

seen in Figure 1b, when the sintering temperature increases from 1090 °C to 1110 °C, the 

diffraction peaks at 2θ  45.5° broaden due to the overlap of multiple phases. For 

KNLNS-0.04BNKZ ceramic samples sintered at TS  1100 °C, the Gaussian function 
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simulations confirm that the phase structure of the ceramic sample is a combination of 

orthorhombic and tetragonal (O-T) phases. At TS = 1090 °C, the double diffraction peaks 

(220)O and (020)O characteristic of the orthorhombic phase (O) are dominant compared 

to the (002)T and (200)T peaks of the tetragonal (T) phase (Yao et al., 2014). In contrast, 

at TS = 1100 °C, the tetragonal phase is dominant. With TS = 1110 °C, the phase structure 

of the ceramic sample is a mixture of rhombohedral and tetragonal (R-T) phases 

characterized by the overlap of (002)T, (200)T, and (200)R diffraction peaks in which the 

intensity of the double peak (002)T and (200)T of the tetragonal (T) phase is lower than 

that of the (200)R peak of the rhombohedral (R) phase. As TS further increases (TS  

1120 °C), the characteristic diffraction peaks of the tetragonal phase disappear, and the 

ceramics only exist in a rhombohedral phase characterized by a single peak (200)R. 

Obviously, the change in sintering temperature has a strong influence on the structure of 

the ceramics. The effect may be related to the extent of the volatilization of alkali metal 

ions during sintering at different temperatures (Cheng et al., 2014). These results are 

consistent with the research of Liang et al. (2011) and Cheng et al. (2014) on the effect 

of sintering temperature on the phase structure of the 0.98(K0.5Na0.5)NbO3-

0.02(Ba0.6Sr0.4)0.7Bi0.3TiO3 and (K0.465Na0.465Li0.07)(Nb0.95Sb0.05)O3 ceramics. According 

to previous work (Qin et al., 2016; Rubio-Marcos et al., 2015; Tan et al., 2018; 

Tangsritrakul et al., 2020), ceramics will achieve excellent piezoelectric properties at or 

near the polymorphic phase boundary between rhombohedral and tetragonal (R-T) 

phases. In addition, the diffraction peaks shifted slightly to higher 2 angles with 

increasing sintering temperature. This indicates that the unit cell volumes decreased when 

the sintering temperature increased, likely due to the alkaline elements (Na and K) being 

easily volatilized at high temperatures and creating more vacancies at A-sites of the 

lattice, which eventually results in shrinkage of the unit cells (Palei & Kumar, 2012; Su 

et al., 2018). 

 
(a)                                                               (b) 

Figure 1. (a) XRD patterns of the KNLNS-0.04BNKZ ceramics sintered at 

temperatures of 1090 °C, 1100 °C, 1110 °C, 1120 °C, and 1130 °C; (b) Expanded 

XRD patterns of the ceramic samples at 2  45.5° and simulations using Gaussian 

fitting functions 
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3.2. Density and microstructure of the KNLNS-0.04BNKZ ceramics at different 

sintering temperatures 

The density of the ceramic samples was determined by the Archimedes method 

using an electronic balance (OHAUS-Model PA214C) with an accuracy of 0.1 mg. The 

mass of the sample when weighed in air is m1, and m2 is the mass of the sample when 

totally submerged in ethanol. Thus, the D density of the sample is calculated by: 

 
EthanolD

mm

m
D

21

1

−
=                                                                                           (1) 

where Dethanol = 0.791 g/cm3 is the density of ethanol. 

Based on Equation 1, the densities of the KNLNS-0.04BNKZ ceramic samples at 

different sintering temperatures were determined, as shown in Table 1. 

Table 1. The density of KNLNS-0.04BNKZ ceramic samples at sintering 

temperatures of 1090 °C, 1100 °C, 1110 °C, 1120 °C, and 1130 °C 

TS (oC) m1 (g) m2 (g) m1 - m2 (g) Density, D (g/cm3) 

1090 0.3719 0.2969 0.0750 3.930.03 

1100 0.1710 0.1381 0.0329 4.110.02 

1110 0.3677 0.2990 0.0687 4.220.02 

1120 0.2322 0.1876 0.0446 4.120.04 

1130 0.2936 0.2357 0.0579 4.010.03 

 

Figure 2 shows the sintering temperature dependence of the density and 

microstructure of the KNLNS-0.04BNKZ ceramics. It can be clearly seen that the 

sintering temperature strongly influenced the density and microstructure of the KNLNS-

0.04BNKZ ceramics. Figure 2a shows that by increasing the TS temperature from 1090 °C 

to 1130 °C, the density of the ceramic increased to a maximum value of 4.22 g/cm3 at 

TS = 1110 °C, then decreased. The density decrease at higher sintering temperatures may 

be attributable to the formation of many sodium and potassium vacancies (Su et al., 2018). 

Figure 2b-2f shows SEM images of fracture surfaces of the KNLNS-0.04BNKZ 

ceramic samples sintered at the different temperatures. As can be seen, the average grain 

size of the ceramics increased significantly when the TS temperature increased. For the 

sample sintered at a low temperature of 1090 °C (Figure 2b), the ceramic has a porous 

microstructure with small grains of unclear shape ( 0.2 m) and agglomerate, which 

may be the reason for the low ceramic density (3.93 g/cm3). However, with an increase 

in sintering temperature, the ceramic microstructure gradually improved and the average 

grain size increased, with relatively more uniform grains having rectangular or cubic 

shapes and markedly decreased porosity. Especially, at TS = 1110 °C (Figure 2d), the 

microstructure of the ceramic became denser with sharply shaped grains ( m) 

consistent with the high density (4.22 g/cm3). With further increases in TS temperature 
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(TS  1120 °C) (Figure 2e-2f), the ceramic microstructure became porous and consisted 

of larger rectangular grains with an average grain size of about 1.5 m and many fine 

grains of unclear shape distributed at the boundaries of the coarse grains. Thus, it can be 

seen that the increase in sintering temperature promoted the growth of grains, indicating 

that increased thermal energy enhances atom diffusion at higher sintering temperatures 

(Xu, 1991; Palei & Kumar, 2012; Su et al., 2018). These results are consistent with the 

measured ceramic densities and are similar to previous results (Huang et al., 2014; Su et 

al., 2018). Thus, from the above results, it can be concluded that the optimum sintering 

temperature of the KNLNS-0.04BNKZ ceramics is 1110 °C. 

 

(a)                                          (b)                                        (c) 

 

                           (d)                                        (e)                                       (f) 

Figure 2. (a) Density and (b-f) SEM images of KNLNS-0.04BNKZ ceramics at 

sintering temperatures of 1090 °C, 1100 °C, 1110 °C, 1120 °C, and 1130°C 

3.3. Piezoelectric properties of KNLNS-0.04BNKZ ceramics at different sintering 

temperatures 

To determine the dependence of the piezoelectric properties of the KNLNS-

0.04BNKZ ceramics on sintering temperature, the resonant vibration spectra of the 

ceramic samples sintered at different TS temperatures were measured at room 

temperature. 

Figure 3 shows the radial and thickness resonant vibration spectra of the KNLNS-

0.04BNKZ ceramic sample sintered at TS = 1110 °C, representing the frequency 

dependence of the impedance Z and phase angle . Based on these vibration spectra, we 
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used the equations from the IRE-61 Standards (Jaffe et al., 1961) to calculate the 

electromechanical coupling coefficients, kp and kt. The piezoelectric factor (d33) was 

determined by a d33 meter. 

 

   (a)                                                                 (b) 

Figure 3. (a) Radial and (b) thickness resonant vibration spectra of the KNLNS-

0.04BNKZ ceramic sample sintered at TS = 1110 °C 

 

Figure 4. The d33, kp, and kt values for KNLNS-0.04BNKZ ceramics as a function of 

sintering temperature 

Figure 4 shows the sintering temperature dependence of the electromechanical 

coupling coefficients, kp and kt, and the d33 piezoelectric factor of the KNLNS-0.04BNKZ 

ceramics. As shown in Figure 4, when the TS temperature increased from 1090 °C to 

1110 °C, the d33, kp, and kt values of the ceramics increased sharply, reaching maximum 

values of 245 pC/N, 0.46, and 0.50, respectively, at TS = 1110 °C, and then decreased 

with further increases of TS. Thus, it can be summarized that the optimum piezoelectric 

properties of the KNLNS-0.04BNKZ ceramics were obtained at TS = 1110 °C, indicating 

that by using the conventional sintering technique with an appropriate sintering 

temperature, the piezoelectric properties of the ceramics can be significantly improved. 

This improvement can be related to the high ceramic density and the coexistence of the 
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two rhombohedral-tetragonal (R-T) ferroelectric phases at TS = 1110 °C. According to 

previous work (Liu et al., 2016; Tan et al., 2018; Xu, 1991), ceramics will achieve the 

best piezoelectric properties near this phase boundary due to the enhancement of the two 

ferroelectric phases. 

4. CONCLUSIONS 

Samples of 0.96(K0.48Na0.48Li0.04)(Nb0.95Sb0.05)O3-0.04Bi0.5(Na0.82K0.18)0.5ZrO3 

lead-free piezoceramic were successfully fabricated by the conventional sintering method 

at TS temperatures of 1090 °C, 1100 °C, 1110 °C, 1120 °C, and 1130 °C for 2 hours. The 

ceramic density increased with sintering temperature, reaching a maximum value of 

4.22 g/cm3 with dense microstructure at the sintering temperature of 1110 °C. The 

experimental results show that the ceramic samples sintered at different temperatures all 

have a pure perovskite phase. The phase structure of the ceramics changed when the 

sintering temperature increased. At the sintering temperature of 1110 °C, the ceramic 

phase structure was a mixture of two tetragonal and rhombohedral (R-T) ferroelectric 

phases. Due to the reinforcement of the R-T ferroelectric phases, this ceramic sample has 

the best piezoelectric properties, with electromechanical coupling coefficients kp of 0.46 

and kt of 0.50 and a piezoelectric factor d33 of 245 pC/N. Thus, the optimum sintering 

temperature of the KNLNS-0.04BNKZ ceramics fabricated by the conventional ceramic 

method is 1110 °C. 
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