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Abstract 
 

Potassium sodium niobate (KNN) has always been one of the most potential 

candidates to replace lead-based piezoelectric ceramics due to its strong 

piezoelectric properties and environmentally friendly composition. A strong 

piezoelectric property is constantly influenced by the sample's densification as 

well as its microstructural characteristics. One of the current main issues with this 

KNN lead-free piezoelectric material is the difficulty in creating high-density 

samples by conventional preparation and sintering. Thus, KNN lead-free 

ceramics were synthesised using an improved solid-state method by 

introducing the double calcination-milling route to this process. The outcome 

demonstrates that, despite the presence of additional KNN secondary phases, 

the double calcination-milling approach contributed to the early creation of 

the KNN phase. When sintered pellets are subjected to a double calcination 

milling process, the XRD pattern revealed that the main peaks of the sample 

are indexed to orthorhombic K0.5Na0.5NbO3. The double calcination KNN pellet 

have a relative density of 90% densification which is slightly higher than that of 

single calcination KNN pellet which shows 88% densification. 

 

Keywords: Potassium Sodium Niobate, piezoelectric ceramic, double 

calcination, solid state method, sintering 

 

Abstrak 
 

Kalium Natrium Niobat (KNN) sentiasa menjadi salah satu bahan paling 

berpotensi untuk menggantikan seramik piezoelektrik yang berasaskan 

plumbum kerana sifat piezoelektriknya yang kuat dan komposisinya yang 

mesra alam. Sifat piezoelektrik yang kuat sentiasa dipengaruhi oleh 

ketumpatan sampel serta ciri mikrostrukturnya. Salah satu isu utama bahan 

piezoelektrik bebas plumbum KNN ini ialah kesukaran untuk menghasilkan 

sampel yang berketumpatan tinggi melalui kaedah dan pensinteran 

konvensional. Sehubungan itu, seramik tanpa plumbum KNN telah dihasilkan 

menggunakan kaedah keadaan pepejal yang lebih berkesan iaitu dengan 
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1.0 INTRODUCTION 
 

Piezoelectric materials acquire the capability of 

producing the direct piezoelectric effect or 

producing the inverse piezoelectric effect. They can 

generate an electric potential in response to 

mechanical stress or generate mechanical 

movement when exposed to an electric field [1]. 

Piezoelectric materials have been used in numerous 

applications, especially in the disciplines of 

information and communications, medical 

diagnostics, industrial automation, etc. Sensors, 

transducers, ultrasonic motors, and imaging devices 

are examples of typical applications [2, 3]. 

Even though lead (Pb) is dangerous to human 

health and the environment, the majority of 

piezoelectric devices, such as transducers and 

actuators, employ Pb-based piezoelectric ceramics 

as one of its primary components [4]. The search for 

lead-free goods was sparked by this problem. 

Ceramics based on perovskite K0.5Na0.5NbO3 

(abbreviated as KNN) have been identified as one of 

the most promising replacement options. Due to its 

strong piezoelectric characteristics, the potassium 

sodium niobate system is of special interest. 

KNN may be synthesised using several different 

techniques, including hydrothermal, microwave, hot 

press, sol-gel, and many others [5, 6, 7]. The majority 

of these methods have been enhanced to produce 

structures with exceptional piezoelectric 

characteristics. Typically, carbonates or oxides are 

used as the starting ingredients in the solid-state 

reaction (SSR) process to create KNN polycrystalline 

powders. This method's popularity is a result of how 

affordable it is. 

Because there is a greater likelihood of the alkali 

elements evaporating, particularly at high 

temperatures, working with KNN-raw starting 

materials presents certain challenges, particularly 

with regard to maintaining the stoichiometry 

throughout powder production, calcination, and 

sintering of the pellet [8]. In this instance, a perovskite 

phase must develop at a minimum temperature of 

850 ˚C in order for the mixture's constituent parts to 

have enough thermal energy to break through 

atomic/ionic diffusion barriers and retain the KNN 

stoichiometry [9]. 

The low-temperature calcination process is the 

solution to the off-stoichiometry issue for the 

synthesised KNN powder, as Popovic et al. have 

thermodynamically demonstrated that the 

temperature increase from 627 °C to 927 °C led to an 

increase in the vapour pressure of alkali elements 

over the respective niobates by 4 to 5 orders of 

magnitude [10]. The problem of the alkali elements 

evaporating at high temperatures may be solved by 

low temperature synthesis. 

Additionally, KNN synthesised at lower calcination 

temperatures of 650 °C and 750 °C has an excellent 

stoichiometric composition, according to the findings 

of Ahmad et al. [12]. The combination does not, 

however, exhibit particularly strong densification. 

One of the current main issues with this KNN lead-free 

piezoelectric material is the difficulty in creating high-

density samples by conventional preparation and 

sintering. The purpose of this study is to ascertain if the 

twofold calcination-milling method can further 

homogenise the particle size distribution of the pre-

sintered powders, resulting in grains with greater 

homogeneity and compatibility, and so enhancing 

the densification of the synthesised KNN. 

 

 

2.0 METHODOLOGY 
 

K0.5 Na0.5NbO3 (KNN) powders were synthesized by a 

conventional solid-state reaction method using 

sodium carbonate, Na2CO3, (Merck, 99 % purity), 

potassium carbonate, K2CO3 (Merck, 99 % purity) and 

niobium oxide, Nb2O5 (Sigma Aldrich, 99% purity) as 

the starting precursors.  

These three powders were first dried separately for 

two hours at 200 °C in an oven before being 

weighed using the stoichiometric formula in equation 

(1). 

                      

(1) 22CO3NbO0.5Na0.54K5O22Nb3CO2Na3CO2K +→++

  

The powders were then added to a tungsten 

carbide jars (50 ml) equipped with tungsten carbide 

balls and a ball-to-powder mass ratio (BPR) of 10:1 

was used. The jars were then filled with 40 ml acetone 

to act as the dispersant. In a planetary ball mill, the 

memperkenalkan kalsinasi berganda kepada proses ini. Hasilnya menunjukkan 

bahawa, walaupun terdapat fasa sekunder KNN, pendekatan kalsinasi 

berganda menyumbang kepada pembentukan awal fasa KNN. Pelet yang 

disinter melalui proses kalsinasi berganda menunjukkan puncak utama corak 

XRD diindeks kepada ortorombik K0.5Na0.5NbO3 dan pelet tersebut mempunyai 

ketumpatan relatif 90%, iaitu lebih tinggi daripada pelet yang disinter melalui 

proses kalsinasi tunggal yang mempunyai  ketumpatan relatif sebanyak 88%, 

 

Kata kunci: Kalium Natrium Niobat, seramik piezoelectric, kalsinasi berganda, 

kaedah keadaan pepejal, pensinteran 

© 2023 Penerbit UTM Press. All rights reserved 
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powders were combined and wet ground for three 

hours at a speed of 300 rpm. The powders were 

thoroughly blended and their particle sizes were 

decreased using the planetary ball mill [12]. 

To remove the acetone solution, the wet milling 

slurry was sieved and dried at 120°C for 2 hours [13]. 

For 30 minutes at 300 rpm, the dried slurry was dry-

milled once more to disintegrate the agglomerates 

left over from the initial milling. 

The powders were dried again at 120°C for 1 hour 

in order to remove some moisture that was absorbed 

by the powders during previous milling process since 

the powders were able to absorb moisture easily. The 

powders were then calcined at a temperature of 

650°C for 6 hours. The obtained powders that 

underwent single calcination-milling route were 

abbreviated as C1.  

Powders were handled using the same batch size 

and under the same circumstances as C1 for the 

double calcination-milling procedure. Then, the 

powders were ball-milled again for 3 hours at a 

speed of 300 rpm, and dried at 120°C for an hour. 

The powders were then subjected to a second 

calcination at 650 °C for an additional 6 hours (the 

powders obtained were abbreviated as C2). 

X-Ray Diffraction (XRD) analysis were conducted 

using an X-Ray Diffractometer (PW 3040/60 MPD 

X’pert High Pro PANalytical) with a measuring 

condition of 2θ ranging from 20° to 80°. The XRD was 

conducted after calcination to determine the 

presence of KNN phase at calcination stage. The 

morphology of C1 and C2 powders were further 

analysed using a Scanning Electron Microscope 

(SEM) Hitachi TM3030. The particle size was 

determined by the line intercept method of more 

than 150 particles per sample and the analysis was 

carried out by Image J software. 

Later, C1 and C2 powders were cold-pressed into 

a 15 mm diameter pellet with a thickness of 2.5 mm 

using a hydraulic press machine at 25 MPa. The 

pelletized green bodies were sintered in ambient 

condition using the heating rate of 5°C/min for 2 

hours at 1060°C. The sintered C1 is abbreviated as 

SC1 while the sintered C2 is abbreviated as SC2. 

The sintered pellets' structural composition was re-

determined using XRD measurements, and their 

microstructural characteristics were analysed using 

SEM analysis. A densitometer was also used to test 

the sintered pellets' density (Mettler Toledo TLE 204). 
 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Structural Analysis 

 

(a) Single and Double Calcination 

 

Figure 1 shows the XRD patterns of C1 and C2 

powders after the first and second calcinations at 

650oC, respectively. By using the Xpert High Score 

PANalytical analysis, it confirms that the KNN phase 

has already been formed after the first step of 

calcination as most of the peaks matched well with 

orthorhombic K0.507 Na0.537NbO3 phase as shown in 

Figure 1 (a). However, the reaction was incomplete 

as one diffraction peak was matched with NaNb3O8 

at 2θ: 29.38°. As the powders going through the 

double calcination process, other peaks with 

different KNN stoichiometric ratio appeared and they 

were indexed to K0.4 Na0.6NbO3, K0.65 Na0.35 NbO3 and 

K0.02 Na0.98 NbO3 as shown in Figure 1 (b). The higher 

intensity of the C2 peaks as compared to C1 peaks 

indicated the higher crystallinity of the double-

calcined powders. Based on the results, both C1 and 

C2 showed the presence of KNN, however, C1 

showed the incomplete KNN phase formation which 

represented by NaNb3O8 which is in agreement with 

the previous reported article [11]. While when 

subjected to double calcination (C2 sample), the 

peak at the particular position has been transformed 

to KNN phase with a stoichiometric ratio of K0.4 

Na0.6NbO3. This shows that double calcination 

process has aided the formation of KNN despite the 

existence of other KNN secondary phases.  

 

(b) Sintering 
 

Figure 1 (c) and Figure 1 (d) show the XRD patterns of 

SC1 and SC2 pellets after sintering, respectively. It is 

obvious that the peaks sharpened after sintering 

which indicates a more homogeneous and 

crystalline structure.  As the pellet was sintered to 

1060oC for 2 hours, the intensity of the peaks 

increases which also implies the growth of crystallites. 

The absence of NaNb3O8 in SC1, reveals the 

existence of pure orthorhombic phase of KNN as 

shown in Figure 1 (c). As for SC2 pellet, the XRD 

pattern shows a polycrystalline structure with the 

existence of secondary KNN phases: K0.4 Na0.6NbO3, 

K0.65 Na0.35 NbO3 and K0.02 Na0.98 NbO3. However, the 

existence peaks in SC2 are still dominated by the 

main K0.507 Na0.537NbO3 phase. This result shows that 

the earlier double calcination process has affected 

the phase formation of sintered sample. Previously, 

Feizpour also reported that the sintered sample 

processed from double-calcined KNN powder at 625 

oC consist of a non-KNN secondary phase even-

though the sample was placed in a double-crucible 

and surrounded by KNN packing powder during the 

air sintering process [8]. And as for sample SC2, the 

KNN secondary phases have been appeared starting 

from the double calcination process, and the XRD 

peak for these phases becomes sharper and its 

intensity is increasing showing that the KNN 

secondary phases is a stable phase. The existence of 

the secondary phases is somewhat expected in 

double calcination and sintering process since the 

raw materials for the solid-state synthesis which are 

generally alkali carbonates have hygroscopic 

nature, thus resulting in poor purity. Therefore, when 

the sample was subjected to double calcination and 

sintering, the deviations in KNN stoichiometry might 

occur due to uneven volatilization of the alkali oxides 

(Na2O and K2O) takes place as a result of their 
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relatively high volatility [6] due to twice calcination 

and milling.  It is suggested that to achieved a pure 

orthorhombic phase of KNN with higher densification, 

the sintering atmosphere should be controlled as this 

sintering atmosphere could affect the existence of 

oxygen vacancies in KNN based ceramics [14,15]. 

 

 

 
Figure 1 XRD pattern of : (a) C1, KNN single calcined powders. (b) C2, KNN double calcined powders, (c) SC1 sintered KNN pellet, 

(d) SC2, sintered KNN pellet 

 

 

3.2 Microstructural Analysis 

 

(a) Single and Double Calcination 

 
The effect of single and double calcination-milling 

route on the surface morphology of KNN were 

analysed using SEM. The SEM micrographs of the 

mixture precursors prepared before and after 

calcination process are depicted in Figure 2 (a-c). 

The mixture of raw powders before calcination 

process shows inhomogeneous morphology with 

agglomerated particles. As going through single 

calcination-milling route, the powders remain 

clumping together but the grains appear to be more 

homogeneous. A better morphological structure was 

displayed for powders undergoes double 

calcination-milling route. The microstructure shows a 

polyhedral morphology with a lot of ultrafine particles 

which can be observed in Figure 2c 

The particles were not densely packed, and the 

existence of voids between them showed that the 

solid-state reaction of calcined powder was still 

taking place [16]. The particle size distributions in 

Figure 2d shows a more uniform particle size 

distribution in double calcined sample where 

unimodal particle size distribution was observed 

unlike the single calcined sample. Particle size 

distributions have an important role in 

packing density which affects sintering [17]. Average 

particle sizes of single calcined and double calcined 

shows slightly different values which are 0.37 and 0.42 

μm respectively. However, based on the particle size 

distribution, the particle size of double calcined 

shifted to larger particles where the amount of larger 

submicrometer particle powders increased. It is 

expected for the particle size in double calcined 

sample to exhibit larger particles as the powder was 

subjected to double milling and double calcination. 

 

∎  K0.5 Na0.5NbO3 

    K0.4 Na0.6NbO3 

 *    K0.02 Na0.98NbO3 

    K0.65 Na0.35NbO3 

    NaNb3O8 
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(b) Sintering 
 

SEM results shows fairly dense microstructure and 

clear grain boundaries for both KNN pellet (single 

and double calcination-milling route) after sintering 

process as shown in Figure 3. The morphological 

structure of single calcination KNN pellet after 

sintering process shows the grains with hexagonal 

shape grows at non uniform distribution of grain sizes 

as shown in Figure 3 (a). These grains ranging from 

0.48 to 3.08 µm with an average grains size of 1.3 µm 

appears more visible in the high magnification 

images as shown in Figure 3 (a). The small grains 

seem to fill in the gap between the larger grains 

causes less porosity detected in the microstructure. 

Meanwhile, KNN undergoes double calcination 

process shows a more uniform grains with larger grain 

size ranging from 0.98-4.10 with an average of 2.32 

µm. It shows that the ultrafine particles form during 

the double calcination process have completely 

react with each other in the sintering process. The 

grains form a cuboidal shape and the grain size is 

larger compared to the KNN pellet undergoes single 

calcination process, with a slight porosity which is 

shown by the small black area between the grains in 

Figure 3 (b) [18,19].  

The grain size distribution for SC1 and SC2 can also 

be observed in Figure 3 (c). Figure 3 (c) shows the 

grain size distribution of KNN pellet undergoes double 

calcined process tends to shift to larger grains where 

the amount of larger submicrometer grains 

increased. Meanwhile grain size distribution of KNN 

pellet undergoes single calcination process shifted to 

smaller grain size region, showing that SC1 pellet 

possessed larger number of smaller grains as 

compared to SC2. As the SC2 sample is initially 

subjected to double milling, the diffusion area and 

free surfaces would be enlarged, resulting in 

enhancement of the diffusion kinetics when 

subjected to sintering. As the diffusion kinetics is 

higher in double calcination sample, it is observed 

Figure 2 (a) Mixture powders before calcined 

2a 

Figure 2 (c) Mixture powders after double calcined, C2 

2c 

Figure 2 (d) Particle size distribution of single and 

double calcined 

 

2d 

Figure 2 (b) Mixture powders after single calcined, C1 

2b 
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that the presence of the pores is lesser in volume but 

larger in size compared to the single calcined KNN 

pellet. This is because, the intergranular pores would 

be combined through grain boundary diffusion in 

which the particles moved closer to form grains. 

Then, the pores close to and on grain boundaries 

were slowly eliminated generally by diffusion of 

vacancies from the pores along grain boundaries 

with densification of the sample [19,20], resulting in 

the reduced number of pores in double calcination 

sample. In this case, the density of SC2 can be 

denser compared to SC1 since the volume of pores is 

less or insignificant.  

 

 

 
3.3 Relative Density Analysis 

 
The density of the KNN pellets after sintering, SC1 and 

SC2, respectively was measured using a 

densitometer. It shows that the relative density of 

sintered KNN pellet undergoes single calcination 

process, SC1 reached 88% of theoretical density 

while for sintered KNN pellet undergoes double 

calcination process, SC2, the relative density is higher 

which achieved 90%. The results are consistent with 

the SEM micrograph which shows that the larger 

grain size with only slight pores in the SC2 contribute 

to a denser compound.  

The single calcination does not contribute enough 

to reduce the number of pores which leads to the 

lower density of the material. Therefore, double 

calcination was introduced to overcome the lower 

density of the material. It is important to achieve 

higher density since the lower density material 

through single calcination would possess higher pores 

that decreases the chemical stability and 

mechanical strength of the material. The dielectric 

breakdown would also occur during polarization 

causes by the concentrated electric field at the 

excessive pores [21]. By using the double calcination 

route method, improved piezoelectric properties can 

be obtained due to the improvement of 

densification through the elimination of the porosity in 

the samples [22]. 

 

 

4.0 CONCLUSION 
 

K0.5Na0.5NbO3 was effectively synthesised by 

enhancing the solid-state reaction technique utilising 

the double calcination-milling process. It 

demonstrates that KNN goes through a second 

calcination milling method, which results in improved 

3a 

Figure 3 (a) Single calcination KNN pellet after 

sintering, SC1 

3b 

Figure 3 (b) Double calcination KNN pellet after 

sintering, SC2 

Figure 3 (c) Grain size distribution of sintered single 

calcination pellet, SC1 and sintered double calcination 

pellet, SC2. 
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shape and increased density, both of which 

potentially help to increase piezoelectric property. 

This double calcination milling route also has aided to 

the formation of orthorhombic KNN phase despite 

the existence of other KNN secondary phase. 

Controlling the sintering environment during the 

sintering process is recommended as a way to 

enhance the twofold calcination-milling route 

approach and produce a single phase KNN with a 

greater densification. 
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