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Abstract 

The study in this project focuses on using three different processing routes, 

conventional solid-state sintering, microwave sintering and melt processing, to 

manufacture electrical ceramics and glass-ceramics in bismuth sodium titanate (BNT) 

and potassium sodium niobate (KNN) systems. Manufacturing electrical ceramics using 

a conventional solid-state processing route requires high sintering temperatures (more 

than 1100oC) for long times (at least 10 hours including heating and cooling), with high 

energy consumption (20kWh) for electrical furnaces, leading to high cost. Moreover, 

laboratory-scale preparation of electrical ceramics in the author’s home country, Iraq, is 

difficult because of equipment shortages and power watts. Therefore, in the present 

work, a microwave processing route using a standard kitchen microwave oven has been 

used to produce electrical ceramics, whilst dramatically reducing sintering times 

(heating between 20-25mins and cooling 2h) and thus energy consumption (0.4kWh). 

Also, a melt processing route has been used to manufacture electrical glass-ceramics as 

bulk and fibre samples, thus reducing processing steps and preparing KNN borosilicate 

glass-ceramic fibres for the first time. 

   Microwave sintering/heating depends on the generation of heating throughout the 

sample simultaneously. This project has used a combination of direct microwave 

heating of the sample itself, combined with indirect heating by microwave susceptor 

disks placed close to the sample. In the present project, microwave susceptor disks 

composed of 50wt% graphite, 30wt% SiO2, 10wt% Mn2O3, 10wt% Fe3O4 have been 

used. 

Both conventional solid-state sintering and microwave processing have been used 

to prepare four different electrical ceramic compositions: pure bismuth sodium titanate 

(Bi0.5Na0.5TiO3), pure potassium sodium niobate (K0.5Na0.5NbO3), iron-doped bismuth 

sodium titanate (Bi0.5Na0.5Ti1-xFexO3-0.5x) and iron-doped potassium sodium niobate 

(K0.5Na0.5Nb1-xFexO3-x), with high sintering temperatures (900-1100oC) for 2h inside an 

electrical furnace (conventional sintering) and short heating times (10-25 mins) inside a 

standard 900W kitchen microwave oven. 

A melt processing route has also been used, with the aim of preparing bismuth 

sodium titanate (Bi0.5Na0.5TiO3) and potassium sodium niobate (K0.5Na0.5NbO3) by heat 

treatment of bismuth sodium titanium silicate, bismuth sodium titanium borate, 

potassium sodium niobium silicate, potassium sodium niobium borate and potassium 
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sodium niobium borosilicate glasses to form glass-ceramics. In addition, opportunities 

for preparation of potassium sodium niobium borosilicate glass and glass-ceramic fibres 

have been studied. 

A range of structural, thermal and electrical measurements have been carried out, 

including differential thermal analysis (DTA), X-ray diffraction (XRD), Raman 

spectroscopy, scanning electron microscopy (SEM), density, polarisation and strain 

versus electric field measurement were carried out on the electrical ceramics and glass-

ceramics. 

Pure BNT ceramics have been prepared by solid-state sintering and microwave 

sintering. In addition, BNT-silicate and BNT-borate glasses have been prepared by melt 

processing, and subsequent heat treatment with the aim of forming BNT in the resulting 

glass-ceramics. A Bi0.5Na0.5TiO3 phase with rhombohedral structure has been 

successfully produced by solid-state sintering and microwave sintering methods, 

however, it was not possible to produce entirely glassy materials in the silicate and 

borate systems studied, which instead formed glass + crystalline components upon 

cooling from molten. Increasing the sintering temperature from 1000oC to 1100oC for 

pure BNT ceramics prepared by solid-state sintering increased average grain size from 

ca. 0.4 µm to 2 µm and the relative density increased from approximately 83% of 

theoretical density to approximately 94% of theoretical density. Also, increasing 

sintering temperatures from 1050oC to 1100oC enhanced the remnant polarisation from 

approximately 22 to 40 µC/cm2 and maximum strain increased from about 4.5 to 8%, 

respectively. Furthermore, increasing the microwave sintering time from 10 to 25 min 

for pure BNT ceramics prepared by microwave sintering processing, increased average 

grain size approximately 0.2 to ca 0.9 µm, and the relative density from approximately 

70% to approximately 94% of theoretical density. The remnant polarisation (about 

42.2µC/cm2) and the maximum strain (8.3%) with a saturated and typical shape for 

ferroelectric behaviour were obtained at higher microwave sintering times (25 mins).  

Iron-doped BNT ceramics were produced by solid-state sintering and microwave 

sintering. A single Bi0.5Na0.5TiO3 phase with cubic structure was successfully produced 

by both processing methods. Adding iron to the BNT ceramics using solid-state 

sintering processing increased average grain size with increasing Fe content from 0.2 

µm in pure BNT to 5 µm in (Bi0.5Na0.5Ti0.9Fe0.1O2.95) for iron doped BNT ceramics. The 

relative density was low (69% of theoretical density) for undoped BNT ceramics and 

high (97% of theoretical density) for 7 mole% Fe-BNT. 
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Pure KNN ceramics have been prepared by solid-state sintering and microwave 

sintering. In addition, KNN-silicate glasses, KNN-borate glasses, KNN-borosilicate 

glasses and KNN-borosilicate glass fibres have been prepared by melt processing, and 

subsequent heat treatment with the aim of forming KNN in the resulting glass-ceramics. 

A K0.5Na0.5NbO3 phase with orthorhombic structure has been successfully produced by 

solid-state sintering and microwave sintering processing. Also, a main K0.5Na0.5NbO3 

phase with anorthic structure has been presented for KNN-borate glass-ceramics, KNN-

borosilicate glass-ceramics and KNN-borosilicate glass-ceramic fibres by melt 

processing, however, it was not possible to produce entirely glassy materials in the 

silicate systems studied, which instead formed glass + crystalline components upon 

cooling from molten. Increasing the sintering temperature from 1000oC to 1100oC for 

pure KNN ceramics manufactured by solid-state sintering increased average grain size 

from ca. 0.6 µm to 5 µm and the relative density increased from ca. 69% of theoretical 

density to approximately 91% of theoretical density. Also, increasing sintering 

temperatures from 1075oC to 1100oC enhanced maximum strain increased from about 

3.6 to 6%, respectively. The remnant polarisation of approximately 33 µC/cm2 with a 

saturated and ideal P-E hysteresis shape related to the ferroelectric behaviour has 

obtained at a higher sintering temperature of 1100oC. Additionally, increasing the 

microwave sintering time from 10 to 25 min for pure KNN ceramics manufactured by 

microwave sintering processing, increased average grain size approximately 0.2 µm to 

approximately 3 µm, and the relative density from ca. 68% to ca. 90% of theoretical 

density. Also, increasing microwave sintering time from 20 to 25 mins improved 

maximum strain increased from about approximately 5.2 to 7.5%, respectively. The 

remnant polarisation of approximately 17 µC/cm2 with a saturated and ideal P-E 

hysteresis shape related to the ferroelectric behaviour has obtained at a higher 

microwave sintering time of 25 mins. On the other hand, flat surfaces with grain growth, 

and slimmed P-E hysteresis shapes, indicated the absence of ferroelectric behaviour 

from the KNN borate glass-ceramics and KNN borosilicate glass-ceramics prepared by 

melt method.  

Iron-doped KNN ceramics were prepared by solid-state sintering. A single 

K0.5Na0.5NbO3 phase was obtained for only one iron-doped sample, 

K0.5Na0.5Nb0.98Fe0.02O2.98. Adding iron to KNN ceramics increased the relative density 

from 73% of the theoretical density for undoped KNN ceramics to 86% of the 

theoretical density for K0.5Na0.5Nb0.9Fe0.1O2.9. 
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Chapter One 

General Introduction 

1.1. Introduction 

   Chapter one introduces electrical ceramic materials, the perovskite structure, 

processing routes and the aims and objectives of the present project, as summarised in 

Figure 1.1. 

   Electrical ceramics and glass-ceramics have been extensively used in electrical and 

electronic applications such as communications, medical diagnostics, industrial 

automation, energy storage (Priya & Nahm, 2011); and sensors, transducers, memory 

cells, energy harvesters and actuators (Koruza et al., 2018). They can be classified into 

three main groups: (i) piezoelectrics (Duran & Moure, 1986); (ii) ferroelectrics 

(Buchanan, 1986); and (iii) dielectrics (Marghussiam, 2015; Vijaya M. S., 2013). 

Piezoelectrics include lead zirconate titanate (PZT) (Jaffe et al., 1971), barium titanate 

(BT or BTO) (Jaffe et al., 1971), bismuth sodium titanate (BNT) (Priya & Nahm, 2011) 

and potassium sodium niobate (KNN) (Priya & Nahm, 2011). Piezoelectrics typically 

have a perovskite structure of ABX3, where A is a cation such as Pb, Ba, Bi, Na or K; B 

is a cation such as Zr, Ti or Nb; and X is an anion such as O (Buchanan, 1986; Jaffe et 

al., 1971). Electrical ceramics and glass-ceramics can be prepared using different 

processing routes including conventional solid-state sintering (Malič et al., 2018), 

microwave sintering (Agrawal, 2013) and melt processing (Bansal & Doremus, 1986; 

Shelby, 2005). The solid-state sintering processing route has been extensively used over 

many decades to manufacture electrical ceramics. However, it has disadvantages related 

to the high energy consumption related to long sintering times such as 470 mins (Wei et 

al., 2018), 350 mins (Maqbool et al., 2014) or 340 mins (Kakroo et al., 2016), high 

energy consumption (20 kWh) and high sintering temperatures (1100oC) (Smart & 

Moore, 2016). Microwave sintering processing has been used to prepare electrical 

ceramics by a few researchers (Chiang et al., 2013; Feizpour et al., 2014; Ramana et al., 

2011). This processing route displays some advantages, for example, reduced sintering 

and processing times and energy consumption. However, it has one drawback in the 

context of ceramic sintering which is correlated to the ability of the raw materials or 

green body to absorb sufficient electromagnetic energy to generate high temperatures 

(susceptability) (Bykov et al., 2001; Chandrasekaran et al., 2012). Melt processing 
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routes have been used to prepare electrical glass ceramics, presenting a potentially 

reduced number of processing steps as an advantage (Fanelli et al., 2011; Yongsiri et 

al., 2014; Zheng et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Schematic overview of the general introduction (Chapter One). 

 

1.2.1. Electrical Ceramic and Glass-Ceramic Materials 

   Electrical ceramics can be classified into piezoelectric, ferroelectric and dielectric 

materials.  

1.2.1. Ferroelectric Ceramics 

   Ferroelectric ceramics are characterised by the generation of spontaneous 

polarisation under an applied electric field or mechanical stress to form permanent 
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electrical dipoles, which can be reoriented (switched) by the application of an external 

electric field to reverse the polarisation. Valasek first discovered ferroelectricity in 1920 

during work on Rochelle salt (Buchanan, 1986). Later, ferroelectric materials 

historically developed in terms of ceramic compositions of barium titanate (BaTiO3), 

lead zirconate titanate (Pb(ZrTi)O3), alkali niobates (K0.5Na0.5NbO3) and alkali bismuth 

titanates (Bi0.5Na0.5TiO3) from 1940-1960, to be utilised in the many applications 

including sensors, transducers, memory cells, energy harvesters and actuators (Koruza 

et al., 2018). Ferroelectric behaviour depends significantly on the shape of the hysteresis 

loop (polarisation versus electric field), which shows nonlinear polarisation as a 

function of an electric field (Buchanan, 1986). A hysteresis loop plot of ferroelectricity 

depends on three main factors; coercive field (EC) placed on the x-axis exhibiting at 

zero polarization, spontaneous polarization (PS) and remnant polarisation (PR) placed on 

the y-axis displaying on the zero electric fields, as shown in Figure 1.2 (Ivanov et al., 

2018).  

 

Figure 1.2. Ferroelectric hysteresis loop (Ivanov et al., 2018). 

 

1.2.2. Piezoelectric Ceramics 

   Piezoelectricity can be defined as the development of an electric charge by 

applying mechanical stress. The generated electric field is proportional to mechanical 

stress (Jaffe, Cook Jr, & Jaffe, 1971). Piezoelectricity was first discovered by Pierre and 

Jacques Curie in 1880 when they tried to generate an electric charge by applying 
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pressure to single-crystal quartz (Uchino, 2012). Piezoelectric ceramics are ferroelectric 

materials. Ferroelectric behaviour is not exhibited above the Curie temperature (TC), 

and the ferroelectric transition occurs below the Curie temperature (TC) to induce a 

polar axis which leads to spontaneous polarisation. The piezoelectric state thus occurs at 

the same time as the ferroelectric state (Duran & Moure, 1986). Piezoelectric ceramics 

form a critical part of electronic ceramic materials, and have been used in many systems 

such as communications, medical diagnostics, industrial automation, and energy storage 

and harvesting (Priya & Nahm, 2011). There are two material classes, from an industrial 

perspective, of piezoelectric materials; lead-based piezoelectric ceramics (lead zirconate 

titanate (Pb(Zr, Ti)O3)) and lead-free piezoelectric ceramics (barium titanates (BaTiO3), 

bismuth sodium titanates (Bi0.5Na0.5TiO3)), potassium sodium niobate (K0.5Na0.5NbO3), 

and bismuth layer-structured ferroelectrics) (Priya & Nahm, 2011).  

1.2.2.1. Langevin Transducers  

Langevin transducers are given as an industrial example of ecological piezoelectric 

applications, for example to find underwater fish. In Japan, Honda Electronics used the 

BNT lead-free piezoelectric ceramics to develop Langevin transducers for ultrasonic 

cleaner applications. 0.82Bi0.5Na0.5TiO3–0.15BaTiO3–0.03(Bi1/2Na1/2) (Mn1/3Nb2/3)O3 

ceramics show a smaller piezoelectric constant (110pC/N), a relative permittivity (520), 

and a Curie point (260°C) less than that of hard Pb(Zr, Ti)O3 (PZT). On the other hand, 

the electromechanical coupling factor (41%) is larger than that of PZT. Also, it exhibits 

a maximum vibration velocity (k31) up to 1.4m/s and a mechanical quality factor (500) 

(Priya & Nahm, 2011; Tou et al., 2009). 

1.2.3. Dielectrics 

   Dielectric materials can be defined as electrical insulators, and have been used in 

many applications such as capacitors and transducers (Moulson & Herbert, 2003). Most 

ceramic materials exhibit dielectric properties. When dielectric materials are subjected 

to an external electric field, this leads to the modification in dimensions. The 

dimensional change results from transportation of charge, where positive charge 

(cations) transports toward the external electric field direction and negative charge 

(anions) move in the opposite direction, which leads to the formation of polarisation and 

development of a dipole moment (Marghussian, 2015; Vijaya, 2013).  
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1.3. Piezoelectric Ceramic and Glass-Ceramic Materials 

   Piezoelectric ceramics can be classified by chemical composition, and their 

properties are explained as follows: 

1.3.1. Lead Zirconate Titanate (PZT)  

   Lead zirconate titanate, Pb(ZrTi)O3 (PZT) is one of the most important 

compositions, and has been widely used for many decades as a piezoelectric material 

(Tiwari & Srivastava, 2015). Shirane et al. first discovered Pb(ZrTi)O3 as a solid 

solution in 1952 (Kimura, Ando & Sakabe, 2010), and since then it has been extensively 

used in electronic applications such as piezoelectric actuators, transducers, ferroelectric 

memory devices, stabilizers, modulators, parametric amplifiers, and sensors (Surowiak, 

Kupriyanov & Czekaj, 2001; Xu et al., 2016). PZT has a perovskite structure of the 

ABX3 general formula, where Pb2+ (ionic radius 1.18 Å) occupies the A-site, and Zr4+ 

(ionic radius 0.72 Å) and Ti4+ (ionic radius 0.61 Å) occupy the B-site, and O2- occupies 

the X-site in the ABX3 structure (Kamakshi, Rao & Rao, 2015). PZT ceramics have 

excellent ferroelectric and piezoelectric properties, including a coercive field of 1 

kV/mm and a remnant polarisation of 35 µC/cm2, a strain of 0.1%–0.2%, and a Curie 

temperature between 300oC to 400oC (Rödel et al., 2009). Although PZT has excellent 

ferroelectric and piezoelectric properties, however, the EU banned lead from electronic 

devices in 2006, leading to searches for Pb-free piezoelectric ceramics. PZT faces 

further pressure, due to the evaporation of lead oxide (PbO) at sintering temperatures 

above 1280oC during the processing (Tiwari & Srivastava, 2015; Wang et al., 2001).  

1.3.2. Barium Titanate (BTO)  

   Barium titanate, BaTiO3 (BTO) is a lead-free piezoelectric ceramic that has been 

widely used for electronic applications such as multilayer ceramic capacitors, sensors, 

piezoelectric actuators and transducers (Alkathy el al., 2017; Dai et al., 2017). BTO was 

first discovered as a piezoelectric ceramic during World War II, by Wainer and 

Salomon in 1942, Ogawa in 1944 and Vul in 1944 (Duran & Moure, 1986; Uchino, 

2012). BTO ceramics have a perovskite structure with ABX3 general formula, where the 

A-site is occupied by Ba2+, the B-site by Ti4+ and X-site by O2- (Abdul Hamid et al., 

2015). BTO ceramics have high dielectric constant; however their application range is 

limited by their low Curie temperature (120oC) which limits their high-temperature 

applications (Nayak et al., 2014). Barium titanate has different perovskite phases, which 

depend on temperature: rhombohedral (below -90oC), orthorhombic (between 5oC and -
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90oC), tetragonal (between 5oC and 120oC) and cubic (above 120oC), as shown in 

Figure 1.3 (Villafuerte-Castrejón et al., 2016). 

 

Figure 1.3. Phase temperature of BaTiO3 (Villafuerte-Castrejón et al., 2016). 

 

1.3.3. Bismuth Sodium Titanate (BNT)  

   Bismuth sodium titanate, Bi0.5Na0.5TiO3 (BNT) is an important candidate lead-free 

piezoelectric ceramic, and was first discovered by Smolenskii and colleagues in 1960 

(Priya & Nahm, 2011). BNT ceramics have been used for ecological applications such 

as Langevin transducers utilized for locating fish underwater (Tou et al., 2009), non-

contact sensing applications (Sharma, Chauhan, & Kumar, 2016), thermal detectors 

(Liu et al., 2018), luminescent ferroelectrics (Pan et al., 2018), piezoelectric actuators 

(Zhu et al., 2018) and energy storage applications (Chandrasekhar & Kumar, 2016). 

BNT has a perovskite structure (ABX3) with a rhombohedral ferroelectric phase at room 

temperature; where the A-site is occupied by Bi3+ and Na+, the B-site by Ti4+ and X-site 

by O2-. It has two main phase transition temperatures; one is the Curie point (tetragonal-

cubic phase transition) at 320°C and another is the ferroelectric phase transition 

temperature (rhombohedral-tetragonal phase transition) at 200°C. BNT exhibits 

excellent ferroelectric properties (a large remnant polarisation of 38μC/cm2) (Jones & 

Thomas, 2002). However, it shows relatively high coercive field (73kV/cm) (Pardo et 

al., 2018). 
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1.3.4. Potassium Sodium Niobate (KNN)  

   Potassium sodium niobate, K0.5Na0.5NbO3 (KNN) is another promising lead-free 

piezoelectric ceramic. It has a perovskite structure (ABX3) with an orthorhombic phase 

at room temperature, where the A-site is occupied by K+ and Na+, the B-site by Nb5+ 

and X-site by O2- (Panda & Sahoo, 2015). It has been used in a number of  many 

applications such as medical diagnostics (sonar) (Lusiola et al., 2016), energy 

harvesting (Kim et al., 2016; Kumar et al., 2016; Zheng et al., 2017; Zheng et al., 2018), 

energy storage (Zheng et al., 2016), optical computing and information processing (Lin 

et al., 2017). KNN lead-free piezoelectric ceramics have two key phase transition 

temperatures: one is the orthorhombic-tetragonal phase transition (200°C), and the other 

is the tetragonal-cubic phase transition (420°C). It has a relatively high Curie point 

(420°C) making it potentially useful in high-temperature applications. This compound 

has a high remnant polarisation (33μC/cm2). However, it is difficult to achieve a high-

density ceramic because of it is hygroscopic nature and volatility of alkaline oxides such 

as K2O and Na2O during processing (Jenko et al., 2005; Priya & Nahm, 2011; Shrout & 

Zhang, 2007). 

1.3.5. Dopants 

   Many different dopants have been studied with the aim of improving or modifying the 

electrical and physical properties of bismuth sodium titanate (Bi0.5Na0.5TiO3) and potassium 

sodium niobate (K0.5Na0.5NbO3) lead-free piezoelectric ceramics. According to the 

perovskite structure (ABX3), there are three types of modifiers:  

   i. A-site dopants such as Th4+, Sb3+, La3+, Nd3+, Ba2+, and Sr2+.  

   ii. B-site dopants such as Ta5+, Sc3+, Fe3+, and Mg2+  

   iii. X-site dopants such as F- and Cl- (Panda & Sahoo, 2015).  

 

   Mainly, according to the compositional substitution of each of BNT and KNN 

ceramics, there are three types of modifiers used:  

   i. Isovalent modifiers: this kind of dopant has a similar valence and ionic radius to 

the replaced ion, for example, Ta5+ (ionic radius 0.68 Å) substitutes Nb5+ (ionic radius 

0.69 Å) and Sn4+ (ionic radius 0.71 Å) substitutes Ti4+ (ionic radius 0.68 Å).  

   ii. Donor modifiers: this type of additive is a higher valence cation, that means, 

Ba2+, Sr2+, La3+ and Sb3+ for modification of the K+ or Na+ site; W6+ for substitution on 

the Nb5+ site, and Ta5+ and Sb5+ for modification of the Ti4+ site.  
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   iii. Acceptor modifiers: this type of dopant is a lower valence cation, that means, 

Sc3+, Fe3+, Al3+ and Mg2+ for modification of the Ti4+ site; Zr4+ and Sn4+ for substitution 

on the Nb5+ site; and Ba2+, Sr2+ and K+ for substitution on the Bi3+ site (Panda & Sahoo, 

2015; Priya & Nahm, 2011).  

   In addition to doping with single cations, doping or mixing with multiple cations 

or compounds can also be performed: 

    i. Doped BNT: BNT ceramics have been previously doped with SrZrO3 (Maqbool 

et al., 2014), Bi(Mg0.5Ti0.5)O3 (Aman Ullah et al., 2015), (Nd0.5Ta0.5)xO3 (Cheng et al., 

2015), KNbO3 (Jiang et al., 2014), CuO and NiO (Kakroo et al., 2016), CuO (Chou et 

al., 2011), and Fe2O3 (Aksel et al., 2010), the effects of mentioned doped on the 

properties has explained in the chapter two literature review. 

   ii. Doped KNN: KNN ceramics have been previously doped with Bi(Mg0.5Ti0.5)O3 

(He et al., 2013), Dy2O3, Er2O3, Eu2O3 and Pr6O11 (Du et al., 2017), MnO2 (Tian & Du, 

2014), TiO2 and ZrO2 (Vendrell et al., 2015), Fe2O3 (Coondoo et al., 2015), CuO 

(Alkoy & Berksoy-Yavuz, 2012), ZnO (Ramajo et al., 2014) and V2O5 (Kambale et al., 

2017), the effects of mentioned doped on the properties, as described in the next chapter 

literature review. 

1.4. Perovskite Structure 

   The perovskite structure is derived from the name of Lev Perovskite, who worked 

on the mineral perovskite, CaTiO3, in 1839 in the Ural Mountains. The perovskite 

structure has a general formula of ABX3, where A is the larger cation (monovalent, 

divalent, or trivalent cations, such as Ba2+, Bi3+, Na+, and K+); B is the smaller cation 

(pentavalent, tetravalent, or trivalent elements, such as Ti4+, Nb5+, and Fe3+) and X is an 

anion (usually O2-) (Petrovic & Bobic, 2018). The perovskite structure shows the A-site 

cation at the corners, the B-site cation in the body centre, and the X anion in the centre 

of each face, as shown in Figure 1.4 (a). The perovskite structure has many phases; a 

cubic phase appears at a higher temperature than TC, and an orthorhombic phase occurs 

at a lower temperature than TC, which displays spontaneous polarisation in the [011] 

direction as shown in Figure 1.4 (b and c) (Zheng et al., 2013).  
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Figure 1.4. (a) perovskite ABX3 structure, (b) unit cell in the cubic perovskite phase, 

and (c) unit cell in the orthorhombic phase (Zheng et al., 2013). 

   Titanates, niobates, zirconates and rare-earth materials have been widely 

investigated as perovskite and ferroelectric compounds. A significant number of 

elements present in the periodic table may be accommodated in the perovskite structure 

of piezoelectric compounds as shown in Figure 1.5 (Petrovic & Bobic, 2018).  

 

Figure 1.5. A periodic table of elements with elements that can be accommodated in the 

perovskite structure (Petrovic & Bobic, 2018). 

   Many electroceramic compounds adopt the perovskite structure, such as lead 

zirconate titanate (PbZrTiO3), barium titanate (BaTiO3), bismuth sodium titanate 
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(Bi0.5Na0.5TiO3) and potassium sodium niobate (K0.5Na0.5NbO3). The perovskite 

structure for the compounds mentioned above is explained in the previous section 

(section 1.3). 

1.5. Processing Routes 

   The global ceramic material is approximately £75 (Carter & Norton, 2007). 

Advanced ceramics form about 17% of annual ceramics sales, which is the second 

largest sector of the ceramic industry. Electrical and electronic ceramics form 50% of 

the advanced ceramics market. These electrical ceramics include bismuth sodium 

titanate, potassium sodium niobate, barium titanate and lead zirconate titanate, which 

have been used in many applications such as capacitors, varistors and transducers 

(Carter & Norton, 2007). Therefore, the importance of the present project to develop 

new processing routes for these materials, such as microwave sintering processing and 

melt processing, and conventional solid-state sintering processing of electrical BNT and 

KNN ceramics and glass-ceramics.  

1.5.1.  Conventional Solid-State Sintering Processing 

   The most widely-used synthetic processing route for preparing solid 

ferroelectric (piezoelectric) ceramics is solid-state sintering processing (Figure 1.6) 

(Malič et al., 2018). This process is widely used in industry and in laboratories to 

prepare a wide range of ceramic materials. Although it is the simplest and most widely 

used method to prepare piezoelectric ceramics, it has drawbacks such as high sintering 

temperatures (500oC-2000oC) that require high energy consumption and long sintering 

times (Smart & Moore, 2016). Consequently, this process route is energy-intensive and 

contributes significantly to human-made CO2 emissions. Solid-state sintering includes 

many steps; the first step is preparing the starting raw materials such as oxides and 

carbonates. The reactant powders are accurately weighed according to the compound 

stoichiometric formula. They are then mixed, milled, and calcined (Malič et al., 2018). 

Wet milling is often used to prepare the raw materials for piezoelectric ceramics, one of 

the most suitable machines to grind very fine powders with grain sizes below 10µm is 

ball milling (Rahaman, 2003). During the calcination step, reactions occur between 

reactant powders (oxides, hydroxides and carbonates) to decompose most of the 

hydroxides in the range (200oC-550oC) (Busca, 2014). The release of CO2 for 

K0.5Na0.5NbO3 occurs in the calcination temperature range 400oC-700oC, as shown in 

reaction equation 1.1 and Figure 1.6, and for Bi0.5Na0.5TiO3 ceramics, it occurs in the 

calcination temperature range 500oC-650oC, as shown in reaction equation 1.2. After 
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calcination, the powders are wet milled again, and fine powder compacts are prepared at 

specific pressures using uniaxial or isostatic pressing to produce pellets. The final step 

is sintering the green pellets at high temperature (Malič et al., 2018). Sintering is 

considered one of the essential steps in ceramic processing/formation, and occurs under 

heating without reaching the molten state. There are two types of sintering: the first 

occurs when particles join together under heating without reaching the molten state 

during ceramic processing/formation; this is called solid-state sintering. The second 

type occurs when particles join together under heating whilst in the molten state for one 

component or more, forming ceramic component during ceramic processing/formation 

and cooling, which is called liquid-state sintering. The joining of particles occurs 

driving force effect, which leads to the surface tension and fusion of the particles, 

creating a solid ceramic with the formation of grain boundaries. The driving force for 

solid-state sintering is the difference in the free energy or chemical potential between 

the free surfaces of the particles and the points of contact between adjacent particles 

(Richerson, 2005). The sintering step reduces porosity and enhances the densification 

(density) and mechanical strength of ceramic components (Rahaman, 2003, Kingery, 

1958).  

 

 

   K2CO3 + Na2CO3 + 2Nb2O5 = 4K0.5Na0.5NbO3 +2CO2          Equation 1.1  

   Bi2O3 + Na2CO3 + 4TiO2 = 4Na0.5Bi0.5TiO3 + CO2           Equation 1.2 

 

Figure 1.6. Reaction sequence during firing of KNN using conventional solid-state 

sintering processing, adopted from (Kingery, 1958). 
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Figure 1.7. Flow diagram of solid-state sintering processing (Kingery, 1958). 

1.5.2. Microwave Sintering Processing 

   Microwave sintering is a novel processing route for ceramic technology when 

compared with conventional solid-state sintering (Rajkumar & Aravindan, 2009). The 

main aim of using this technology in ceramic processing is saving energy and lowering 

sintering time, reducing processing time (energy and CO2 emissions) (Bykov et al., 

2001; Chandrasekaran et al., 2012). As described in the previous section, ceramic 

processing includes many steps: powder preparation, weighing, milling, calcination, 

pressing/forming and the final sintering step (Agrawal, 2010). Mainly, microwave 

sintering proceeds by internal heat generation via absorbing electromagnetic radiation 

with wavelength (1m-1mm) and frequency (300MHz-300GHz). The most common 

frequency is 2.45 GHz that is used in kitchen microwaves because there is strong 

coupling with water molecules at this frequency. Frequencies of 28-30 GHz and 915 

MHz have been used for research and industry (Agrawal, 2013). Microwave heating 

depends mainly on the dielectric constant and dielectric loss factor of materials, for 

example; water has dielectric constant (77) and dielectric loss factor (13). Indeed, the 

dielectric constant refers to the storage of electric energy. However, the dielectric loss 

factor indicates the generation of heat by the dissipation of electrical power. Therefore, 

heat generation of materials by microwave radiation requires a considerable dielectric 

constant and high dielectric loss factor, indicated by absorbing microwaves and 

dissipating electromagnetic energy as heat (Birla & Pitchai, 2017; Chandrasekaran et 

al., 2012).  
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1.5.3. Melt Processing 

   The melt-quench method is the most commonly used process for almost all 

glass products. This process involves raw materials selection. Batch components consist 

of glass formers such as silica (SiO2), phosphoric oxide (P2O5) or boric oxide (B2O3) to 

form glass; fluxes to reduce the melting temperature (e.g. Na2O, K2O and PbO); 

modifiers to improve durability and/or reduce melting temperature (e.g. MgO, CaO, 

SrO, BaO and ZnO) and property modifiers to adjust properties (e.g. TiO2, Fe2O3 and 

Al2O3). Drying the raw materials is then carried out to remove moisture. Following that, 

the raw materials are weighed according to stoichiometric batch calculations, and mixed 

to provide batch homogeneity. The mixed batch then passes to the final melting step to 

prepare the glass melt. The first step of glass melting is heating until the moisture is 

released and dehydration of the batch is complete, then liquid phase formation occurs by 

melting the carbonate raw materials and others, which form eutectic mixtures. The final 

stage involves dissolution of refractory oxides (e.g. SiO2 and Al2O3) in the liquid phase, 

forming the viscous melt. Control of both melting time and temperature is essential to 

enable the chemical reactions to complete and the glass melt to homogenize. Finally, the 

glass melt is poured and formed into shapes. The fast cooling rate prevents 

crystallisation and instead forms an amorphous phase. Annealing of the product is then 

carried out to remove thermal stresses (Narottam P. Bansal & Doremus, 1986; Shelby, 

2005)  

 

1.6. Aims and Objectives of the Project 

   This project aims to understand the potential of novel processing routes such as 

microwave sintering and melt processing, to prepare lead-free electrical ceramics and 

glass-ceramics (bulk and fibre) using BNT and KNN compositions. BNT and KNN 

ceramics have been commercially manufactured using solid-state processing route. 

However, due to the long time to prepare ceramics (5-7days), and high energy 

consumption (20 kWh) through using ordinary furnaces, it was necessary to search for 

novel processing routes offer that lower processing CO2 emissions and times, and 

energies cost of lead-free electrical ceramic production. The aims and objectives are 

summarised in Table 1.1.  
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Table 1.1. Aims and objectives of the present project. 

Processing route (aim) State of aim Objective 

Solid-State Processing 

    

Conventional • Using processing as a baseline to 

compare results with novel 

processing routes. 

Microwave Processing  

    

Novel • Reducing energy consumption 

(0.4 kWh).  

• Lowering sintering time to the 

20-25 mins in the present project. 

• Reducing processing time. 

Melt Processing 

     

Novel • Reduce processing time to the 

three days is by reducing 

processing steps to 5 steps in the 

present project. 

• Preparing electrical glass-ceramic 

fibres.  

 

1.7. Contribution to Knowledge  

   The present project offers novelty through using microwave sintering and melt 

processing routes with the aim of developing electrical ceramics and glass-ceramics 

including fibre manufacturing. The current project has contributed to: 

i. Solving the issue of uninterrupted electricity supply (> 10 hours) for 

electrical furnaces (conventional sintering), a major problem in many 

countries such as Iraq, by reducing the need for uninterrupted electricity 

supply (<25 min) for a microwave oven in ceramic research and production.  

ii. Producing electrical ceramics during short sintering time using developed 

microwave sintering processing, with single phase and enhancing the 

densification (density) and electrical properties (polarisation and strain 

versus electric field) as summarised in chapter six conclusions and future 

work. 
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iii. Reduced sintering times and energies by using microwave sintering. 

Equivalent properties have been achieved between solid-state sintering 

processing and microwave sintering processing routes. 

iv. First use of microwave susceptor disks consisting of 50wt% graphite, 

30wt% SiO2, 10wt% Mn2O3, 10wt% Fe3O4, to accelerate sintering times 

(20-30 mins) for BNT and KNN ceramics. 

v. Demonstration of low cost, readily accessible firing procedures for 

electroceramics in developing countries. 

vi. Conventional BNT and KNN sintering processing shows enhancing the 

densification with increasing the sintering temperature to 1100oC/2h whilst 

exhibiting piezoelectric behaviour.  

vii. Fe2O3 doping of BNT and KNN has reduced sintering temperature with 

improving densification. 

viii. Developing a melt processing glass-ceramic production route with potential 

for KNN formation with further development. 

ix. Demonstrated the potential for KNN glass-ceramic fibre formation routes 

with further development. 

1.8. Thesis Outline 

Chapter one describes electrical materials, perovskite structure, piezoelectric ceramic 

materials, theoretical processing routes and the aim and objectives of the present 

project. 

Chapter two describes previous research concerning processing routes and lead-free 

electrical ceramic materials which have been used. 

Chapter three concerns experimental processing routes such as conventional solid-

state sintered, novel microwave sintered and novel melt processing; it is also considered 

the analytical techniques to investigate the composition, structure and properties of 

electrical ceramics and glass-ceramics, X-ray diffraction, Raman spectroscopy, 

scanning electron microscopy, differential thermal analysis, density, and polarization 

and strain versus electric field. 

Chapter four considers pure and iron-doped BNT ceramics prepared by three different 

processing routes: conventional solid-state sintering processing, microwave sintering 

processing and melt processing. 
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Chapter five concerns pure and iron-doped KNN ceramics prepared by three different 

processing routes: conventional solid-state sintering processing, microwave sintering 

processing and melt processing. 

Chapter six considers conclusions and future work. 
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Chapter Two 

Literature Review 

2.1. Introduction 

   Chapter two considers previous research relevant to the processing routes and 

electrical materials studied, as shown in Figure 2.1. 

   The best performing piezoelectric ceramic that has been used is lead zirconate 

titanate, Pb(ZrTi)O3 (PZT), with excellent ferroelectric and piezoelectric properties. 

However, PZT has toxicity and volatilisation of lead oxide (PbO) at higher sintering 

temperatures. Also, lead was banned in electrical equipment in the EU in 2006, 

therefore, have been facing a limitation in use in Europe (Pal, Dwivedi & Thakur, 2014; 

Rahman et al., 2014; Rödel et al., 2009). So far, barium titanate (BTO) is a Pb- free 

piezoelectric ceramic that has been used to replace PZT ceramics (Alkathy et al., 2017; 

Dai et al., 2017). However, BTO ceramics have low Curie temperature (120oC) which 

leads to a reduction in the range of application at higher temperature than 120oC (Nayak 

et al., 2014). Lead-free potassium sodium niobate ceramic, K0.5Na0.5NbO3, has been 

identified as a promising material for the replacement of PZT. However, it is difficult to 

achieve a high density in these ceramics because of their hygroscopic nature and 

volatility of alkaline oxides such as K2O and Na2O (Jenko et al., 2005; Priya & Nahm, 

2011; Shrout & Zhang, 2007). Another lead-free piezoelectric ceramic is BNT, which 

has been used for electronic materials. BNT lead-free piezoelectric ceramics have a high 

Curie point (320°C) and display excellent ferroelectric properties (a large remnant 

polarisation of 38μC/cm2) (Jones & Thomas, 2002). However, BNT ceramics have high 

conductivity and relatively high coercive field (73kV/cm) and emit volatile materials 

such as Bi or Na or Bi0.5Na0.5 at higher sintering temperatures (Pardo et al., 2018). 

Conventional solid-state sintering (Hollenstein, Damjanovic & Setter, 2007; Li et al., 

2017; Malic et al., 2005; Takao et al., 2006; Vendrell et al., 2016), hot press (Fisher et 

al., 2008; Qin et al., 2015), sol-gel (Kang et al., 2011; Wiegand et al., 2012; Xu et al., 

2008), and hydrothermal processing (Bai et al., 2017; Hao et al., 2014; Wang et al., 

2016), have all been used in the last few decades to prepare piezoelectric ceramics. 

However, all of these preparation methods have the disadvantage of long processing 

times of 4-5 days and the need for long sintering times of more than 18h to manufacture 

BNT and KNN ceramics (Feizpour et al., 2014). Therefore several researchers have 
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studied other processing routes to prepare BNT and KNN ceramics, for example 

reducing sintering time to 20-40min without soaking time using novel microwave 

sintering processing (Chiang et al., 2013; Feizpour et al., 2014; Ramana et al., 2011). In 

addition, melt processing has been used to manufacture electrical KNN glass-ceramics 

by some researchers, reducing time processing and processing steps, by excluding wet 

milling steps that are used in solid-state sintering that may take 2-4 days (Fanelli et al., 

2011; Kioka, Honma & Komatsu, 2011a; Yongsiri et al., 2014; Zheng et al., 2016).  

 

 

 

 

 

Figure 2.1. Overview of the literature review (Chapter Two). 

2.2. Literature Review 

   The most promising properties include giant stain (45%) for 0.92BNT-0.06BT-

0.02KNN ceramics prepared by solid-state sintering processing (1100oC/3h) (Zhang et 

al., 2007); the best remnant polarisation (43.6µC/cm2) for pure BNT ceramics 

manufactured by solid-state sintering processing with sintering temperature of 

1150oC/2h (Jiang et al., 2014); the best normalised strain (d33* = 625 pm/V) for 

0.75KNN-0.25SrTiO3 ceramics; and the best piezoelectric constant  (d33 = 700 pC/N) 

for 0.78KNN-0.22SrTiO3 ceramics prepared by solid-state sintering processing with 

sintering temperature of 1175oC/2h (Duong et al., 2018). These examples represent 

some of the excellent characteristics of the BNT and KNN ceramics. 

2.2.1. Solid State Sintering Processing 

2.2.1.1. BNT Ceramics 

   BNT ceramics should be sintered at more than 1200oC as a high sintering 

temperature is needed to obtain dense ceramics. However, sintering BNT ceramics at > 

1200oC causes difficulty in poling of the ceramics, which is due to the evaporation of Bi 

at more than 1,130oC. Therefore, the Bi0.5Na0.5TiO3 should be sintered at 1,100oC and 

lower, as Priya and Nahm reported (Priya & Nahm, 2011). The relevant previous 

studies are summarised in Table 2.1.    
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Table 2.1. Summary of properties for undoped BNT ceramics, prepared using solid-

state processing. 

Citation  Calcination 

temperature

/time 

Sintering 

temperature

/time 

Properties 

Maqbool 

et al., 

2014 

850oC/2h 1150oC/2h • Pure BNT perovskite phase (100%). 

• Average grain size of 25.2 µm. 

• Saturated P-E hysteresis and butterfly S-E loops 

indicating ferroelectric properties. 

• Remnant polarisation (30µC/cm2). 

• Coercive field (55kV/cm). 

• Maximum strain of 0.08%. 

Aman 

Ullah et 

al., 2015 

800oC/2h 1150oC/2h • Single BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Average grain size of 5 µm.  

• Saturated P-E hysteresis and butterfly S-E loops 

indicating ferroelectric properties. 

• Remnant polarisation (28µC/cm2). 

• Coercive field (58kV/cm). 

Cheng et 

al., 2015 

850oC/2h 1150oC/2h • Pure BNT perovskite phase (100%).  

• Average grain size of 2.2 µm. 

• Saturated typical P-E hysteresis loops indicating 

ferroelectric properties. 

• Remnant polarisation (24µC/cm2). 

Jiang et 

al., 2014 

- 1150oC/2h • Pure BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Saturated P-E hysteresis and butterfly S-E loops 

indicating ferroelectric properties. 

• Remnant polarisation (43.6µC/cm2). 

• Coercive field (53.5kV/cm). 

• Maximum strain of 0.07%. 

Kakroo et 

al., 2016 

750oC/2h 1100oC/2h • Singe BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Average grain size of 2 µm. 

• Remnant polarisation (2.76µC/cm2). 

• Coercive field (12.31kV/cm). 

Wei et al., 

2018 

850oC/4h 1150oC/4h • Pure BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Average grain size of 7 µm. 

• Saturated P-E hysteresis and butterfly S-E loops 

indicating ferroelectric properties. 

• Remnant polarisation (25µC/cm2). 

• Maximum strain of 0.07%. 

Chou et 

al., 2011 

800oC/3h 900-1050oC 

/3h 
• Pure BNT perovskite phase (100%). 

• Relative density (81.8% of theoretical density), at 

800oC/3h (calcination temperature) and 1000oC/3h 

(sintering temperature).  

Khamman

, 2014 

- 1100oC/2h • Pure BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Average grain size of 2.5 µm. 

Fujii et 

al., 2016 

- 1100oC/2h • Pure BNT perovskite phase (100%). 

• Relative density (95% of theoretical density). 
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   Watcharapasorn et al. (2007) (Watcharapasorn, Jiansirisomboon & Tunkasiri, 

2007) investigated Bi0.5Na0.5Ti1−xFexO3−0.5x (Fe-BNT) ceramics using solid-state 

processing, where x ranged from 0 to 0.15mol%. The composition was calcined at 

800°C/2 h and sintered between 850 and 1000°C/2h. XRD showed a pure perovskite 

phase without secondary phases. In all Fe-BNT samples, the (200) peak  position shifted 

to lower angle with increasing Fe2O3 contents. SEM images displayed very porous 

samples with smaller grain sizes for pure BNT ceramics and denser samples with larger 

grain sizes for 0.15mol%Fe-BNT ceramics sintered at 850°C. The highest relative 

density of 95% appeared at 1000oC for 0.15mol%Fe-BNT ceramics. In this work, Fe3+ 

substitution in the same site as Ti4+ can generate oxygen vacancies in the BNT 

perovskite structure that assisted in reducing the sintering temperature from 1000 to 

850oC and promote densification. 

   Aksel and group (2010) (Aksel et al., 2010) investigated iron doped BNT (Fe-

BNT) ceramics, synthesised by solid-state sintering using sintering temperature 

1100oC/2h, and iron content ranged from 0 to 5mol%. XRD patterns showed single 

phase BNT for all samples. Adding iron to the BNT displayed defect complexes of 

oxygen vacancies in the perovskite structure, attributed to substitution of Fe3+ in the Ti4+ 

B-site of the perovskite structure, which leads to the formation of pseudocubic phase in 

the BNT lattice, due to lattice distortion of c/a for rhombohedral phase at room 

temperature. Also, Fe doped BNT ceramics lead to increases in the coercive field with 

increasing Fe2O3. 

A significant number of researchers have worked to improve density, microstructural, 

and electrical properties by studying the effect of dopants on the BNT ceramics using 

solid-state sintering processing route, a review of dopants effect on the density, 

microstructural, and electrical properties of BNT using solid-state sintering processing 

are described below and shown in Table 2.2. 
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Table 2.2. Summary of dopant effects on the properties of BNT prepared using solid-

state sintering processing. 

Citation Stoichiometric 

formula 

Sintering 

temperature 

/time 

Properties  

Maqbool 

et al., 

2014 

(1-x)Bi0.5Na0.5TiO3 

–xSrZrO3,  

x = 0-0.15mol%. 

1150oC/2h • Pure BNT perovskite phase (100%) with 

pseudocubic symmetry. 

• Average grain size (2.4 µm, at x=0.10%). 

•  Saturated typical P-E hysteresis and butterfly 

S-E loops shape identical to ferroelectric 

property. 

• Remnant polarisation (32µC/cm2, at x= 5%). 

• Coercive field (35kV/cm, at x=0.05%). 

• Maximum strain (0.24%, at x=0.09%). 

Aman 

Ullah et 

al., 2015 

(1-x)Bi0.5Na0.5TiO3 

–xBi(Mg0.5Ti0.5)O3, 

x = 0 to 6 mol%. 

1150oC/2h • Single BNT perovskite phase (100%) with 

rhombohedral symmetry. 

• Average grain size (1 µm, at x=0.06).  

• Saturated typical P-E hysteresis loops shape 

identical to ferroelectric property. 

• Remnant polarisation (38µC/cm2, at x= 0.04). 

• Coercive field (43kV/cm, at x=0.04). 

Cheng et 

al., 2015 

Bi0.5Na0.5Ti1-x 

(Nd0.5Ta0.5)xO3, 

x=0 to 1.2mol%. 

1150oC/2h • Pure BNT perovskite phase (100%).  

• Average grain size (4.9 µm, at x= 0.06%). 

•  Saturated typical P-E hysteresis loops shapes 

related to the ferroelectric property. 

• Remnant polarisation (34.7µC/cm2, at 

x=0.06%). 

Jiang et 

al., 2014 

(1-x)Bi0.5Na0.5TiO3 

–xKNbO3, 

x=0 to 8mol%. 

1150oC/2h • Pure BNT perovskite phase (100%) with the 

coexistence of rhombohedral and orthorhombic 

symmetries. 

• Slimmed P-E hysteresis and S-E loops shape 

related to relaxer behaviour. 

• Remnant polarisation (1.8µC/cm2, at x= 0.06). 

• Coercive field (5.6kV/cm, at x= 0.06). 

• Maximum strain (0.28%, at x=0.06). 

Kakroo 

et al., 

2016 

(Na0.5Bi0.5)TiO3-

xCuO-yNiO, 

x=y=0 to 8mol%. 

1100oC/2h • Pure BNT perovskite phase (100%)     of 

x=y=0-0.04, however appearing additional 

phases of x=y=0.06. 

• Average grain size (4 µm, at x=y= 0.06). 

• Remnant polarisation (9.12µC/cm2, at 

x=y=0.08). 

• Coercive field (8.00kV/cm, at x=y= 0.08). 

Wang et 

al., 2018 

0.94(Bi0.5Na0.5)TiO

3–0.06Ba(Zr0.055 

Ti0.945)O3 

1130°C/5h • Pure BNT perovskite phase (100%) with a 

combination of rhombohedral and tetragonal 

phases. 

• Average grain size of 1 µm. 

• Saturated typical P-E hysteresis loops shape 

related to ferroelectric behaviour. 

• Remnant polarisation (33.7µC/cm2). 

• Maximum strain of 0.2%. 
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Citation Stoichiometric formula Sintering 

temperature 

/time 

Properties 

Wei et al., 2018 (1-x)Bi0.5Na0.5TiO3   -

xBa(Zn0.3Nb0.7)O3, 

x=0 to 7% mol%. 

1150oC/4h • Pure BNT perovskite phase (100%) 

with rhombohedral symmetry (x=0-

5%) and pseudocubic symmetry 

(x=6-7%). 

• Average grain size (1 µm, x=6%). 

• Slimmed P-E hysteresis and S-E 

loops shape related to relaxer 

behaviour at x=6%. 

• Remnant polarisation (5µC/cm2, at 

x= 6%). 

• Maximum strain (0.04%, at 

x=5.5%). 

Chou et al., 

2011 

CuO doped BNT, 

CuO = 0 to 8wt%. 

900-1050oC 

/3h 
• Main BNT perovskite phase and 

secondary CuO phase have appeared 

for all CuO doped BNT ceramics. 

• Relative density (96.7% of 

theoretical density), at 4wt%Cu-

BNT ceramic, calcined at 700oC/3h 

and sintered at 950oC/3h. 

Khamman, 

2014 

Bi0.5Na0.5Ti1-xGex O3, 

x = 0 - 20mol%. 

1100oC/2h 

(x=0), 

1000oC/2h 

(x=0.05), 

900oC/2h 

(x=0.1-0.2) 

• Pure BNT perovskite phase (100%). 

• Average grain size (0.3 µm, x=0.2 

and 900oC/2h sintering temperature). 

• Relative density (94% of theoretical 

density, at x=0.15 and 92% of 

theoretical density, at x=0.20, with 

900oC/2h sintering temperature. 

 

2.2.1.2. KNN Ceramics 

   Sintering temperature has a significant effect on the density, structural and 

electrical properties of pure KNN ceramics produced using solid-state processing. It is 

difficult to sinter KNN ceramics more than 1100oC, which is due to the volatilisation of 

alkali components such as K2O and Na2O. Increasing the volatility of alkali elements 

makes pure KNN ceramics less dense at higher than 1100oC sintering temperature. The 

previous studies are summarised in Table 2.3. 

   Several researchers have added dopants to KNN ceramics prepared by traditional 

solid-state sintering to improve density, microstructural, and electrical properties. A 

review of dopant effects on the density, microstructural, and electrical properties of 

KNN using solid-state sintering processing is described below and shown in Table 2.4. 
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Table 2.3. Summary of properties for undoped KNN ceramics, prepared using solid-

state sintering processing.  

Citation  Calcination 

temperature

/time 

Sintering 

temperature

/time 

Properties 

Ponraj & 

Varma, 

2016 

800oC/5h  1100oC/1h • Pure KNN perovskite phase (100%). 

• Average grain size of 3 µm. 

• Saturated typical P-E hysteresis loop shape, showing 

the ferroelectric property. 

• Remnant polarisation (10µC/cm2). 

• Coercive field (4.86kV/cm). 

He et al., 

2013 

900oC/8h 1130oC/2.5

h 
• Pure KNN perovskite phase (100%) with 

orthorhombic symmetry. 

• Relative density (97.78% of theoretical density) 

• Saturated typical P-E hysteresis loop shapes, 

showing ferroelectric behaviour. 

• Remnant polarisation (15µC/cm2). 

• Coercive field (10kV/cm). 

Alkoy & 

Berksoy-

Yavuz, 

2012 

900oC /1h  1100oC/4h • Pure KNN perovskite phase (100%) with 

orthorhombic symmetry. 

• Average grain size (5 µm).  

• Saturated typical P-E hysteresis loops shape related 

to ferroelectric behaviour. 

• Remnant polarisation (33µC/cm2). 

Tian & 

Du, 

2014 

850oC/4h 1040-

1140oC/2h 
• Pure KNN perovskite phase (100%). 

• Saturated typical P-E hysteresis loop shape related 

to ferroelectric behaviour. 

• Remnant polarisation (26µC/cm2). 

• Coercive field (16.7kV/cm). 

Vendrell 

et al., 

2015 

700oC/2h 1125oC/2h • Pure orthorhombic KNN perovskite phase (100%) 

• Average grain size (3.9 µm).  

• Saturated typical P-E hysteresis loop shapes, 

showing ferroelectric behaviour. 

• Remnant polarisation (8.5µC/cm2). 

• Coercive field (11.4kV/cm). 

Du et al., 

2017 

890oC/4.5h 1140oC/ 

3.5h 
• Pure KNN perovskite phase (100%) with 

orthorhombic structure. 

• Saturated typical P-E hysteresis and S-E loops shape 

corresponding to the ferroelectric property. 

• Remnant polarisation (30µC/cm2). 

• Maximum strain of 0.05%. 

Ramajo 

et al., 

2014 

- 1125oC/2h • Main perovskite KNN phase with secondary 

K4Nb6O17 phase attributed the evaporation of alkali 

element at the high sintering temperature. 

•  Average grain size (1.61 µm).  

• Remnant polarisation (13.8 μC/cm2). 

• Coercive field (17.3 kV/cm). 

Byun et 

al., 2018 

- 1110oC/4h 

 

 

 

 

• Pure KNN perovskite phase (100%) with 

orthorhombic structure. 

• Average grain size (8 µm). 

• Remnant polarisation (6.12 μC/cm2). 

• Coercive field (7.41 kV/cm) 
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   Coondoo and group (2015) (Coondoo et al., 2015) studied pure KNN and 

0.25mol%Fe-KNN (KNFN) ceramics prepared by solid-state sintering processing, 

where pure KNN ceramics sintered at 1090oC/2h and 0.25mol%Fe-KNN sintered at 

980oC/2h. XRD results showed a pure perovskite phase with the orthorhombic phase at 

room temperature. SEM images displayed rectangular grains with larger grain sizes (9 

µm) of 0.25mol%Fe-KNN ceramics. Adding Fe3+ for Nb5+ improved the relative 

density to 94% of theoretical density of 0.25mol%Fe-KNN ceramics, however, it 

reduces the dielectric constant from 650 (KNN) to 430 (KNFN).  

Zuo and group (2009) (Zuo et al., 2009) investigated (Na0.5K0.5)(Nb1-xFex)O3-x, 

Lay(Na0.5K0.5)1-3yNbO3 and (Na0.5K0.5)1-zLaz(Nb1-zFez)O3 ceramic compositions prepared 

by solid state sintering at  1040-1130oC/4h, where x and y ranged from 0 to 4mol% and 

z ranged from 0 to 2mol%. XRD results showed single perovskite phase for all samples 

sintered at 1080oC, with orthorhombic phase (iron doped KNN) and transition from the 

orthorhombic to pseudocubic phase with increasing y content (lanthanum doped KNN) 

and z content (iron and lanthanum doped KNN). The replacement of Fe3+ (0.65Å) for 

Nb5+ (0.64Å) does not show any change in the crystal structure because they have 

similar ionic sizes, however, the replacement of La3+ (1.36Å) for K+ (1.64Å) and Na+ 

(1.39Å) shows a clear change in the crystal structure and creates oxygen vacancies. 

SEM images showed that adding Fe2O3 to the KNN ceramics sintered at 1100oC 

improved densification with increasing grain sizes from 2.5 µm (pure KNN) to the 

larger grain sizes of 8.0 µm (x=3mol%). High densification was obtained by adding 

0.5mol%Fe2O3 and sintering at 1100oC for a maximum relative density of 97.9% of 

theoretical density. Adding 0.25mol% La–Fe2O3 to KNN ceramics sintered at 1080oC 

improved the remnant polarization to 26.5 µC/cm2 compared with 15.1 µC/cm2 (pure 

KNN) and 21.5 µC/cm2 (0.5mol%Fe doped KNN).  

   Chan and group (2011) (Chan et al., 2011) studied Sb-doped KNN (Na0.5K0.5Nb1-

xSbxO3) ceramics prepared by solid-state sintering between 1000 and 1100oC/2h, where 

x ranged between 0 to 0.1mol%. XRD patterns indicated that all Sb-doped KNN 

samples had pure perovskite structure with no secondary phases, and the phase structure 

was completely changed from tetragonal to orthorhombic at x= 0.07-0.1mol%. 

Densified ceramics with a maximum bulk density of 4.31 g/cm3 occurred at 1075oC/2h 

sintering temperature and x=0.03mol%. Relaxor hysteresis loop has obtained at x=0 and 

0.1mol and then changed to ferroelectric loop at x=0.3 and 0.7mol with maximum 



Chapter Two| Literature Review 

Page 25 

 

remnant polarisation of 12.7 µC/cm2 (x=0.07mol) and minimum coercive field of 9.3 

kV/cm (x=0) measured at 120oC and 60 Hz frequency.  

   Cheng and group (2012) (Cheng, Chen & Yang, 2012) investigated the 

0.5mol%Ta2O5 doped KNN ceramics fabricated by solid-state sintering processing 

sintered at differed sintering temperatures from 1060 to 1140◦C/3h. XRD showed a 

pure perovskite phase with orthorhombic symmetry. SEM micrographs exhibited a 

densified ceramic with maximum grain sizes of 1-2 µm at 1100oC. The maximum 

relative density (97.6%) was obtained at 1100oC. Hysteresis loop results exhibited 

maximum remnant polarisation of 22 µC/cm2 (1100oC sintering temperature) and 

minimum coercive field of 10 kV/cm (1060oC sintering temperature).  

Table 2.4. A summary of dopants effect on the properties of KNN ceramics using solid-

state sintering processing, according to the previous papers. 

Citation Stoichiometric 

formula 

Sintering 

temperature 

/time 

Properties  

Ponraj 

& 

Varma, 

2016 

K0.5Na0.5NbO3+ 

x(0.5Li2O–

0.5K2O –2B2O3 

(glass)) 

X=0 to 2 wt%. 

1100oC/1h • Pure KNN perovskite phase of x=0-1wt% without 

secondary phases, however main KNN perovskite 

phase with secondary phases of K2B4O7 and LiKB4O7 

have detected at x=1.5-2wt%. 

• Average grain size (8 µm, at x=0.01). 

•  Saturated typical P-E hysteresis loop shape identical to 

ferroelectric property. 

• Remnant polarisation (22.3µC/cm2, at x= 0.01). 

• Coercive field (10.6kV/cm, at x=0.01). 

He et 

al., 

2013 

(1-

x)K0.5Na0.5NbO

3-

xBi(Mg0.5Ti0.5)

O3, 

x=0 to 4mol%. 

1130oC 

(x=0), 

1130oC 

(x=0.01), 

and 1210oC 

/2.5h 

(x=0.02-

0.04) 

• Pure KNN perovskite phase without observed 

secondary phases of all samples, with introducing 

orthorhombic (x=0-0.03) and tetragonal (x=0.04) 

structure. Average grain size (8 µm, at x=0.01). 

• Relative density (98.89% of theoretical density, at 

x=0.01). 

•  Hysteresis P-E loops detected saturated typical 

hysteresis shapes of x=0-0.03 and slimmed shape of 

x=0.04, referring to the transition of ferroelectric to 

relaxer behaviour. 

• Remnant polarisation (22.1µC/cm2, at x= 0.01). 

• Coercive field (13.16kV/cm, at x=0.01). 

Alkoy 

& 

Berksoy

-Yavuz, 

2012 

1mol%CuO 

doped 

K0.5Na0.5NbO3 

1090oC/4h • Pure KNN perovskite phase (100%) with orthorhombic 

symmetry. 

• Average grain size (40 µm). 

•  Propeller-like P-E hysteresis loop shape identical to 

hard piezoelectric behaviour. 

• Remnant polarisation (3µC/cm2). 
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Citation Stoichiometric 

formula 

Sintering 

temperature 

/time 

Properties  

Vendrell 

et al., 

2015 

(K0.5Na0.5)(Nb1

-x Zrx) O3-x 

(KNNZ) and 

(K0.5Na0.5)(Nb1

-xTix ) O3-x  

(KNNT), 

x=0 to 

0.5mol%. 

1125oC/2h • Pure KNN perovskite phase (100%) with 

orthorhombic structure. 

• Average grain size (2.1 µm (0.5mol% KNNZ) and 

1.7 µm (0.5mol%KNNT)). 

•  Saturated typical P-E hysteresis loop shape 

identical to ferroelectric property. 

• Remnant polarisation (19.8 µC/cm2 for 

0.5mol%KNNT). 

• Coercive field (15kV/cm for 0.5mol% KNNT). 

Lopez-

Juarez et 

al., 2015 

1-x 

K0.5Na0.5NbO3-

xMnO, 

x=0-2mol%. 

1100oC/2h • Pure KNN perovskite phase (100%) with 

orthorhombic structure. 

• Average grain size (3.8 µm, at x=0.02). 

• Adding Mn2+ to the KNN ceramics create dipole 

defects due to the generation of oxygen vacancies 

resulting from charges imbalance of substitution 

Mn2+ (ionic radius 0.83 Å) in the Nb5+ (ionic radius 

0.64 Å) same B-perovskite structure. 

• Bulk density (4.27 g/cm3, at x=0.02). 

Du et al., 

2017 

Addition of 

0.6wt% of 

each of Dy2O3, 

Er2O3, Eu2O3 

and Pr6O11 to 

K0.5Na0.5NbO3 

ceramics. 

1140oC/ 

3.5h 
• Pure KNN perovskite phase (100%) with 

orthorhombic structure. 

• Average grain size (larger 6.91 µm (Er2O3 added 

KNN) and smaller 1.11 µm (Pr6O11 added KNN)). 

•  Saturated typical P-E hysteresis and   S-E loops 

shape corresponding to ferroelectric behaviour. 

• Remnant polarisation (39µC/cm2 for 0.6wt%Dy2O3 

doped KNN). 

• Maximum strain (0.07% for 0.6wt% Pr6O11 doped 

KNN). 

Byun et 

al., 2018 

(K0.5Na0.5)1-

xAgx NbO3, 

x=0-30mol% 

1110oC/4h • Pure KNN perovskite phase (100%) with 

orthorhombic structure at x= 0-20mol%, however 

main perovskite KNN phase with secondary phase 

and pseudocubic symmetry have detected at x=25-

30mol%. 

• Average grain size (3 µm, at x= 30mol%). 

• Remnant polarisation (20.72 μC/cm2, at x= 

30mol%).  

• Coercive field (9.03 kV/cm, at x= 30mol%). 

Tian & 

Du, 2014 
(1-

x)K0.5Na0.5NbO

3-xMnO2, 

x=0 to 

0.8mol%. 

1040-

1140oC/2h 
• Single KNN perovskite phase (100%) with 

coexistence of orthorhombic and tetragonal structure 

of all samples sintered at 1080oC. 

• Saturated typical P-E hysteresis loop shape identical 

to ferroelectric property. 

• Remnant polarisation (28.3µC/cm2, at x= 0.004 and 

1100oC). 

• Coercive field (13.7kV/cm., at x=0.004 and 1100oC). 

 



Chapter Two| Literature Review 

Page 27 

 

Xie et al., 2018 investigated (1−x)(K0.5Na0.5)NbO3−xSr(In0.5Nb0.5)O3 (KNN-xSIN) 

ceramics, which were synthesised using solid-state sintering, where x ranged from 0.05 

to 0.25. KNN-xSIN ceramics were calcined at 950oC/5h and sintered at 1200-1270oC/5h. 

XRD results show single phase with a pseudo-cubic structure for all doped KNN 

ceramics without existing any secondary phases. Adding 0.25SIN to the KNN presented 

relaxor behaviour. 

 

2.2.2. Microwave Sintering Processing 

2.2.2.1. BNT Ceramics 

   Ramana et al. (2011) investigated Bi0.5Na0.5TiO3 (BNT) ceramics. BNT ceramics 

were prepared by microwave processing, calcined and sintered at 700oC/2h 

(conventional furnace) and 950oC/30 mins (laboratory-modified microwave oven), 

respectively. XRD patterns showed a pure perovskite phase with tetragonal symmetry. 

SEM images displayed inhomogeneous distribution in the shape and size of grains with 

average grain size of 1 µm. The densification had significantly improved with a relative 

density of 99% of theoretical density. At room temperature, the dielectric constant and 

loss factor were considerably enhanced to 798 and 0.04, respectively. 

   Chiang et al. (2013) studied Bi0.5Na0.5TiO3+xZnO (BNT+xZnO) ceramics. 

BNT+xZnO ceramics were manufactured by microwave processing, where x ranged 

from 0-3 (wt%). BNT+xZnO ceramics calcined and sintered at 800oC/2h (conventional 

furnace) and 750-1000oC/30 (laboratory-modified microwave oven), respectively. XRD 

results revealed the main perovskite BNT phase without presenting secondary phases of 

x=0-1. However, the main KNN perovskite phase with the secondary phase of Zn2TiO4 

was identified at higher ZnO contents of 2-3%. At 1000oC sintering temperature, SEM 

micrographs showed a significant increase in average grains sizes from 2.9 to 7.3 µm of 

x= 0.1 to 3.0, respectively, Addition of 0.1wt%ZnO to BNT ceramics sintered at 950oC, 

significantly increased remnant polarization and coercive field from 9 μC/cm2 and 39 

kV/cm (pure BNT) to 38μC/cm2 and 58.5kV/cm, respectively. 

2.2.2.2. KNN Ceramics 

   Feizpour and group (2014) (Feizpour et al., 2014) studied K0.5Na0.5NbO3 (KNN) 

ceramics. KNN ceramics were prepared by microwave-assisted sintering method, 

calcined and sintered at 950oC/36min and 1115oC/36min (laboratory-modified 

microwave oven), respectively. XRD results showed pure KNN perovskite phase with 

the orthorhombic structure of the microwave sintered sample. SEM micrographs 
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displayed the nearly cubic-like shape of grains with average grain sizes of ca 3.8 µm. 

Densification was achieved with a high relative density of 93.8% of theoretical density. 

Hysteresis P-E loop showed typical saturated shape, indicating the achievement of 

ferroelectric properties. Good electrical results were achieved at room temperature, for 

example, remnant polarisation 18µC/cm2, coercive field 12kV/cm, dielectric constant 

(427) and dielectric loss factor (0.035). 

2.2.3. Melt processing 

2.2.3.1. KNN Glass- Ceramics 

   Yongsiri and colleague (2014) (Yongsiri et al., 2014) investigated two different 

glass-ceramic compositions including 0.5-1.0 Er2O3 doped 70KNN–30SiO2 and 

80KNN–20SiO2 (mol%), manufactured by incorporation processing. K0.5Na0.5NbO3 

powder was prepared without mixing with SiO2 by solid-state sintering processing, and 

then KNN glasses were prepared by mixing K0.5Na0.5NbO3 powder with SiO2, then 

melt-quenching processing melting at 1300oC/15 min. DTA analysis exhibited 

exothermic peaks identified at 664, 672, 601, 607oC, indicating the crystallization 

temperatures for 0.5 Er2O3-70KNN–30SiO2, 1.0 Er2O3-70KNN–30SiO2, 0.5 Er2O3-

80KNN–20SiO2 and 1.0 Er2O3-80KNN–20SiO2 glasses, respectively. Heat treatment 

temperatures of 670 and 570oC for 4h have been used to prepare 0.5-1.0Er2O3 doped 

70KNN–30SiO2 and 0.5-1.0Er2O3 doped 80KNN–20SiO2 glass-ceramics, respectively. 

XRD results showed an amorphous pattern with no sharp crystalline peaks for melted 

glass samples. However, crystalline sharp peaks appeared for heat treated glass samples 

as a result of the formation of K0.65Na0.35NbO3 glass-ceramics. SEM images showed 

grains on heat treated glass samples, consistent with the formation of KNN glass-

ceramics. The dielectric properties significantly improved to maximum dielectric 

constant (458.41) and minimum dielectric loss factor (0.001), for 0.5Er2O3 doped 

70KNN–30SiO2 and 1.0Er2O3 doped 80KNN–20SiO2 glass-ceramics respectively, 

measured at room temperature and 100 kHz frequency. 

   Fanelli and group (2011) (Fanelli et al., 2011) studied 13K2O-10Na2O-27Nb2O5-

50SiO2 (KNaNS) glass-ceramics prepared by melt quenching, melted at 1500°C/1.5h. 

DTA analysis exhibited an exothermic peak at approximatly 700°C indicating the 

crystallisation temperature. XRD results showed a broad hump with no peaks for the 

melted composition, however, sharp peaks indicating crystallinity (formation of glass-

ceramics) were shown for heat treated glass at 700°C/10h. 



Chapter Two| Literature Review 

Page 29 

 

   Zheng and group (2016) (Zheng et al., 2016) investigated 15Na2O-15K2O-

30Nb2O5-27SiO2-10B2O3-3CeO2 (KNNBSC) glass-ceramics prepared by melt-

quenching, melted at 1400oC/2h. DTA analysis showed two exothermic peaks at 707 

and 900oC, indicating the crystallisation temperatures. KNNBSC glasses were heat 

treated at various temperatures and times e.g. G1 (707oC/5h), G2 (707oC/4h + 

900oC/1h), G3 (707oC/3h + 900oC/2h), G4 (707oC/2h + 900oC/3h), G5 (707oC/1h + 

900oC/4h) and G6 (900oC/5h). XRD results showed the main Na0.9K0.1NbO3 phase with 

sharp peaks and the presence of secondary phases for all heat treated glasses, indicating 

crystallisation and formation of glass-ceramics from glasses of KNNBSC composition. 

SEM images revealed very fine grains, with no clear grain boundaries and irregular 

grain shapes for glasses heat treated at G1, then clearly shown boundaries, with grain 

shapes becoming regular and increasing grain sizes with increasing holding time from 1 

to 5h at the 900oC heat treatment temperature. The dielectric constant significantly 

enhanced from 121 to 270 with increasing heat treatment temperatures from 707 to 

900oC/5h, respectively. Hysteresis P-E loops of KNNBSC glass-ceramics revealed 

unsaturated and slimmed shape, for all glass-ceramics referring to relaxor than 

ferroelectric property. 

   Kioka and group (2011) (Kioka et al., 2011b) studied (30-x) K2O-xNa2O-

25Nb2O5-45SiO2 (KNNS) glass-ceramic compositions, where x contents included 0, 5, 

10, 20 and 30mol%, for glasses synthesized by melt-quenching processing at 

1300oC/1h. DTA investigation revealed three exothermic peaks (crystallization peaks) 

place at 748, 770 and 827oC for x=0 mol% and 764, 852 and 877oC for x=5mol%. On 

the other hand, they exhibited one exothermic peak identified at 754, 749, 739oC for 

each of x=10, 20 and 30mol% samples, respectively. XRD results exhibited perovskite 

K0.5Na0.5NbO3 phase for heat treated 20K2O-10Na2O-25Nb2O5-45SiO2 and 10K2O-

20Na2O-25Nb2O5-45SiO2 glass-ceramics. 
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Chapter Three 

Experimental Procedures 

3.1. Introduction 

    Chapter three describes the three experimental processing routes used in this 

study: conventional solid-state sintering, microwave sintering and melt processing. In 

this project a variety of measurements has been used to investigate electrical ceramics 

and glass-ceramics, including structural analysis (X-ray diffraction, Raman, scanning 

electron microscopy), differential thermal analysis, density and electrical measurements 

(polarization and strain versus electric field, dielectric constant and dielectric loss 

factor), as shown schematically in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.Overview of the experimental procedures (Chapter three). 
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   In the present project, three different processing routes have been used to prepare 

ceramics and glass ceramics, described as follows. 
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3.2.1. Conventional Solid-State Sintering  

   The solid-state sintering processing route has been used to prepare electrical 

ceramics, as follows:  

3.2.1.1. Bismuth Sodium Titanate (BNT) Ceramics 

   A conventional solid-state sintering processing route was used to prepare solid-

state BNT ceramics with different calcination and sintering temperatures, as presented 

in Table 3.1. Bi2O3 (99%, Alfa Aesar), Na2CO3 (99%, Better Equipped) and TiO2 

(99.9%, Aldrich) were used as starting raw materials, then BNT ceramic synthesis was 

carried out to produce ceramics according to the stoichiometric formula Bi0.5Na0.5TiO3. 

The nominal compositions of the samples prepared in the present work are summarised 

in Table 3.1. The manufacturing process steps used to produce pure bismuth sodium 

titanate ceramics using conventional solid-state sintering are shown in Figure 3.2. The 

pure BNT batch compositions (30 g) were calcined in an electric furnace by ramping at 

5oC / min to different calcination temperatures of 700oC and 800oC and held at these 

temperatures for 4h, then cooled slowly to room temperature. All of the prepared BNT 

pellets (10 mm diameter and 1-2 mm thickness) in the present work were sintered in one 

process as follows: (i) Heat from room temperature at 3°C/min to 300oC and hold at this 

temperature for 1h; (ii) heat at 3°C/min from 300oC to 700°C and hold at this 

temperature for 1h; (iii) and finally heat at 5oC/min from 700oC to different sintering 

temperatures, such as 1000, 1050, 1075 and 1100oC and hold at each temperature for 

2h; then allow samples to cool slowly inside the furnace to room temperature.  

Table 3.1. Sample name, nominal sample compositions, calcination and sintering 

temperatures per time. 

Sample name 
Nominal 

composition 

Calcination 

temperature per time 

(T/t) 

Sintering temperature 

per time (T/t) 

B700, 1000 Bi0.5Na0.5TiO3 700oC/4h 1000oC/2h 

B700, 1050 Bi0.5Na0.5TiO3 700oC/4h 1050oC/2h 

B700, 1075 Bi0.5Na0.5TiO3 700oC/4h 1075oC/2h 

B700, 1100 Bi0.5Na0.5TiO3 700oC/4h 1100oC/2h 

B800, 1000 Bi0.5Na0.5TiO3 800oC/4h 1000oC/2h 

B800, 1050 Bi0.5Na0.5TiO3 800oC/4h 1050oC/2h 

B800, 1075 Bi0.5Na0.5TiO3 800oC/4h 1075oC/2h 

B800, 1100 Bi0.5Na0.5TiO3 800oC/4h 1100oC/2h 
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Figure 3.2. Solid-state sintering processing for pure solid-state sintered BNT ceramics. 

 

3.2.1.2. Iron-Doped Bismuth Sodium Titanate (BNTFe) Ceramics 

    A conventional solid-state sintering processing route was used to prepare solid-

state iron-doped BNT (BNTFe) ceramics with calcination and sintering temperatures as 

presented in Table 3.2. Bi2O3 (99%, Alfa Aesar), Na2CO3 (99%, Better Equipped), TiO2 

(99.9%, Aldrich) and Fe2O3 (>99%, Aldrich) were used as starting raw materials, then 

BNTFe ceramic synthesis was carried out to prepare ceramics according to the 

stoichiometric formula Bi0.5Na0.5Ti1-xFexO3-0.5x where x = 0, 0.025, 0.0375, 0.050, 0.070 

and 0.100. The nominal compositions of the samples prepared in the present work are 

summarised in Table 3.2. The manufacturing process steps used to synthesise iron-

doped bismuth sodium titanate ceramics using traditional solid-state sintering are shown 

in Figure 3.3. The iron-doped BNT batch compositions (30 g) were calcined in an 

electric furnace by ramping at 5oC/min to a calcination temperature of 700oC and held at 

these temperatures for 4h, then cooled slowly to room temperature. All of the prepared 

BNTFe pellets (10 mm diameter and 1-2 mm thickness) in the present work were 

sintered in one process as follows: (i) Heat from room temperature at 3°C/min to 300oC 

and hold at this temperature for 1h; (ii) heat at 3°C/min from 300oC to 700°C and hold 

at this temperature for 1h; (iii) and finally heat at 5oC/min from 700oC to different 

sintering temperatures, such as 900oC and hold at each temperature for 2h; then allow 

samples to cool slowly inside the furnace to room temperature.  
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Table 3.2. Nominal samples, nominal compositions and sintering temperature per time. 

Sample name Nominal composition 
Sintering temperature and time 

(T/t) 

BFe0.00 Bi0.5Na0.5TiO3 900oC/2h 

BFe2.50 Bi0.5Na0.5Ti0.975Fe0.025O2.9875 900oC/2h 

BFe3.75 Bi0.5Na0.5Ti0.9625Fe0.0375O2.98125 900oC/2h 

BFe5.00 Bi0.5Na0.5Ti0.95Fe0.05O2.975 900oC/2h 

BFe7.00 Bi0.5Na0.5Ti0.93Fe0.07O2.965 900oC/2h 

BFe10.00 Bi0.5Na0.5Ti0.9Fe0.1O2.95 900oC/2h 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.3. Solid-state sintering processing for iron-doped BNT ceramics. 
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A conventional solid-state processing route was used to synthesise solid-state sintered 

KNN ceramics with different calcination and sintering temperatures as shown in Table 

3.3. K2CO3 (>99%, Better Equipped), Na2CO3 (>99.9%, Better Equipped) and Nb2O5 
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the samples prepared in the present work are summarised in Table 3.3. The 
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manufacturing of pure potassium sodium niobate ceramics using conventional solid-

state sintering processing are shown in Figure 3.4. The pure KNN batch compositions 

were calcined in an electric furnace at different calcination temperatures of 700oC, and 

800oC with ramping of 5oC/min and held for 4h, then cooled them gradually to room 

temperature. All of the KNN prepared pellets in the present work were sintered in one 

process as follows: (i) Heat from room temperature at 3°C/min to 300oC and hold at this 

temperature for 1h; (ii) heat at 3°C/min from 300oC to 700°C and hold at this 

temperature for 1h; (iii) and finally heat at 5oC/min from 700oC to different sintering 

temperatures, such as 1000, 1050, 1075 and 1100oC and hold at each temperature for 

2h; then allow samples to cool slowly inside the furnace to room temperature.  

Table 3.3. Nominal sample compositions, calcination temperature and sintering 

temperatures per time. 

Sample name 
Nominal 

composition 

Calcination 

temperature per time 

(T/t) 

Sintering temperature 

per time (T/t) 

K700, 1000 K0.5Na0.5NbO3 700oC/4h 1000oC/2h 

K700, 1050 K0.5Na0.5NbO3 700oC/4h 1050oC/2h 

K700, 1075 K0.5Na0.5NbO3 700oC/4h 1075oC/2h 

K700, 1100 K0.5Na0.5NbO3 700oC/4h 1100oC/2h 

K800, 1000 K0.5Na0.5NbO3 800oC/4h 1000oC/2h 

K800, 1050 K0.5Na0.5NbO3 800oC/4h 1050oC/2h 

K800, 1075 K0.5Na0.5NbO3 800oC/4h 1075oC/2h 

K800, 1100 K0.5Na0.5NbO3 800oC/4h 1100oC/2h 
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Figure 3.4. Processing flow diagram for solid-state sintered KNN ceramics. 

 

3.2.1.4. Iron-Doped Potassium Sodium Niobate (KNNFe) Ceramics 

   A traditional solid-state sintering processing route was used to synthesise solid-

state iron-doped KNN ceramics with calcination and sintering temperatures, as 

presented in Table 3.4. K2O (99%, Alfa Aesar), Na2CO3 (99%, Better Equipped), Nb2O5 

(99.9%, Aldrich) and Fe2O3 (>99%, Aldrich) were used as starting raw materials, then 

KNNFe ceramic synthesis was carried out to manufacture ceramics according to the 

stoichiometric formula K0.5Na0.5Nb1-xFexO3-x where x = 0, 0.02, 0.025, 0.050 and 0.100. 

The nominal compositions of the samples prepared in the present work are summarised 

in Table 3.4. The manufacturing process steps used to synthesise iron-doped potassium 

sodium niobate ceramics using conventional solid-state sintering are shown in Figure 

3.5. The iron-doped KNN batch compositions (30 g) were calcined in an electric 

furnace by ramping at 5oC/min to a calcination temperature of 700oC and held at these 

temperatures for 4h, then cooled slowly to room temperature. All the KNNFe prepared 

pellets (10 mm diameter and 1-2 mm thickness) in the present work were sintered in one 

process as follows: (i) Heat from room temperature at 5°C/min to 300oC and hold at this 

temperature for 1h; (ii) heat at 5°C/min from 300oC to 700°C and hold at this 

temperature for 1h; (iii) and finally heat at 5oC/min from 700oC to different sintering 
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temperatures, such as 1000oC and hold at each temperature for 2h; then allow samples 

to cool slowly inside the furnace to room temperature.  

 

Table 3.4. Nominal sample, nominal compositions and sintering temperature per time. 

Sample name Nominal composition 
Sintering temperature per time 

(T/t) 

KFe0.00 K0.5Na0.5NbO3 1000oC/2h 

KFe2.00 K0.5Na0.5Nb0.98Fe0.02O2.98 1000oC/2h 

KFe2.50 K0.5Na0.5Nb0.975Fe0.025O2.975 1000oC/2h 

KFe5.00 K0.5Na0.5Nb0.95Fe0.05O2.95 1000oC/2h 

KFe10.00 K0.5Na0.5Nb0.9Fe0.1O2.9 1000oC/2h 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.5. Solid-state sintering processing for iron-doped KNN ceramics. 
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3.2.2. Microwave Sintering Processing 

   The microwave sintered processing route has been used to prepare electrical 

ceramics, as follows:  

3.2.2.1. Bismuth Sodium Titanate (BNT) Ceramics 

   The microwave sintering processing route was used to prepare microwave sintered 

BNT ceramics. The starting raw materials in the present work consist of Bi2O3 (99%, 

Alfa Aesar), Na2CO3 (99%, Better Equipped) and TiO2 (99.9%, Aldrich) which were 

used to synthesise BNT ceramics according to the stoichiometric formula Bi0.5Na0.5TiO3. 

Details of BNT samples prepared using microwave processing are summarised in Table 

3.5. A process diagram of the preparation of bismuth sodium titanate ceramics using the 

microwave sintering process studied here is shown in Figure 3.6. The prepared 

compositions were calcined individually inside the furnace at ramping rate 5oC/min 

with different temperatures (700oC and 800oC) for 4h. All BNT pellets were sintered 

inside a standard kitchen microwave oven for different sintering (10, 15, 20 and 

25mins) times as shown in Figure 3.6.  

Table 3.5. Sample name, nominal sample compositions, calcination temperatures per 

time and microwave sintering time. 

Sample name 
Nominal 

composition 

Calcination 

temperature per time 

(oC/t) 

Sintering time (mins) 

MKB700, 10 Bi0.5Na0.5TiO3 700oC/4h 10 

MKB700, 15 Bi0.5Na0.5TiO3 700oC/4h 15 

MKB700, 20 Bi0.5Na0.5TiO3 700oC/4h 20 

MKB700, 25 Bi0.5Na0.5TiO3 700oC/4h 25 

MKB800, 10 Bi0.5Na0.5TiO3 800oC/4h 10 

MKB800, 15 Bi0.5Na0.5TiO3 800oC/4h 15 

MKB800, 20 Bi0.5Na0.5TiO3 800oC/4h 20 

MKB800, 25 Bi0.5Na0.5TiO3 800oC/4h 25 
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Figure 3.6. Process diagram of microwave sintering processing of pure microwave 

sintered BNT ceramics. 

 

3.2.2.2. Iron-Doped Bismuth Sodium Titanate (BNTFe) Ceramics 

    A microwave sintering processing route was used to prepare microwave sintered 

BNTFe ceramics. The starting raw materials in the present work consist of Bi2O3 (99%, 

Alfa Aesar), Na2CO3 (99%, Better Equipped), TiO2 (99.9%, Aldrich) and Fe2O3 (>99%, 

Aldrich), which were used to synthesise iron modified BNT ceramics according to the 

stoichiometric formula Bi0.5Na0.5Ti1-xFexO3-0.5x, where x = 0, 0.025, 0.0375, 0.050, 

0.070 and 0.100. Details of Fe-BNT samples prepared using microwave processing are 

summarised in Table 3.6. A process diagram of preparation of iron-doped bismuth 

sodium titanate ceramics using the microwave sintering process studied here is shown 

in Figure 3.7. The prepared compositions were calcined inside an electric furnace at 

ramping rate 5oC/min with temperatures (700oC) for 4h. All BNT pellets were sintered 
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inside a standard kitchen microwave oven (0.4 kWh) on full power for sintering (20 

mins) time, as shown in Figure 3.7.  

Table 3.6. Sample name, nominal sample compositions, and microwave sintering time. 

Sample name Nominal composition Sintering time (mins) 

MKBFe0.00 Bi0.5Na0.5TiO3 20 

MKBFe2.50 Bi0.5Na0.5Ti0.975Fe0.025O2.9875 20 

MKBFe3.75 Bi0.5Na0.5Ti0.9625Fe0.0375O2.98125 20 

MKBFe5.00 Bi0.5Na0.5Ti0.95Fe0.05O2.975 20 

MKBFe7.00 Bi0.5Na0.5Ti0.93Fe0.07O2.965 20 

MKBFe10.00 Bi0.5Na0.5Ti0.9Fe0.1O2.95 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Process diagram of microwave sintering processing of microwave sintered 

iron modified BNT ceramics. 
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3.2.2.3. Potassium Sodium Niobate (KNN) Ceramics 

A microwave sintering processing route was used to manufacture microwave sintered 

KNN ceramics with different calcination and microwave sintering times, as shown in 

Table 3.7. The starting raw materials in the present work consist of K2CO3 (>99%, 

Better Equipped), Na2CO3 (>99.9%, Better Equipped) and Nb2O5 (>99.9%, Aldrich) 

were used to prepared pure microwave sintered KNN ceramic compositions according 

to stoichiometry formula of K0.5Na0.5NbO3. The nominal compositions of the 

microwave sintered KNN ceramic samples made in the present work are summarised in 

Table 3.7. A flow diagram of the preparation of pure potassium sodium niobate 

ceramics using microwave sintering processing is shown in Figure 3.8. The pure KNN 

batch compositions were calcined in an electric furnace at different calcination 

temperatures of 700oC and 800oC with ramping of 5oC/min and held for 4h, then cooled 

them gradually to room temperature. All of the KNN prepared pellets in the present 

work were sintered in kitchen standard microwave oven using different microwave 

sintering times, such as 10, 15, 20 and 25 mins without holding time; then allow 

samples to cool slowly inside microwave oven during 2h to reach approximately room 

temperature.  

 

Table 3.7. Nominal sample compositions, calcination temperatures per time and 

microwave sintering times. 

Sample name 
Nominal 

composition 

Calcination 

temperature (oC/t) 
Sintering time (mins) 

MKK700, 10 K0.5Na0.5NbO3 700oC/4h 10 

MKK700, 15 K0.5Na0.5NbO3 700oC/4h 15 

MKK700, 20 K0.5Na0.5NbO3 700oC/4h 20 

MKK700, 25 K0.5Na0.5NbO3 700oC/4h 25 

MKK800, 10 K0.5Na0.5NbO3 800oC/4h 10 

MKK800, 15 K0.5Na0.5NbO3 800oC/4h 15 

MKK800, 20 K0.5Na0.5NbO3 800oC/4h 20 

MKK800, 25 K0.5Na0.5NbO3 800oC/4h 25 
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Figure 3.8. Processing flow diagram for microwave sintered KNN ceramics. 

 

3.2.2.4. Microwave Susceptor Disks 

   Microwave susceptor disks were made by solid-state sintering processing. The 

starting materials consisted of 50wt% graphite (99.9%, Timothy Sleight), 30wt% SiO2 

(99.9%, Better Equipped), 10wt% MnO2 (99%, Aldrich), 10wt% Fe3O4 (97%, Alfa 

Aesar). The prepared composition of microwave susceptor disks was designed based on 

the materials presented in Table 3.8 (Rao et al., 1999). As shown by the data in the 

table, MnO2 and Fe3O4 provide high temperature under microwave irradiation. Early 

attempts to use susceptor disks made from pure MnO2 or Fe3O4 failed due to these 

materials melting during the experiments. Graphite was therefore added to provide a 

different high-temperature susceptor, and SiO2 was added to provide stability as a 

refractory material to reduce the effects of MnO2 / Fe3O4 melting during processing. 

This formulation was not optimised, but was found to be sufficient for the processing 

times of up to 25 minutes. 
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To prepare the microwave susceptor disks, the starting materials were dried at 

110oC for 24h, then weighed into a 40g batch. The batch was wet milled and mixed 

using propanol and zirconia milling media in 250 mL polyethene (PE) bottles, and 

milled in a planetary ball mill for 10h. The milled powder was then removed and dried 

at 110oC in an oven placed in a fume cupboard. The prepared compositions were then 

calcined individually inside a furnace at different temperatures (700oC) with ramp rate 

5oC/min for 1h, then wet milled again for 10h. The milled powder was then removed 

and dried at 110oC in an oven placed in a fume cupboard. The disks were pressed using 

a hydraulic press with 10 tons per 20mm diameter disk. The final step was to sinter the 

green microwave susceptor disks at 900oC with a ramp rate 5oC/min for 2h. The final 

microwave susceptor disks that were used to sinter sample pellets in the microwave 

oven, were used by placing the ceramic pellet between two microwave susceptor disks 

in a "sandwich" arrangement. A bed of powdered sample material was used to separate 

the pellet from the susceptor discs, as shown in Figure 3.9. Inside the microwave oven 

was placed a "hot pot" constructed from a high-porosity, low-density Al2O3 material. 

Samples and their surrounding powder bed and susceptor disks were placed inside the 

"hot-pot" and these were used to absorb the microwave energy from room temperature, 

generating heat, and to transmit this heat to the sample pellet.  

 

 

Figure 3.9. Microwave susceptor disks and microwave sintering step. 
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Table 3.8. Microwave active elements, natural minerals and compounds (Rao et al., 

1999).  

  

 

3.2.3. Melt Processing Route 

3.2.3.1. Bismuth Sodium Titanium Silicate (BNTSi) Glasses 

   A melt processing route was used to manufacture six samples of bismuth sodium 

titanium silicate glasses. The glasses in the present work were manufactured using the 

starting raw materials such as Bi2O3 (99%, Alfa Aesar), Na2CO3 (99%, Better 

Equipped), TiO2 (99.9%, Aldrich) and SiO2 (99%, Better Equipped) in various moles 

percentages, as shown in Table 3.9. The preparation of bismuth sodium titanium silicate 

glasses using melt processing route are shown in Figure 3.10. All prepared glasses were 

melted at 1450oC/1h or 5h separately with 5oC/min heating rate, then poured melt 

directly on a metallic casting plate to make glasses. However, all melted compositions 

have crystallised completely or partly.  

Table 3.9. Sample name, nominal sample compositions and oxides concentration for 

bismuth sodium titanium silicate glasses. 

Sample name 
Mol% 

Melting (T/t) 
Bi2O3 Na2O TiO2 SiO2 Total 

MBS50, 1h 12.50 12.50 25.00 50.00 100.00 1450oC/1h 

MBS60, 1h 10.00 10.00 20.00 60.00 100.00 1450oC/1h 

MBS70, 1h 7.50 7.50 15.00 70.00 100.00 1450oC/1h 

MBS70, 5h 7.50 7.50 15.00 70.00 100.00 1450oC/5h 

MBS75, 5h 6.25 6.25 12.50 75.00 100.00 1450oC/5h 

MBS80, 1h 5.00 5.00 10.00 80.00 100.00 1450oC/1h 
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Figure 3.10. Melt processing for bismuth sodium titanium silicate glasses. 

3.2.3.2. Bismuth Sodium Titanium Borate (BNTB) Glasses 

   A melt processing route was used to manufacture three samples of bismuth sodium 

titanium borate glasses. The glasses in the present work were prepared using the starting 

raw materials such as Bi2O3 (99%, Alfa Aesar), Na2CO3 (99%, Better Equipped), TiO2 

(99.9%, Aldrich) and H3BO2 (99%, Better Equipped) in various mole percentages, as 

shown in the Table 3.10. The synthesis of bismuth sodium titanium borate glasses using 

melt processing route is shown in Figure 3.11. All prepared glasses were melted in 

Al2O3 crucibles at 1300oC/1h separately with 5oC/min heating rate, then poured melt 

directly on a metallic casting plate to make glasses. However, all melted compositions 

have crystallised completely or partly.  

Table 3.10. Sample name, nominal sample compositions and oxides concentration for 

bismuth sodium titanium borate glasses. 

Sample name 
Mol% 

Melting (T/t) 
Bi2O3 Na2O TiO2 H3BO3 Total 

MBB30 17.50 17.50 35.00 30.00 100.00 1300oC/1h 

MBB50 12.50 12.50 25.00 50.00 100.00 1300oC/1h 

MBB70 7.50 7.50 15.00 70.00 100.00 1300oC/1h 
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Figure 3.11. Melt processing for bismuth sodium titanium borate glasses. 

 

 

3.2.3.3. Potassium Niobium Borate (KNB) Glasses and Glass-Ceramics 

The melt processing route was used to manufacture potassium niobium borate (KNB) 

glasses with different mol% contents of starting raw materials, as shown in Table 3.11. 

The glasses in the present work were prepared using the starting raw materials such as 

K2CO3 (>99%, Better Equipped), Nb2O5 (>99.9%, Aldrich), and H3BO3 (>99.9%, 

Better Equipped). In the present work, the nominal compositions of the prepared 

samples are presented in Table 3.11. The manufacturing of KNB glasses using novel 

melt processing are revealed in Figure 3.12. The mixed compositions placed in 

recrystallised alumina crucibles, then melt them at 1300oC for specific time separately, 

then poured melt directly on a metallic casting plate to make glasses. Two of the 

prepared glasses were visibly amorphous, and one was partly crystalline.  
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Table 3.11. Nominal sample compositions and oxides concentration for potassium 

niobium borate glasses. 

Sample Name 
Mol% 

Melting (T/t) 
K2O Nb2O5 B2O3 

25K25Nb50B 25 25 50 1300oC/1h 

30K30Nb40B 30 30 40 1300oC/1h 

35K35Nb30B 35 35 30 1300oC/1h 

40K30Nb30B 40 30 30 1300oC/1h 

40K35Nb25B 40 35 25 1300oC/1h 

40K40Nb20B 40 40 20 1300oC/1h 

 

 

 

 

 

 

 

 

Figure 3.12. Melt processing for potassium niobium borate glasses. 

3.2.3.4. Potassium Sodium Niobium Silicate (KNNS) Glasses  

   The melt processing route was used to manufacture potassium sodium niobium 

silicate (MKS) glasses with different mol% contents of starting raw materials, as shown 

in Table 3.12. The glasses in the present work were manufactured using the starting raw 

materials such as K2CO3 (>99%, Better Equipped), Na2CO3 (>99.9%, Better Equipped) 

and SiO2 (>99.9%, Better Equipped). In the current work, the nominal compositions of 

the prepared samples are summarised in Table 3.12. The synthesis of MKS using novel 

melt processing is shown in Figure 3.13. The mixed compositions put in a recrystallised 

alumina crucible, then melt them at 1450oC for identified time separately, then poured 

melt directly on a metallic casting plate to make glasses. However, all melted 

compositions have crystallized completely or partly. 
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Table 3.12. Nominal sample compositions and oxides concentration for potassium 

sodium niobium silicate glasses. 

Sample name 
Mol% 

Melting (T/t) 
K2O Na2O Nb2O5 SiO2 Total 

MKS50, 1h 12.50 12.50 25.00 50.00 100.00 1450⁰C/1h 

MKS60, 1h 10.00 10.00 20.00 60.00 100.00 1450⁰C/1h 

MKS65, 1h 8.75 8.75 17.50 65.00 100.00 1450⁰C/1h 

MKS70, 1h 7.50 7.50 15.00 70.00 100.00 1450⁰C/1h 

MKS70, 4h 7.50 7.50 15.00 70.00 100.00 1450⁰C/4h 

MKS75, 5h 6.25 6.25 12.50 75.00 100.00 1450⁰C/5h 

 

 

 

 

 

 

 

 

Figure 3.13. Melt processing for potassium sodium niobium silicate glasses. 

 

3.2.3.5. Potassium Sodium Niobium Borate (KNNB) Glasses and Glass-Ceramics 

The novel melt processing route was used to manufacture potassium sodium niobium 

borate (KNNB) glasses with different mol% contents of starting raw materials, as 

shown in Table 3.13. The glasses in the present work were prepared using the starting 

raw materials such as K2CO3 (>99%, Better Equipped), Na2CO3 (>99.9%, Better 

Equipped), Nb2O5 (>99.9%, Aldrich), and H3BO3 (>99.9%, Better Equipped). In the 

present work, the nominal compositions of the prepared samples are presented in Table 

3.13. The manufacturing of KNN borate glasses and glass-ceramics using melt 

processing are revealed in Figure 3.14. The mixed compositions put in a recrystallised 

alumina crucible, then melt them at 1300oC for specific time separately, then poured 
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melt directly on a metallic casting plate to make glasses. Two of the prepared glasses 

appeared completely amorphous, and one of them appeared partly crystallised.  

Table 3.13. Nominal sample compositions and oxides concentration for KNN borate 

glasses and glass-ceramics. 

Sample Name 
Mol% Melting (T/t) 

K2O Na2O Nb2O5 B2O3  

40KNa30Nb30BSi 20 20 30 30 1300⁰C/1h 

40KNa35Nb25BSi 20 20 35 25 1300⁰C/1h 

40KNa40Nb20BSi 20 20 40 20 1300⁰C/1h 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Melt processing for potassium sodium niobium borate glasses and glass-

ceramics. 

 

3.2.3.6. Potassium Sodium Niobium Borosilicate (KNNBS) Glasses and Glass-

Ceramics 

Potassium sodium niobium borosilicate (KNNBS) glasses were manufactured using 

novel melt processing route, with different mol% contents of starting raw materials, as 

presented in Table 3.14. The glasses in the present work were made using the starting 

raw materials such as K2CO3 (>99%, Better Equipped), Na2CO3 (>99.9%, Better 

Equipped), Nb2O5 (>99.9%, Aldrich), H3BO3 (>99.9%, Better Equipped) and SiO2 

(>99.9%, Better Equipped). In the current work, the nominal compositions of the 

prepared glasses are stated in Table 3.14. The preparation of KNNBSi glasses and glass-
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ceramics using melt processing are shown in Figure 3.15. The mixed compositions were 

placed in a recrystallised alumina crucible, then melted at 1300oC for 1h, then poured 

melt directly on a metallic casting plate to make glasses. All glasses appeared entirely 

amorphous.  

Table 3.14. Nominal sample compositions and oxides concentration for KNN 

borosilicate glasses and glass-ceramics. 

Sample Name 
Mol% 

Melting (T/t) 
K2O Na2O Nb2O5 B2O3 SiO2 

40KNa30Nb30BSi 20 20 30 15 15 1300⁰C/1h 

40KNa35Nb25BSi 20 20 35 12.5 12.5 1300⁰C/1h 

40KNa40Nb20BSi 20 20 40 10 10 1300⁰C/1h 

 

 

 

 

 

 

 

 

Figure 3.15. Melt processing for KNN borosilicate glasses and glass-ceramics. 

 

3.2.3.7. Potassium Sodium Niobium Borosilicate (KNNBS) Glasses and Glass-

Ceramic Fibres 

Potassium sodium niobium borosilicate (KNNBSi) glass and glass-ceramic fibres were 

prepared using a melt processing route, with different mol% contents of starting raw 

materials, as presented in Table 3.15. The glass fibres were made using the starting raw 

materials K2CO3 (>99%, Better Equipped), Na2CO3 (>99.9%, Better Equipped), Nb2O5 

(>99.9%, Aldrich), H3BO3 (>99.9%, Better Equipped) and SiO2 (>99.9%, Better 

Equipped). In the present work, the nominal compositions of the prepared glass and 

glass-ceramic fibres are identified in Table 3.15. The manufacturing process diagram of 
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KNNBSi glass and glass-ceramic fibres using melt processing are shown in Figure 3.16. 

The mixed batch compositions were placed in a recrystallised alumina crucible, and 

then melted at a heating rate (5oC/min) to 1300oC then held for 1h, then glass fibres 

were drawn from the molten glass in the alumina crucible using borosilicate glass rods.  

Table 3.15. Nominal sample compositions and oxides concentration for KNN 

borosilicate glass and glass-ceramic fibres. 

Sample Name 
Nominal Mol% 

K2O Na2O Nb2O5 B2O3 SiO2 

40KNa30Nb30BSi 20 20 30 15 15 

40KNa35Nb25BSi 20 20 35 12.5 12.5 

40KNa40Nb20BSi 20 20 40 10 10 

 

 

 

 

 

 

 

 

Figure 3.16. Melt processing for KNN borosilicate glass and glass-ceramic fibres. 

 

3.3. Structural Analysis 

3.3.1. XRD (X-Ray Diffraction)  

   All ceramic pellets, glasses and glass-ceramics powders were analysed using a 

Philips X-Pert Pro X-ray diffractometer (Panalytical, Netherlands) or an Empyrean X-

ray diffractometer (Panalytical, Netherlands) at room temperature, using Cu Kα 

radiation (λ=1.5405Å) over the range 10 to 80 o2θ. The results were interpreted for 

phase identification using X'Pert HighScore Plus software. 
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   XRD can be used to identify the atomic structure, phases and grain size for 

crystalline materials (Ingham & Toney, 2014). The principle of the technique depends 

on the generation of X-rays by a cathode ray tube to produce X-rays which are focused 

on the sample. The incident X-rays interact with the sample producing diffraction of X-

rays, which takes place through constructive interference, as described by Bragg's law 

(Equation 3.1) and shown schematically in Figure 3.17. 

nλ=2dhkl sin(θ)                                                                                                  Equation 3.1 

   Where n is the order of diffraction, λ is the wavelength of the incoming beam, dhkl 

is the lattice spacing, and θ is the angle of the diffracted beam (Epp, 2016). 

 

Figure 3.17. Schematic representation of the XRD principle (Epp, 2016).  

All powders and pellets were measured using a spinning sample stage during 2-4h 

measurement time for each sample. After obtaining XRD results, phase identity was 

determined using X'Pert HighScore Plus software. Phase identification proceeds by 

fitting peaks, and then matching ICDD profiles stored in the software to obtain fits 

between peaks from ICDD database and sample data peaks according to the specific 

elements or components. 

3.3.2. Raman Spectroscopy  

   Material structures were analysed using Raman spectroscopy (DXR2 Raman 

Microscope, Thermo Fisher Scientific, USA) using a 532nm laser, applied at room 

temperature. Raman spectroscopy is a vibrational spectroscopy technique that has been 

used to describe molecular structure by characterising fundamental vibrations and 

studying the vibrational modes of molecules in different materials (Larkin, 2018).  
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   Raman spectroscopy depends on the light scattered from incident light on the 

sample; which can be divided into two types. The first type is Rayleigh scattered light. 

This is elastically scattered light and has a wavelength equal to that of the incident light. 

The second type is Raman scattered light. This is inelastically scattered light and has a 

wavelength different to that of the incident light. The loss in energy between the energy 

of the incident light and Raman scattered light is named the Raman shift, which is equal 

to the vibrational energy of a molecule in the sample (Ebnesajjad, 2011). The molecular 

structure can be interpreted depending on the Raman shift, Raman intensity and band 

shape, according to the Raman vibrational bands obtaining by a graph of Raman 

intensity (polarizability) against Raman shift (energy) (Ebnesajjad, 2011; Larkin, 2018).  

Powders, bulk and pellet samples were analysed using Raman spectroscopy and 

measured at room temperature. The Raman results were collected using Omnic 

software; this proceeds by warming and switching the laser on and then calibrating and 

aligning the instrument using a silicon substrate and 10µm lens. After that scan, sample 

scans using exposure time (5-20 second) and sample exposures (accumulation) ranged 

between 1 to 20 time were used for collecting Raman spectra.  

3.3.3. Scanning Electron Microscopy (SEM) 

   The microstructure of ceramics, glasses and glass-ceramics was analysed using 

scanning electron microscopy (Nova Nano SEM, Czech Republic). Prior to analysis, all 

samples were polished using SiC paper with water (100, 200, 400, 800, 1200, and 2500 

grit size); then polished using diamond polish (1μm). The polished samples were 

thermally etched at 800oC in an electric furnace for 1 hour to reveal grains boundaries, 

and then polished samples were coated with a thin layer of carbon (20-30nm thickness) 

to collect smooth micrographs. Silver paint was applied on the three sides to provide 

electrical contact between the sample and sample holder.  

Conventional linear intercept measurements estimated to measure the grain size 

by measuring the grain length as a line measurement from edge to edge through grain 

boundary of particle. 

   SEM is one of the most important techniques used to investigate the surface and 

microstructure of ceramics and glass-ceramics. The carbon coated surface must be 

connected by a thin layer of silver or gold (electrically conductive) to the metallic 

sample holder to pass electrons from surface of the sample to the sample holder, which 
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prevents charge aggregation on the surface of the sample that would cause disturbances 

in the imaging.   

   The SEM working principle depends on the formation of a magnified image from 

emitted electrons from the sample surface. At first, samples are placed inside vacuum 

cavity, and then the electron gun fires an electron beam at the sample surface, which has 

high energy and is transmitted through magnetic lenses to concentrate the incident 

electrons on the sample surface accurately. A small probe is used to raster electrons 

across the sample surface. The incident electrons penetrate the sample surface to 

produce emitted electrons, resulting from beam interactions with sample composition. 

Finally, the emitted electrons accumulate and analyse to the black and white images 

using a detector (Ebnesajjad, 2011; Sinha Ray, 2013).  

Secondary electron imaging originates close to the sample surface as a result of having 

low energy <50 eV and inelastic interactions between the primary electron beam and the 

sample, which is useful for sample surface detection.  

Backscattered electron imaging originates from high-energy electrons in the electron 

beam; the backscattered electron interacts elastically with sample atoms, this leads to 

scan sample volume, which is useful for chemical composition detection (Goldstein et 

al., 1981).  

3.4. Differential Thermal Analysis (DTA)  

   Thermal behaviour of samples was analysed using differential thermal analysis 

(DTA). The aim of using DTA was to identify the crystallisation peak temperatures of 

glasses through the exothermic peaks enabling targeted heat treatment to form glass-

ceramics. The analysis was carried out using a NETZSCH STA 449 F5 Jupiter 

instrument. All samples were ground to fine powders, then weighed out as 30 mg 

against the same quantity of a 99.9% purity α‐Al2O3 inert reference material. After 

that, the fine powders were heated from room temperature to 1300oC at 5oC/min and the 

data collected.  

   DTA is an important technique to determine phase transition temperatures of 

materials, for example, glass transition temperature, crystallisation temperatures and 

melting points. The DTA working principle mainly depends on recording the 

temperature difference between the sample and the inert reference material (Ts-Tr). Data 

processing is carried out during heating of both sample and reference materials inside 
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the furnace. The heating process is controlled by a specific programmer controlling the 

furnace (Klančnik, Medved & Mrvar, 2010; Turi, 2012), as represented in Figure 3.18. 

The DTA data were collected using STA 409PG software ramping to 1300oC at 

5oC/min, then calibrating the NETZSCH STA 449 F5 instrument using a reference 

crucible and empty sample crucible to obtain baseline data, and then repeating the 

process using 30 mg of powder to collect the data.  

 

 

 

                                                                              Furnace 

 

 

 

 

         Temperature sensor 

 

 

 

Figure 3.18. Schematic representation of typical DTA instrument (Turi, 2012). 

 

3.5. Density Measurements 

   The bulk density of glasses and glass-ceramics was measured according to the 

Archimedes principle. The relative density of ceramic samples was calculated according 

to the bulk density, as presented in Equation 3.2:  

ρr = (ρm/ρt) × 100                                                                                       Equation 3.2 

   Where ρm is bulk density (mass per volume), and ρt is theoretical density based on 

the composition, which is obtained from references or ICCD card number by X'Pert 

HighScore Plus software. The bulk density was measured using a density balance and 

vacuum desiccator, where the dried pellet was weighed out in the air (W1), then the air 
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was evacuated from the vacuum desiccator for 30 mins. After that, the vacuumed 

sample was immersed in the liquid (distilled water) inside the vacuum desiccator for 10 

min to allow the water to penetrate inside the open pores. Then the wet sample was 

weighed out in water (W2), and in the air (W3). The bulk density was then calculated 

using Equation 3.3 and theoretical density calculated for iron doped BNT or KNN 

ceramics using Equation 3.4:  

ρm = (W1/W3-W2) × Liquid Density                                                        Equation 3.3 

ρt   = MBNT or KNN + MFe2O3/[(MBNT or KNN/ρBNT or KNN)+(MFe2O3/ρFe2O3)]                   Equation 3. 4 

where MBNT or KNN, MFe2O3, ρBNT or KNN, and ρFe2O3 represent the mass of BNT or KNN 

composition, the mass of Fe2O3, the theoretical density of BNT (5.97 g/cm3, ICCD 04-

017-0216) or KNN (4.49 g/cm3, ICDD no 98-018-6360) composition, and the 

theoretical of Fe2O3 (5.12 g/cm3, ICCD no 032-0469). 

3.6. Electrical Property Measurements 

   In the present project, polarisation versus electric field (hysteresis) and strain 

versus electric field loops have been measured, as described below: 

 

3.6.1. Electrode Preparation  

   Sample electrodes were prepared using a coating instrument for electrical 

measurements, and then the electrodes were made using gold sputter coating with a 

sputtering current (10 mA), sputtering time (600 seconds) and tooling factor (2.7) 

parameters. Both faces of each sample pellet were coated, were pellet thickness ranged 

from 1 to 3 mm and diameter ranged from 8 to 10 mm.  

 

3.6.2. Hysteresis (Polarization Versus Electric Field) and Strain Versus Electric 

Field Loop Measurements 

   In the present project, hysteresis (P-E) and strain-electric field (S-E) loops have 

been used to investigate the electrical properties of ceramics and glass-ceramics. The P-

E and S-E loops are essential to the classification of electrical ceramic materials, for 

example, whether piezoelectric, relaxor (non-piezoelectric) or dielectric, as shown in 

Figure 3.19. 
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Figure 3.19. Classification of ideal P-E shapes for electrical materials (Stewart, Cain, & 

Hall, 1999). 

   A hysteresis loop (Figure 3.21) is essentially affected by parameters such as 

polarisation (P), stored electrical charge (Q), the area of the sample surface (A), the 

electric field (E), spontaneous polarisation (Ps), remnant polarisation (Pr) and coercive 

field (Ec). 

   Hysteresis (polarisation vs electric field, P-E) (Figure 3.20) and strain vs electric 

field (S-E) (Figure 3.21) loops were measured using an AixACT (GMBH, Germany) 

system. The measurements in the present work were carried out using a laser 

interferometer system, which mainly depends on measuring the displacement of laser 

beams through the splitting of the monochromatic light source (here, a He-Ne laser) to 

the two beams. One of the beams is a reference beam acting as a fixed path, and the 

second beam is heading towards the sample and returns to join the reference beam to 

create interference fringes, which are used to identify the displacement. For obtaining 

the P-E and S-E loops, the system is constructed of a generator, a high voltage amplifier 

and PC (AixPlorer Software) software, where the generator is used to form the initial 

wave, and then the wave is amplified by a high voltage amplifier during transmitting it 

to the sample. The applied field and accumulated charge on the sample surface are 
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recorded and downloaded to PC software to analyse and collect the data (Stewart et al., 

1999). 

 

Figure 3.20. Typical shape of hysteresis loop for ferroelectric materials (Carter & 

Norton, 2007). 

 

Figure 3.21. Typical shape of strain versus electric field for piezoelectric materials 

(Vijaya, 2012). 
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Chapter Four  

Pure and Iron Doped Bismuth Sodium Titanate 

Ceramics and Glasses 

4.1. Introduction 

   Chapter four considers the pure and iron doped BNT ceramics prepared by three 

different processing routes, including conventional solid-state sintering processing, 

microwave sintering processing and melt processing, as shown in Figure 4.1. 

    BNT ceramics have been essentially chosen as risk-free electrical materials, 

indicating to their excellent piezoelectric properties (remnant polarisation (38 µC/cm2)) 

(Jones & Thomas, 2002). BNT was discovered by Smolenskii in 1960 (Priya & Nahm, 

2011). BNT has been utilised in electronic applications such as resonators and filters, 

piezoelectric motors, transducers, and actuators (Priya & Nahm, 2011; Yuan et al., 

2010). However, BNT ceramics have drawbacks such as difficulties in poling due to 

their high coercive field (73 kV/cm) (Pardo et al., 2018), and evaporation of volatile 

Bi2O3 (melting temperature 817oC) and Na2O (melting temperature 1132oC) during 

processing, that leads to porous ceramics (Kang et al., 2013; Panda & Sahoo, 2015; Wu 

et al., 2011). BNT ceramics have been prepared using conventional solid-state sintering 

processing for several decades. However, this method has drawbacks such as long 

sintering times of about 340 mins (1100oC, 5oC/min, 2h) and consequently high energy 

consumption (Fujii et al., 2016; Khamman, 2014). Adding flux materials to BNT has 

been studied by many researchers as one mechanism of reducing sintering temperatures 

and/or times to reduce energy demand. Such additions have included MgO (Chou et al., 

2010), CuO (Chou et al., 2011), BiFeO3 (Fujii et al., 2016) and Fe2O3 (Watcharapasorn, 

Jiansirisomboon & Tunkasiri, 2007). However, any such additions also affect electrical 

physical and/or electrical properties of the resulting ceramics. Alternative processing 

routes have also been used to reduce energy consumption and develop electrical and 

physical properties, for example soft combustion processing (Razak, Yip & Sreekantan, 

2011), sol-gel processing (Cernea et al., 2012; Dargham et al., 2016), solution 

combustion processing (Ma et al., 2013), and hydrothermal processing (Ma et al., 2006; 

Trelcat et al., 2011). However, reducing the energy consumption and sintering time in 
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BNT sintering as well as enhancing the electrical and physical properties are still under 

study.  

   In the present chapter, three processing routes have been used to synthesise pure 

and iron-doped bismuth sodium titanate ceramics. One processing route has also been 

used to prepare bismuth sodium titanate glass-ceramics. Microwave sintering 

processing has been successfully used to prepare BNT ceramics as an alternative 

method to replace solid-state sintering, with three motivations: reducing sintering time; 

reducing energy consumption; and using a low-cost microwave oven in comparison to a 

conventional furnace. A novel melt processing route has been studied to manufacture 

bismuth sodium titanate glass-ceramics as an alternative process to replace solid-state 

sintering processing for two reasons: reducing the processing steps and reducing the 

processing time. Conventional solid-state sintering processing has been used as a 

baseline to compare the results with other novel ones. 
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Figure 4.1. Overview of pure and iron-doped bismuth sodium titanate ceramics and 

glasses (Chapter Four). 
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4.2. Pure Bismuth Sodium Titanate Ceramics and Glasses 

In the present work, pure BNT ceramics were prepared by three processing routes, as 

presented in Figure 4.1.  

4.2.1. Solid State Processing Route  

   The experimental procedure for solid-state sintering processing of pure BNT 

ceramics was described in chapter three, section 3.2.1.1. Also, the nominal 

compositions of the solid-state sintered pure BNT ceramics synthesised in the present 

work are summarised in Table 3.1. 

4.2.1.1. Results and Discussion 

4.2.1.1.1. XRD  

   Figure 4.2 shows diffraction patterns for all solid-state BNT ceramics measured at 

room temperature with an angle (2θ) ranged from 10 to 80 degrees. Phase analysis 

identified that all samples are single-phase Bi0.5Na0.5TiO3 with rhombohedral symmetry 

(ICCD no 04-017-0216). There are two parts to Figure 4.2: part (a) corresponds to BNT 

ceramics prepared with 700oC/4h calcination temperature/time and different sintering 

temperatures/time (1000, 1050, 1075, 1100oC/2h), and part (b) shows BNT ceramics 

prepared with 800oC/4h calcination temperature/time and different sintering 

temperatures/time (1000, 1050, 1075, 1100oC/2h). 

   XRD results show a single perovskite lead-free Bi0.5Na0.5TiO3 phase with no traces 

of intermediate phases for all solid-state sintered BNT ceramic samples, which is 

consistent with rhombohedral structure as indicated by ICDD no 04-017-0216, as 

shown in Figure 4.2. XRD results shows broad peaks at lower sintering temperature, 

due to the smaller crystallite size (Abdul Razak, Yip, & Sreekantan, 2011), as shown in 

Figure 4.2 (c) and (d). The rhombohedral structure is exhibited at room temperature, 

which is consistent with pure BNT polymorphism reported by Priya and Nahm (Priya & 

Nahm, 2011). According to the rhombohedral structure for pure BNT ceramics, XRD 

results have good agreement with previous studies of Prado-Espinosa et al (Prado-

Espinosa et al., 2017), Pourianejad and Movahedi (Pourianejad & Movahedi, 2015), 

Aman Ullah et al (Aman Ullah et al., 2015) and Pattipaka et al (Pattipaka et al., 2018).  
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Figure 4.2. X-Ray diffraction patterns for solid sintered BNT ceramics with (a) 

700oC/4h calcination conditions, (b) 700oC/4h calcination conditions, and different 

sintering temperatures/time as shown. Peak position (2 theta) shifting (c and d) for 

solid-state sintered Bi0.5Na0.5TiO3 ceramics. 

 

 

 

10 20 30 40 50 60 70 80

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

Angle, 2θ (degrees)

B700, 1100

B700, 1075

B700, 1050

B700, 1000

a
Bi0.5Na0.5TiO3 (04-017-0216)

10 20 30 40 50 60 70 80

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

Angle, 2θ (degrees)

B800, 1100

B800, 1075

B800, 1050

B800, 1000

b
Bi0.5Na0.5TiO3 (04-017-0216)

32 32.5 33

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

Angle, 2θ (degrees)

B700, 1100

B700, 1075

B700, 1050

B700, 1000

c No peak shift

32 32.5 33

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

Angle, 2θ (degrees)

B800, 1100

B800, 1075

B800, 1050

B800, 1000

d No peak shift



Chapter Four| Pure and Iron Doped Bismuth Sodium Titanate Ceramics and 

Glasses  

Page 63 

 

4.2.1.1.2. Raman Spectroscopy 

   Figure 4.3 presents Raman spectra for solid-state sintered BNT ceramics measured 

at room temperature with a Raman shift from 100 to 1000 cm-1. Raman spectra exhibit 

six peaks for all BNT ceramic samples. Figure 4.3 is divided into two parts: part (a) 

shows Raman spectra for BNT ceramics synthesised with 700oC/4h calcination 

conditions and different sintering conditions (1000, 1050, 1075, 1100oC/2h), and part 

(b) shows Raman spectra for BNT prepared with 800oC/4h calcination conditions and 

different sintering conditions (1000, 1050, 1075, 1100oC/2h).   

   Raman spectra (Figure 4.3) shows six peaks at room temperature for all solid-state 

sintered BNT ceramics samples, consistent with Gallegos-Melgar et al. (Gallegos-

Melgar et al., 2015) and Rout et al. (Rout et al., 2017) reports. The first band has one 

peak (peak A) located between 100 to 200 cm-1, indicating a vibrational bending mode, 

which is assigned to the Na-O band as A-site cation in the ABO3 perovskite structure 

(Sumang et al., 2017). However, a Bi-O band is not expected to exist to 100cm-1 due to 

the larger mass of Bi (Pattipaka et al., 2018). The second band has one peak (peak B) 

with the highest Raman intensity placed between 200 and 450cm-1, referring to the 

broad stretching vibrational mode, which is assigned as a Ti-O band with A1-symmetry 

(Bai et al., 2016). The third band has two peaks (peak C and peak D) located at 450 – 

700 cm-1, referring to the broad stretching vibrational mode, which is allocated as TiO6 

band (Sumang et al., 2017). The fourth band shows a lower Raman intensity and 

contains two peaks (peaks F and G) placed in between 700 and 900 cm-1, corresponding 

to the broad stretching vibrational mode, which is likely to be A1 (longitudinal optical) 

and E mode (longitudinal optical) overlapping bands that show very broad stretching 

vibrational mode (Bai et al., 2017).  
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Figure 4.3. Raman spectra for solid-state sintered BNT ceramics with (a) 700oC/4h 

calcination condition and (b) 700oC/4h condition temperature, and different sintering 

conditions as shown.  

 

4.2.1.1.3. Electron Microscopy 

   Figure 4.4 shows Secondary SEM micro-images for solid-state sintered BNT 

ceramics measured at room temperature with 60,000x magnification and 2 µm scale.  It 

can be seen that all pure BNT ceramic samples sintered at 1000oC are porous with fine 

100 200 300 400 500 600 700 800 900 1000

R
a
m

a
n

 I
n

te
n

si
ty

 (
a
.u

.)

Raman Shift (cm-1)

B700, 1100

B700, 1075

B700, 1050

B700, 1000

A
B

C D

F G

a

100 200 300 400 500 600 700 800 900 1000

R
a
m

a
n

 I
n

te
n

si
ty

 (
a
.u

.)

Raman Shift (cm-1)

B800, 1100

B800, 1075

B800, 1050

B800, 1000

A
B

C D

F G

b



Chapter Four| Pure and Iron Doped Bismuth Sodium Titanate Ceramics and 

Glasses  

Page 65 

 

grains. Densification and average grain size increase with increasing sintering 

temperatures, as shown in Figure 4.4.  

   SEM micro-images clearly show irregular grain shapes for all solid-state sintered 

BNT ceramics, as shown in Figure 4.4. It can be observed that the grain sizes have 

increased with increasing the sintering temperature. Porous ceramics with smaller 

average grain sizes (approximately 400 nm ±10) were obtained for BNT ceramics 

processed at 1000oC/2h sintering conditions, and average grain sizes increased, 

coinciding with higher densification, the larger average grain sizes of approximately 2 

µm ± 0.1 at higher 1100oC sintering temperatures. The level of densification in the SEM 

micro-images is consistent with the relative density, exhibiting porous with lower 

relative density (approximately 83% of theoretical density) and densified ceramics with 

higher relative density (approximately 94% of theoretical density), obtained for BNT 

ceramics sintered at 1000 and 1100oC respectively, as shown in Figure 4.4 and Table 

4.1. Moreover, the higher average grain sizes obtained (approximately 2 µm) are closely 

similar to values of approximately 2.5 µm stated by Khamman (Khamman, 2014), 

however, it is clearly smaller than these of about 2.9 µm reported by Fujii et al. (Fujii et 

al., 2016), for pure BNT ceramics.  
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Figure 4.4. Secondary SEM images for solid sintered BNT ceramics with different calcination temperatures and sintering temperatures, as shown. 
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4.2.1.1.4. Density 

   Table 4.1 presents bulk and relative density results for all solid-state sintered BNT 

ceramics made with different calcination and sintering temperatures as presented.  

   The relative density results show increasing relative density with increasing 

sintering temperature, as shown in table 4.1. Pure BNT ceramics with lower (1000oC) 

sintering temperatures are identified with lower relative density (approximately 83% of 

theoretical density), then reaching higher relative density (approximately 94% of 

theoretical density) at higher (1100oC) sintering temperature. The higher relative density 

(approximately 94% of theoretical density) demonstrates good agreement with those of 

about 93% of theoretical density reported by Khamman (Khamman, 2014). However, it 

is lower than the 95% of theoretical density reported by Fujii et al. (Fujii et al., 2016), 

for pure BNT ceramics. 

Table 4.1. Relative density results for solid-state sintered Bi0.5Na0.5TiO3 ceramics.  

Sample 

names 

Bulk 

density 

(g/cm3) 

Relative 

density (%) 

Sample 

names 

Bulk 

density 

(g/cm3) 

Relative 

density (%) 

B700, 1000 5.09±0.05 85.1±0.5 B800, 1000 4.98±0.05 83.3±0.5 

B700, 1050 5.46±0.05 91.4±0.5 B800, 1050 5.42±0.05 90.5±0.5 

B700, 1075 5.60±0.05 93.8±0.5 B800, 1075 5.62±0.05 93.9±0.5 

B700, 1100 5.65±0.05 94.6±0.5 B800, 1100 5.64±0.05 94.1±0.5 

 

4.2.1.1.5. Electrical Properties 

   Figure 4.5 shows hysteresis (P-E) loops and polarisation for all solid-state sintered 

BNT ceramics measured at room temperature, 70kV/cm electric field and 1 Hz 

frequency in a bipolar field. Figure 4.5 includes two parts: part (a) shows results for 

solid-state sintered BNT ceramics prepared with 700oC/4h calcination conditions and 

various sintering conditions (1000, 1050, 1075, 1100oC/2h), and part (b) shows results 

for solid-state sintered BNT ceramics prepared with 800oC/4h calcination conditions   

and   different  sintering  conditions   (1000, 1050, 1075, 1100oC/2h).   

  The remnant polarisation increased from about 22 to 40 µC/cm2, with increasing 

sintering temperatures from 1050 to 1100oC, respectively. It is anticipated that, at lower 

(1000oC) sintering temperature and lower relative density (approximately 83% of 

theoretical density), the absence of hysteresis (P-E) loops is due to current leakage 
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through pores in the BNT samples, corresponding to the high porosity (Wiegand et al., 

2012; Woo et al., 2017). At low (1050oC) sintering temperature for ceramic samples 

(named B700, 1050 and B800, 1050), hysteresis (P-E) loops appeared in a lemon 

(round) like-shape with no saturation, indicating high conductivity resulting in current 

leakage, caused by lower relative density (approximately 91% of theoretical density) 

and resulting porosity (Kang et al., 2011; Wiegand et al., 2012). The saturated and 

typical shape of ferroelectric hysteresis loops appeared at 1075oC and 1100oC sintering 

temperatures and higher relative densities of about 93% and 94% (of theoretical density), 

respectively. The maximum remnant polarisation (40µC/cm2) appeared at higher 

1100oC sintering temperature and relative density (94% of theoretical density), for 

ceramics (named B700, 1100) shows an improvement in comparison with 30 µC/cm2 

(Fujii et al., 2016; Maqbool et al., 2014), 30 µC/cm2 (Aman Ullah et al., 2015), however, 

it is less than 43.6 µC/cm2 (Jiang et al., 2014), for pure BNT ceramics. 

 

          

Figure 4.5. Polarisation vs electric field response at room temperature and 1Hz 

frequency using the bipolar measurement for solid sintered BNT ceramics with (a) 

700oC/4h calcination conditions and (b) 800oC/4h calcination conditions, and different 

sintering temperatures as shown. 
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   Figure 4.6 presents strain-electric field (S-E) loops of all solid-state sintered BNT 

ceramics measured at room temperature, 70kV/cm electric field and 1 Hz frequency in a 

bipolar field. There are two parts shown in Figure 4.6: part (a) corresponds to solid-state 

sintered BNT ceramics prepared with 700oC/4h calcination condition and various 

sintering conditions (1000, 1050, 1075, 1100oC/2h), and part (b) shows solid-state 

sintered BNT prepared using 800oC/4h calcination condition and different sintering 

conditions (1000, 1050, 1075, 1100oC/2h).  It is observed that the butterfly S-E loop 

shapes showing lower and upper strain occurred in the (1050-1100oC) temperatures 

sintered BNT ceramics, respectively.  

 

  The maximum strain increased from about 0.045% to 0.08%, with increasing the 

sintering temperature from 1050 to 1100oC, respectively. The typical butterfly shape of 

S-E loops is present for all solid-state BNT ceramic samples sintered at 1050, 1075 and 

1100oC, indicating ferroelectric behaviour (Priya & Nahm, 2011). However, at lower 

(1000oC) sintering temperature, the S-E loops disappeared. This may be due to current 

leakage through the pores of the ceramics, corresponding to lower relative density (83% 

of theoretical density). The maximum strain of 0.08% is consistent with other results for 

solid-state sintered BNT ceramics (named B700, 1100) in comparison with 0.08% 

(Maqbool et al., 2014) and higher than 0.07% (Rahman et al., 2014). 
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Figure 4.6. Electric field induced strain at room temperature and 1Hz frequency using 

the bipolar measurement for solid sintered BNT ceramics with (a) 700oC/4h calcination 

conditions and (b) 700oC/4h calcination conditions, and different sintering conditions.  

 

4.2.2. Microwave Processing Route 

   The experimental procedure of microwave sintering processing for pure BNT 

ceramics has explained in chapter three, section 3.2.2.1. Also, the nominal compositions 

of the microwave sintered pure BNT ceramics prepared in the present work are 

summarised in Table 3.5. 

 

4.2.2.1. Results and Discussion 

4.2.2.1.1. XRD  

   XRD analysis shows a single Bi0.5Na0.5TiO3 (ICCD no 04-017-0216) perovskite 
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at 10 to 80° 2θ, as shown in Figure 4.7. Figure 4.7 is divided into parts: part (a) 

microwave sintered BNT ceramics prepared with 700oC/4h calcination conditions and 

different microwave sintering times (10, 15, 20, 25mins), and part (b) microwave 

sintered BNT ceramics prepared with 800oC/4h calcination conditions and various 

microwave sintering times (10, 15, 20, 25mins).  

   XRD results exhibit a pure phase of perovskite Bi0.5Na0.5TiO3 ceramics without the 

presence of any secondary phases for all microwave sintered BNT ceramic samples, 

which is consistent with rhombohedral structure as indicated by ICDD no 04-017-0216, 

as shown in Figure 4.7. XRD results shows broad peaks at lower sintering time, 

indicating to the smaller crystallite size (Abdul Razak, Yip, & Sreekantan, 2011), as 

shown in Figure 4.7 (c) and (d). The rhombohedral structure of pure BNT ceramics at 

room temperature has been reported by previous studied of Prado-Espinosa et al (Prado-

Espinosa et al., 2017), Pourianejad and Movahedi (Pourianejad & Movahedi, 2015), 

Aman Ullah et al (Aman Ullah et al., 2015) and Pattipaka et al (Pattipaka et al., 2018). 

In addition, XRD results related to the rhombohedral structure of microwave sintered 

BNT ceramics show excellent agreement with those of solid-state sintered BNT 

ceramics, as shown in Figure 4.7 and Figure 4.2, respectively. 

   XRD patterns of pure microwave and solid-state sintered BNT ceramics displays 

no changes in the peak position and peak shape for a strong peak allocated between 32 

and 33 degree, which shows a good consistent with rhombohedral structure indicating 

by ICDD no 04-017-0216, for BNT ceramics manufactured by microwave and solid-

state sintering processing, as shown in Figure 4.8. 
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Figure 4.7. X-Ray diffraction patterns for microwave sintered BNT ceramics with (a) 

700oC/4h calcination conditions (b) 800oC/4h calcination conditions, and different 

sintering times, and peak position (2 theta) shifting (c and d) for microwave sintered 

Bi0.5Na0.5TiO3 ceramics. 
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Figure 4.8. X-Ray diffraction patterns for microwave and solid-state sintered BNT 

ceramics with peak position (2 theta) shifting. 

 

4.2.2.1.2. Raman Spectroscopy 

   Raman results present six peaks for all microwave sintered BNT ceramic samples, 

measured at room temperature with Raman shifts between 100 to 1000 cm-1, as shown 

in Figure 4.9. Figure 4.9 has two parts; part (a) corresponds to microwave sintered BNT 

ceramics made with 700oC/4h calcination conditions and different microwave sintering 

times (10, 15, 20, 25 mins), and part (b) indicates to microwave sintered BNT ceramics 

prepared with 800oC/4h calcination conditions and different microwave sintering times 

(10, 15, 20, 25 mins). Peak A is located in the middle of the first region and lower 

Raman shift of 100 to 200 cm-1, indicating a vibrational bending mode, which is 

assigned as an A-site cation in the ABO3 perovskite structure as Na-O band. However, a 

Bi-O band is not present at 100 cm-1 due to the larger mass of Bi (Pattipaka et al., 2018). 

Peak B is placed in the middle of the second region between 200 and 450 cm-1. This 

region shows the highest Raman intensity due to the broad vibrational stretching mode, 

which is assigned as Ti-O band with A1-symmetry (W. Bai et al., 2016). It is observed 

that association of peaks C and D in the third region between 450 and 700 cm-1, 

indicating a broad vibrational stretching mode and allocated as a TiO6 band (Sumang et 

al., 2017). The fourth region is an association of peaks F and G at 700 to 900 cm-1. This 

region shows lower Raman intensity that corresponds to the broad vibrational stretching 

mode, which is likely to be A1 (longitudinal optical) and E mode (longitudinal optical) 

overlapping bands (Bai et al., 2017). No changes were observed in the peak shape of 
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Raman spectra for microwave sintered BNT ceramics achieved, which is in good 

agreement with the Raman results for solid-state sintered BNT ceramics, as revealed in 

Figure 4.9 and Figure 4.3, respectively. 

 

 

Figure 4.9. Raman spectra for microwave sintered BNT ceramics with (a) 700oC/4h 

calcination conditions and (b) 800oC/4h calcination conditions, and different sintering 

times. 
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sintering time, and the level of densification increased with increasing microwave 

sintering times, as shown in Figure 4.10. 

   SEM micrographs show irregular grains for all microwave sintered BNT ceramic 

samples, as shown in Figure 4.10. The average grain size consistently increases from 

approximately 200 to 900 nm ± 150 nm with microwave sintering time increasing from 

10 to 25 mins, respectively. More porous samples with separately grains occurred at 

shorter microwave sintering times of 10 mins, and samples densified with an increasing 

agglomeration of grains with increasing microwave sintering time to 25 mins, as shown 

in Figure 4.10. Densification shows a close relationship with the relative density, for 

example a very porous surface ceramic with lower relative density (approximately 70% 

of theoretical density) and a densified surface ceramic with higher relative density 

(approximately 94% of theoretical density), obtained for microwave sintered BNT 

ceramic samples at 10 and 25 mins respectively, as shown in Figure 4.10 and Table 4.2.  

 

 

 

 



 Chapter Four| Pure and Iron Doped Bismuth Sodium Titanate Ceramics and Glasses  

Page 76 

  

      

  .     

Figure 4.10. Secondary electron SEM images for microwave sintered BNT ceramics with different calcination temperatures and sintering timed (10-25 

mins). 
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4.2.2.1.4. Density 

   Table 4.2 presents the dependence of bulk and relative density of microwave 

sintered BNT ceramics as a function of microwave sintering time.  

   The relative density results show increasing relative density with increasing 

microwave sintering time, as shown in Table 4.2. At shorter microwave sintering times 

of 10 mins, lower relative density (approximately 70% of theoretical density), and 

increasing the microwave sintering time to 25 mins, which increases the relative density 

to the maximum (approximately 94% of theoretical density). At longer 25 mins 

microwave sintering time, the maximum relative density (approximately 94% of 

theoretical density) for microwave sintered BNT ceramics shows excellent agreement 

with these of solid-state sintered BNT ceramics. In addition, the higher relative density 

(approximately 94% of theoretical density) exhibits good agreement with those of about 

93% of theoretical density reported by Khamman (Khamman, 2014), however, it is 

lower than 95% of theoretical density reported by Fujii et al. (Fujii et al., 2016). 

 

Table 4.2. Relative density results for pure microwave sintered Bi0.5Na0.5TiO3 ceramics. 

Sample names Bulk 

density 

(g/cm3) 

Relative 

density (%)  

Sample names Bulk 

density 

(g/cm3) 

Relative 

density (%)  

MKB700, 10 4.27±0.03 71.2±0.3 MKB800, 10 4.15±0.03 69.3±0.3 

MKB700, 15 4.73±0.03 79.0±0.3 MKB800, 15 4.86±0.03 80.7±0.3 

MKB700, 20 5.06±0.03 84.5±0.3 MKB800, 20 4.95±0.03 82.7±0.3 

MKB700, 25 5.64±0.03 94.1±0.3 MKB800, 25 5.61±0.03 93.7±0.3 

 

4.2.2.1.5. Electrical Properties 

   Figure 4.11 displays polarisation versus applied field at room temperature, in a 

bipolar field for microwave BNT ceramics sintered at 25 microwave sintering time and 

calcined at 700oC and 800oC. Polarisation increased with increasing an applied field and 

shows saturated hysteresis loop shape at higher 70kV/cm electric field. 

Figure 4.12 displays hysteresis (P-E) loops and polarisation applied at room 

temperature, 70kV/cm electric field in a bipolar field for microwave sintered BNT 
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ceramics. It can be seen; saturated hysteresis P-E loop has appeared for microwave 

sintered BNT ceramics calcined at 700 and 800oC with microwave sintering time of 25 

mins.  

   A low remnant polarisation of about 8 µC/cm2 detected for microwave sintered 

ceramics such sample MKB800, 25, and higher remnant polarisation of about 42.2 

µC/cm2 was observed for the microwave sintered ceramic named MKB700, 25. At 

lower (10, 15, 20 mins) microwave sintering times and lower relative density 

(approximately 80, 80, 83% of theoretical density, respectively), there is an absence of 

hysteresis (P-E) loops, which is due to passing current leakage through pores in the 

BNT ceramics (current leakage, high conductivity), related to the high porosity 

(Wiegand et al., 2012; Woo et al., 2017), which led to the uptake by the BNT ceramic 

sample of the silicone oil during P-E measurements. The saturated shape of ferroelectric 

P-E loops was obtained for samples prepared at 25 minutes microwave sintering time 

and higher relative densities of about 94% (of theoretical density). Microwave sintering 

processing here has confirmed that a obtaining good remnant polarisation (e.g. 

42.2µC/cm2) can be achieved for pure BNT ceramics with very short (25 mins) 

microwave sintering time, compared with previous studies of remnant polarisation on 

the basis of pure BNT ceramics from solid-state sintering processing with very long 

(340 mins) sintering time, as stated in Table 4.3.  

Table 4.3. Remnant polarisation for pure BNT ceramics prepared by microwave 

sintering processing in the present study and solid-state sintering processing in the 

present and previous studies.  

Citation 
Remnant polarisation 

(µC/cm2) 

MKB700, 25 (Figure 4.12) 42.2 

B700, 1100 (Figure 4.6) 40 

Maqbool et al., 2014 30 

Aman Ullah et al., 2015 28 

Jiang et al., 2014 43.6 

Cheng et al., 2015 24 

Wei et al., 2018 25 
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Figure 4.11. Polarisation vs electric field response at room temperature using bipolar 

measurement for microwave sintered BNT ceramics calcined at (a) 700oC and (b) 800oC,  

and sintered at 25 microwave sintering time. 

 

Figure 4.12. Polarisation vs electric field response at room temperature using bipolar 

measurement for microwave sintered BNT ceramics. 
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Figure 4.13 shows strain versus applied field at room temperature, in a bipolar field 

for microwave BNT ceramics sintered at 25 microwave sintering time and calcined at 

700oC and 800oC. Maximum strain increased with increasing an applied field and shows 

butterfly shape for S-E loops at higher 70kV/cm electric field. 

Figure 4.14 presents strain-electric field (S-E) loops and strain applied at room 

temperature, 70kV/cm electric field in a bipolar field for microwave sintered BNT 

ceramics. The butterfly shape of the S-E loop was obtained for microwave sintered BNT 

ceramics calcined at 700 and 800oC with microwave sintering time of 25 mins. 

   A lower maximum strain of about 0.055% was detected for the microwave sintered 

ceramics MKB800, 25, and a higher strain of about 0.083% detected for the microwave 

sintered ceramics MKB700, 25. At lower (10, 15, 20 mins) microwave sintering times 

and lower relative density (approximately 80, 80, 83% of theoretical density) 

respectively, the absence of S-E loops is due the current leakage through the BNT 

ceramics, resulting from high porosity (Wiegand et al., 2012; Woo et al., 2017). The 

typical butterfly shape of S-E loops was detected for all microwave sintered BNT 

ceramic samples sintered at 25 mins microwave sintering time, indicating ferroelectric 

properties (Priya & Nahm, 2011). A typical butterfly shape of S-E loops with maximum 

strain (0.083%) is presented for pure BNT ceramics synthesised with very short (25 

mins) microwave sintering times, comparing with previous studies of strain on the basis 

of pure BNT ceramics synthesis by solid-state sintering processing with very long (340 

mins) sintering times, as stated in Table 4.4.  

 

Table 4.4. Maximum stain for pure BNT ceramics prepared by microwave sintering 

processing in the present study and solid-state sintering processing in the present and 

previous studies.  

Citation Maximum train% 

MKB700, 25 (Figure 4.13) 0.083 

B700, 1100 (Figure 4.7) 0.08 

Maqbool et al., 2014 0.08 

Jiang et al., 2014 0.07 

Wei et al., 2018 0.07 
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Figure 4.13. Electric field induced strain at room temperature using bipolar 

measurement for microwave sintered BNT ceramics calcined at (a) 700oC and (b) 800oC,  

and sintered at 25 microwave sintering time. 

 

 

Figure 4.14. Electric field induced strain at room temperature using the bipolar 

measurement for microwave sintered BNT ceramics.  
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4.2.3. Melt Processing Route 

   The experimental procedures of melt processing for BNT silicate and BNT borate 

glasses have explained in chapter three, section 3.2.3.  

 

4.2.3.1. Bismuth Sodium Titanium Silicate Glasses 

The nominal compositions of the BNT silicate glasses prepared in the present 

work are summarised in Table 3.10. 

4.2.3.1.1. Results and Discussion 

4.2.3.1.1.1. XRD 

   Bismuth sodium titanium silicate glasses were ground to a fine powder and placed 

in XRD sample metallic holders separately to measure the crystalline structures using 

XRD analysis. At room temperature, XRD analysis from 10 to 80˚ 2θ and shows an 

amorphous phase and one crystalline phase, identified as Ti2Bi2O7, for all bismuth 

sodium titanium silicate crystalline glasses, as shown in Figure 4.15.  

   It can be seen from Figure 4.13, all sharp peaks are consistent with ICDD no 04-

014-2416, showing cubic crystalline structure of Ti2Bi2O7 (bismuth titanium oxide) 

phase, at room temperature wide featureless peaks are consistent with amorphous phase. 

This indicates that Na+ is not present in the crystalline structure. It may be evaporated 

during sample syntheses at higher 1450oC melting temperature, which is due to lower 

melting point of Na2O of 1132oC (Li et al., 2013), or incorporated in the amorphous 

phase. Ten peaks were obtained for all glasses except one glass (named MBS70, 1h), 

however, this reduced to 3 peaks for glass (named as MBS70, 1h). This may be due to 

the presence of phase separation in glass MBS70, 1h composition, as shown in Figure 

4.15. 
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Figure 4.15. XRD patterns of as-quenched of bismuth sodium titanium silicate glasses. 

4.2.3.1.1.2. Raman Spectroscopy 

   Raman spectra for bismuth sodium titanium silicate glasses measured at room 

temperature with Raman shift ranged from 50 to 1800 cm-1, are shown in Figure 4.16. It 

can be observed that Raman spectra have sharp, strong peaks at lower than 100 cm-1, 

however, at higher than 100 cm-1, these became very broad and weak peaks. It can be 

seen from Figure 4.16, that peaks marked as a and b, located less than 100 cm-1, can be 

assigned to the vibrational bending mode, which is assigned as Bi-O band due to the 

larger mass of Bi as reported by Pattipaka et al. (Pattipaka et al., 2018). Peak c, at 

approximately 283 cm-1 is assigned as Ti-O band, which is shown weak and broad band 

(Bai et al., 2016). Peak d is placed at ~453 cm-1, which is identified as a motion of Si 

versus its tetrahedral oxygen cage with a weak movement of oxygen from it is a 

position or assigned as bridging Si-O-Si band with the vibrational bending mode 

(Madheshiya, Gautam & Upadhyay, 2018). Peaks e and f at approximately 554 and 750 

cm-1 are assigned to TiO6 and TiO5 bands respectively, which show very weak and 

broad peaks with vibrational stretching modes (Sumang et al., 2017; Inoue et al., 2006). 

The last band g, is identified at approximately 954 cm-1, and is assigned to Si-O-Ti 

bonds formed from non-bridging oxygen of Si– O– in Q2 species linked with Ti4+, 

exhibiting a weak and broad peak with vibrational stretching modes (Bouchouicha et al., 

2016; Cheng, Brow & Chen, 2017; Rezazadeh et al., 2014; Shen et al., 2018).  
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Figure 4.16. Raman spectra of bismuth sodium titanium silicate glasses. 

 

4.2.3.1.1.3. Electron Microscopy 

   Secondary SEM micro-images for bismuth sodium titanium silicate glasses were 

measured at room temperature with 60,000x magnification and 2 µm scale. It can be 

observed that all glassy samples reveal grains on the surface, as shown in Figure 4.17. 

   Secondary SEM micrographs of bismuth sodium titanium silicate glasses revealed 

grains growth in the bulk of all samples except one (named MBS70, 1h), as shown in 

Figure 4.17. As can be anticipated, no grains were observed on the micro-surface of 

glass named MBSi70, 1h. This may demonstrate an amount of phase separation based 

on XRD result (Figure 4.15). However, the presence of grains on the glass surface, 

evidence of crystallisation of bismuth sodium titanium silicate, is in agreement with 

XRD results (Figure 4.15). It can be seen from SEM micrographs that maximum and 

minimum average grain size of approximately 200 and 50 nm ±10 nm for glasses named 

MBSi70, 5h and MBSi80, 1h, respectively. The fine structure of the crystalline phase is 

consistent with homogeneous nucleation and growth. 
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Figure 4.17. SEM images for bismuth sodium titanium silicate glasses. 

 

4.2.3.1.1.4. Density 

   Table 4.5 reveals the dependence of bulk densities for bismuth sodium titanium 

silicate glasses as a function of composition. It can be observed that the bulk density of 

bismuth sodium titanium silicate glasses decreased with increasing SiO2 content, as 

expected on the basis of decreasing Bi2O3 content. 
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   Bulk densities of bismuth sodium titanium silicate glasses exhibit a maximum 

density of 4.0 g/cm3 and a minimum density of 3.0 g/cm3 of glasses MBSi50, 1h and 

MBSi80, 1h, respectively. Table 4.5 shows that the bulk density of bismuth sodium 

titanium silicate glasses decreased with increasing of SiO2, attributing to the increasing 

of SiO2 and decreasing Bi2O3, Na2O and TiO2 mol% contents. 

Table 4. 5. Bulk density results for bismuth sodium titanium silicate glasses. 

Sample name Bulk density (g/cm3) 

MBS50, 1h 4.0±0.3 

MBS60, 1h 3.7±0.3 

MBS70, 1h 3.5±0.3 

MBS70, 5h 3.2±0.3 

MBS75, 5h 3.2±0.3 

MBS80, 1h 3.0±0.3 

 

4.2.3.2. Bismuth Sodium Titanium Borate Glasses 

The nominal compositions of the BNT borate glasses prepared in the present work 

are summarised in Table 3.11. 

4.2.3.2.1. Results and Discussion 

4.2.3.2.1.1. XRD 

   Bismuth sodium titanium borate (MBB) glasses were ground to the fine powder 

and placed in the XRD sample metallic holders separately to measure the crystalline 

structures using XRD analysis. XRD diffraction patterns for all MBB glasses were 

measured at room temperature with an angle (2θ) ranged from 10 to 80˚ 2θ. XRD 

results show an amorphous phase and two crystalline phases identified as TiO2 (01-078-

1509) and Bi4Ti3O2 (00-047-0398) for bismuth sodium titanium borate glasses, as 

shown in Figure 4.18.  

   Figure 4.18 shows that two of the bismuth sodium titanium borate glasses (named 

MBB30 and MBB50) have two crystalline phases, identified as TiO2 (01-078-1509) and 

Bi4Ti3O2 (00-047-0398), and one glass (named as MBB70) has one crystalline phase 

identified as TiO2 (01-078-1509), at room temperature. This indicates that Na+ is not 

present in the crystalline structure. Most likely it is present in the amorphous phase, but 
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it could also be evaporated at sample syntheses at higher (>1300oC) melting 

temperature (H. Li et al., 2013). 

 

 

Figure 4.18. XRD results of bismuth sodium titanium borate glasses. 

 

4.3. Iron-Doped Bismuth Sodium Titanate Ceramics  

   In the present work, iron-doped BNT ceramics were prepared by two processing 

routes, as presented in Figure 4.1.  

4.3.1. Solid State Processing Route  

   The experimental procedure for solid-state sintering processing for iron doped 

BNT ceramics has described in chapter three, section 3.2.1.2. Also, the nominal 

compositions of the solid-state sintered pure BNT ceramics synthesised in the present 

work are summarised in Table 3.2. 

4.3.1.1. Results and Discussion 

4.3.1.1.1. XRD  

   Figure 4.19 shows diffraction patterns for all iron-doped BNT ceramics measured 

at room temperature with 2θ ranged from 10 to 80˚. Phase analysis identified that all 

samples are phase pure Bi0.5Na0.5TiO3 (89-3109) with cubic structure. There are three 

parts to Figure 4.19: part (a) relates to Fe-BNT ceramics measured at 2θ ranged from 10 

to 80˚, part (b) shows Fe-BNT ceramics analysed at 2θ ranged from 32 to 33˚, and part 

(c) corresponds to Fe-BNT ceramics measured at 2θ ranged from 46 to 47˚. 
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   X-Ray diffraction (XRD) analysis at room temperature shows a pure 

Rhombohedral perovskite phase for Bi0.5Na0.5TiO3, as indicated by the ICDD powder 

diffraction file pattern (04-017-0216) (Chou et al., 2011), without secondary phases, as 

shown in Figure 4.19(a). This confirms that iron forms a solid solution in BNT for all 

compositions studied, i.e. up to x = 0.1. In addition, the single-phase region has thus 

been demonstrated for the first time at higher Fe contents of doped BNT ceramics. A 

slight shift to lower angles occurred with the addition of Fe to BNT, as presented in 

Figure 4.19(b and c) for the main peak at circa 32.7°2θ and 46.6°2θ. This slight shift is 

due to the fact that Fe3+ has a larger ionic radius (Shannon, 1976) (0.645 Å) than Ti4+ 

(0.605 Å) on the B-site of Fe-BNT perovskite ceramics, which causes changes in the 

unit cell dimensions and thus changes in d-spacings (Shannon & Prewitt, 1969).  

   Rietveld refinement (Rietveld, 1969) using FULLPROF (Rodríguez-Carvajal, 

1993) was carried out on these data to refine crystal structure parameters. The 

Bi0.5Na0.5TiO3 structure (Anton et al., 2012) was used as a starting model for Rietveld 

refinement. For the doped samples Fe and Ti were disordered over the same site. The 

Rietveld refinement has enhanced the structural and quantitative analysis. The structural 

analysis shows pseudocubic cell symmetry (Pm-3m) in agreement with the Vijayeta 

group (Pal, Dwivedi, & Thakur, 2017) and Fukuchi and colleagues (Fukuchi et al., 

2002). The quantitative analysis displays unit cell lengths (a=b=c), cell volume, and      

d spacing of 32-33 (2θ) as shown in Table 4.6. The expansion of unit cell lengths 

(a=b=c) from 3.8829 to 3.8893 Å is due to Fe (larger ionic radius, 0.645 Å) occupying 

in the Ti (smaller ionic radius, 0.605 Å) site of the pseudocubic perovskite structure in 

agreement with the slight shift of 32-33 (2θ), as shown in Figure 4.19(b), as well as the 

unit cell volume has expanded from 58.618 Å3 for BFe0.00 pure ceramics to the 

maximum 58.832 Å3 for BFe10.00 iron doped ceramics. The d spacing of 32-33 (2θ) 

increases with increasing the iron content in the BNT ceramics, as shown in Figure 4.20. 

All the above quantitative results exhibited important changes in the values that due to 

the addition of Fe2O3 in BNT ceramics. 
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Figure 4.19. X-Ray diffraction patterns (a) and Peak positions (2 theta) shifting (b and 

c) for solid-state sintered Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics (x = 0.0000-0.1000). 

 

Table 4.6. Unit cell lengths and volume, d spacing at 32-33 (2θ), and X-ray densities for 

Bi0.5Na0.5Ti1-xFexO3 ceramics (x = 0.0000, 0.0250, 0.0375, 0.0500, 0.0700 and 0.1000). 

Sample 

name 

Unit cell 

lengths 

(a=b=c) Å 

Unit cell 

volume Å3 

d spacing (Å) 

of 32-33 (2θ) 

BFe0.00 3.8846(4) 58.618(10) 2.7468 

BFe2.50 3.8853(3) 58.653(8) 2.7474 

BFe3.75 3.8865(3) 58.704(8) 2.7482 

BFe5.00 3.8870(3) 58.726(7) 2.7485 

BFe7.00 3.8881(3) 58.779(8) 2.7493 

BFe10.00 3.8893(2) 58.832(6) 2.7502 
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Figure 4.20. Unit cell lengths and volume, d spacing at 32-33 (2θ), and X-ray densities 

for Bi0.5Na0.5Ti1-xFexO3 ceramics (x = 0.0000, 0.0250, 0.0375, 0.0500, 0.0700 and 

0.1000). 

4.3.1.1.2. Raman Spectroscopy 

   Figure 4.21 presents Raman spectra for solid-state sintered BNT ceramics 

measured at room temperature with Raman shift from 100 to 1000 cm-1. Raman spectra 

exhibit six peaks for all BNT ceramic samples. Figure 4.21 is divided to two parts: part 

(a) displays Raman spectra for iron doped BNT ceramics measured at Raman shift from 

100 to 1000 cm-1, and part (b) indicates to iron doped BNT ceramics analysed at Raman 

shift from 200 to 350 cm-1.  
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   Figure (4.21(a)) shows room temperature Raman spectra for all samples with six 

peaks. Peaks at lower Raman shifts of 100 cm-1 to 200 cm-1 refer to the A-site cation in 

the ABO3 perovskite structure and are assigned to vibrations of Na-O (Wang, Zhou, & 

Xue, 2006). However, no Bi-O bands are expected to exist. The Bi-O band should be 

allocated at lower than 100 cm-1 Raman shift due to the large mass of Bi, as Wang et al. 

explained (Wang et al., 2006). The results exhibit no large changes with increasing Fe 

content in the Raman spectra for peak A. The second spectral region contains peak B 

located at Raman shifts between 200 cm-1 and 400cm-1, which is assigned to the Ti-O 

bond (A1-symmetry) that shows broad stretching vibration and highest Raman intensity 

(Kreiselt et al., 2000). The third main region centred between 450 cm-1 and 650 cm-1 

contains peaks C and D, which are assigned to TiO6 oxygen octahedra (Bai et al., 2016). 

The two peaks C and D are mainly due to oxygen displacements, as Lidjici et al. 

described (Lidjici et al., 2015), and exhibit broad stretching vibration and lower Raman 

intensity in comparison with peaks A and B (Anthoniappen et al., 2015). The fourth 

region located between 700 cm-1 and 900 cm-1 and peaks F and G are likely to be A1 

(longitudinal optical) and E mode (longitudinal optical) overlapping bands that show 

very broad stretching vibration and lower Raman intensity in comparison with the three 

lower Raman shift regions (Rout et al., 2010). Raman spectra exhibit no significant 

changes upon adding iron at peak B, as shown in Figure 4.21(b). 
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Figure 4. 21. Raman spectra for solid-state sintered Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics (x 

= 0.0000-0.1000).  

4.3.1.1.3. Electron Microscopy 

   Figure 4.22 shows Secondary SEM micro-images for solid-state sintered Fe-BNT 

ceramics measured at room temperature with 32,000x magnification and 5 µm scale.  It 

can be seen that all pure BNT ceramic pellets sintered at 900oC are porous with fine 

grains. Densification and average grain size increase with increasing iron dopant, as 

shown in Figure 4.22.  

   Secondary SEM imaging showed a distribution of grain sizes, which increased 

with increasing Fe content from 200 nm in pure BNT to 5 µm in (x = 0.1) Fe-BNT, as 

shown in Figure 4.22. It can be observed that, with a 900oC sintering temperature, as for 

pure BNT, SEM shows a porous microstructure and small average grain size, and as 

increasing amounts of iron are introduced into the material, the microstructure becomes 
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progressively more densified, with a larger average grain diameter. SEM imaging is 

thus qualitatively in agreement with the relative density measurements of samples 

where x=0 of 69.2% and sample x=0.1, with a relative density of 96.5% at 900oC 

sintering temperature as presented in Table 4.7. 

      

          

      

Figure 4. 22. Secondary SEM images for solid-state sintered Bi0.5Na0.5Ti1-xFexO3-0.5x 

ceramics (x = 0.0000-0.1000).  
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4.3.1.1.4. Density 

    Bulk and relative density results for pure and iron modified BNT ceramics are 

presented in Table 4.7.  

   The relative density results show increasing relative density with increasing iron 

oxide content, as shown in Table 4.7. Lower relative density (69%) occurred for 

undoped BNT ceramics, and then increased reaching a value of about 97% relative 

density for 7mole% Fe-BNT ceramic. Then, the relative density is slightly reduced at 

10mole% Fe-BNT.    

Table 4.7. Relative density results for Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics (x = 0.0000, 

0.0250, 0.0375, 0.0500, 0.0700 and 0.1000). 

Sample names 
Theoretical density 

(g/cm3) 
Bulk density (g/cm3) Relative density (%) 

BFe0.00 5.97 4.13±0 69.2±0 

BFe2.50 5.97 5.47±0.01 91.7±0.1 

BFe3.75 5.97 5.57±0.02 93.3±0.2 

BFe5.00 5.97 5.70±0.03 95.6±0.3 

BFe7.00 5.95 5.81±0.05 97.6±0.5 

BFe10.00 5.94 5.73±0.06 96.5±0.6 

 

4.3.1.1.5. Electrical Properties 

   Figure 4.23 shows hysteresis (P-E) loops and polarisation for all solid-state 

sintered BNT ceramics measured at room temperature, 70kV/cm electric field and 10 

Hz frequency in a bipolar field. Figure 4.23 shows unsaturated and very slim hysteresis 

(P-E) loops for solid-state sintered iron modified BNT ceramics. 

   A significant reduction of remnant polarisation is displayed for iron modified 

bismuth sodium titanate ceramics, compared with high remnant polarisation (38µC/cm2) 

for pure BNT ceramics (Li et al., 2013; Panda & Sahoo, 2015). The ferroelectric 

hysteresis response displays slimmed loops at the applied electric field by adding iron to 

the BNT ceramics. Adding Fe to the BNT ceramics makes the hysteresis loop slimmer 

and significantly decreases both remnant polarisation and coercive field to 1.18μC/cm2 

and 21.92, respectively for sample BFe2.5 at 10Hz and applied field 60kV/cm. BNT 

ceramics doped with Fe contain oxygen vacancies which have been shown to assist 
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electrical breakdown through black spots (leaky or electrically conductive) at 

frequencies lower than 10Hz (Dong et al., 2015; Fujii et al., 2016; Hu et al., 2018; Shi et 

al., 2014; Zhao et al., 2018).  

 

Figure 4.23. Polarisation vs. electric field response at room temperature using bipolar 

measurement for solid-state sintered Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics (x = 0.0000-

0.1000). 

 

4.3.2. Microwave Processing Route 

4.3.2.1. Results and Discussion 

4.3.2.1.1. XRD  

   Figure 4.24 shows a single perovskite phase for all iron-doped BNT ceramics 

measured at room temperature with 2θ ranged from 10 to 80˚. There are three parts into 

Figure 4.24: part (a) shows Fe-BNT ceramics measured at 2θ ranged from 10 to 80˚, 

part (b) corresponds to Fe-BNT ceramics analysed at 2θ ranged from 32 to 33˚, and part 

(c) refers to Fe-BNT ceramics measured at 2θ ranged from 46 to 47˚. 

   At room temperature, X-Ray diffraction (XRD) analysis shows a single 

Rhombohedral perovskite phase for Bi0.5Na0.5TiO3 without any observed secondary 

phases for all MKBFe samples as shown by ICDD powder diffraction file pattern (04-

017-0216) (Chou et al., 2011), as shown in Figure 4.24 (a). Moreover, the pure 

perovskite BNT phase of all microwave sintered Fe-BNT ceramic samples (Figure 
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4.24(a)) shows good agreement with all solid state sintered Fe-BNT ceramic samples 

(Figure 4.19(a)). There is a clear shift to lower angles is presented with the addition of 

Fe to BNT as presented in Figure 4.24 (c) for the peak at approximately 46.6˚2θ. This 

clear shift is due to the fact that Fe3+ has a larger ionic radius (Shannon, 1976) (0.645 Å) 

than Ti4+ (0.605 Å) on the B-site of Fe-BNT perovskite ceramics. 

 

Figure 4.24. X-Ray diffraction patterns (a) and Peak positions (2 theta) shifting (b and 

c) for microwave sintered Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics (x = 0.0000-0.1000). 

 

4.3.2.1.2. Raman Spectroscopy 

   Figure 4.25 shows Raman results for microwave sintered BNT ceramics analysed 

at room temperature with Raman shift ranged from 100 to 1000 cm-1. Raman spectra 
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reveal six peaks for all BNT ceramic samples, as shown. Figure 4.25 is divided into two 

parts: part (a) corresponds to iron modified BNT ceramics measured at Raman shift 

ranged from 100 to 1000 cm-1, and part (b) shows iron doped BNT ceramics analysed at 

Raman shift ranged from 200 to 350 cm-1.  

   At room temperature, Raman spectra (Figure 4.25(a)) detect six main peaks for 

four bands in the Raman shift range of 100-1000 cm-1 for all MKBFe ceramic samples, 

in good agreement with Zannen et al (Zannen et al., 2012). It can be observed that the 

first spectrum corresponds to the peak A at lower Raman shifts of 100 cm-1 to 200 cm-1 

is a bending vibrational mode of the A-site cation in the ABO3 perovskite structure and 

is identified in vibrations of Na-O, as reported by Parija group (Parija et al., 2012). On 

the other hand, The Bi-O band expected to be placed at lower than 100cm-1 Raman shift, 

due to the large mass of Bi, as Wang group reported (Wang et al., 2006). The second 

spectrum observed at peak B shows strong Raman intensity located at Raman shifts 

between 200 cm-1 and 400cm-1, which is attributed to the Ti-O band (A1-symmetry) that 

exhibits broad stretching vibration (Kreiselt et al., 2000). However, it can be seen for 

the second peak B position, Raman spectra exhibit no shifts with the substitution of Fe-

O in the same site of Ti-O of perovskite structure, as shown in the Fig. 4.25(b). The 

third main region contains peaks C and D between 450 cm-1 and 650cm-1, which is 

assigned to TiO6 oxygen octahedra (Bai et al., 2016). The third region displays broad 

stretching vibration and lower Raman intensity in comparison with peaks A and B 

(Anthoniappen et al., 2015). The fourth region placed between 700 cm-1 and 900cm-1 

and peaks F and G are likely to be A1 (longitudinal optical) and E mode (longitudinal 

optical) overlapping bands that present very broad stretching vibration and lower 

Raman intensity in comparison with the three lower Raman shift regions (Rout et al., 

2010). 
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Figure 4. 25. Raman spectra for microwave sintered Bi0.5Na0.5Ti1-xFexO3 ceramics (x = 

0.0000-0.1000).  

4.3.2.1.3. Electron Microscopy 

   Figure 4.26 shows Secondary SEM micrographs for solid-state sintered Fe-BNT 

ceramics measured at room temperature with 32,000 x magnification and 5 µm scale.  

Porous with fine grains were obtained for pure BNT ceramics sintered at 20 min 

microwave sintering time. Densification and average grain size increase with increasing 

iron content, as shown in Figure 4.26.  

Secondary SEM micrographs show a distribution of grains size for all 

microwave sintered iron doped BNT (MKBFe) ceramics, as shown in Figure 4.26. It is 

seen that, inhomogeneous grain size distribution is obtained for all MKBFe ceramic 

samples; in addition to increases of grain sizes from (100 nm) to (4 µm) for the 
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microwave sintered ceramics MKBFe0.00 and MKBFe10.00, respectively. Very fine 

grains were obtained for pure BNT ceramics microwave sintered with 20 mins sintering 

time. Also, the growth of grains was significantly increased in average grain diameter 

and the microstructure becomes progressively more densified, with increasing additions 

of iron.  

      

      

      

Figure 4. 26. Secondary SEM images for microwave sintered Bi0.5Na0.5Ti1-xFexO3-0.5x 

ceramics (x = 0.0000-0.1000).  



Chapter Four| Pure and Iron Doped Bismuth Sodium Titanate Ceramics and 

Glasses  

Page 100 

  

4.3.2.1.4. Density 

    Table 4.8 presents the dependence of bulk and relative density of microwave 

sintered iron doped BNT ceramics as a function of iron dopant, which are microwave 

sintered at 20 mins microwave sintering time. The very low relative density 

(approximately 84%) has obtained for Pure BNT, and the relative density increased with 

increasing iron oxide content, reaching a maximum value of approximately 98% relative 

density for 7mole% Fe-BNT ceramic, then the relative density is slightly reduced at 

10mole% Fe-BNT.   

Table 4.8. Relative density results for microwave sintered Bi0.5Na0.5Ti1-xFexO3-0.5x 

ceramics (x = 0.0000, 0.0250, 0.0375, 0.0500, 0.0700 and 0.1000).  

Sample Names 
Theoretical density 

(g/cm3)  
Bulk density (g/cm3) Relative Density (%) 

MKBFe0.00 5.97 5.06± 0.00 84.5 ± 0.0 

MKBFe2.50 5.97 5.08± 0.01 85.1 ± 0.1 

MKBFe3.75 5.97 5.65± 0.02 94.8 ± 0.2 

MKBFe5.00 5.97 5.80± 0.03 97.4 ± 0.3 

MKBFe7.00 5.95 5.84± 0.05 98.1 ± 0.5 

MKBFe10.00 5.94 5.81± 0.06 97.7 ± 0.6 

 

 

4.3.2.1.5. Electrical Properties 

   Figure 4.27 shows hysteresis (P-E) loops and polarisation of microwave sintered 

BNT ceramics measured at room temperature, 70kV/cm electric field and 10 Hz 

frequency in a bipolar field. It can be observed that Figure 4.27 shows slimmed 

hysteresis (P-E) loops for microwave sintered iron doped BNT ceramics. 

   A major reduction of remnant polarisation is presented for all MKBFe ceramic 

samples, compared with high remnant polarisation (38µC/cm2) for pure BNT ceramics 

(Li et al., 2013; Panda & Sahoo, 2015). The ferroelectric hysteresis response displays 

linear dielectric P-E hysteresis loops for MKBFe (x=3.75-7.00), which is suitable for 

the high energy storage (Patel, Chauhan, & Vaish, 2014), then a clear change to 

slimmed P-E hysteresis loops is shown by adding 10mol%Fe to the microwave sintered 

BNT ceramic (Tan et al., 2009). Adding iron to the BNT ceramics made the P-E loop 
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slimmer, and it significantly decreases the remnant polarisation to 0.68 μC/cm2 for 

microwave sintered ceramic MKBFe10.00 at 10Hz and applied field 60kV/cm. The 

absence of P-E hysteresis loops for the microwave sintered ceramic MKBFe2.50 at 

frequencies lower than 10Hz, is due to electrical breakdown (leaky or electrically 

conductive), possibly resulting from oxygen vacancies generated from partial 

substitution of Fe3+ by Ti4+ on the B-site of the BNT perovskite structure (Dong et al., 

2015; Fujii et al., 2016; Hu et al., 2018; Shi et al., 2014; Zhao et al., 2018). 

 

 

Figure 4.27. Polarisation vs. electric field response at room temperature using bipolar 

measurement for solid-state sintered Bi0.5Na0.5Ti1-xFexO3 ceramics (x = 0.0000-0.1000). 

 

4.4. Conclusions  

   Pure bismuth sodium titanate (BNT) ceramics were successfully produced using 

solid state and microwave sintering processing routes; however, it was difficult to 

produce single phase BNT using the silicate glass ceramic melt processing route, due to 

partial crystallisation of all silicate glasses to form Ti2Bi2O7. The relative density shows 

a maximum value of 94.1% of the theoretical density for pure microwave sintered BNT 

ceramics, in comparison with these of 94.6% of the theoretical density for pure solid-

state sintered BNT ceramics, on the other hand, the bulk density increased with 

increasing Bi2O3, Na2O and TiO2 contents and reducing SiO2. SEM imaging showed 

enhanced densification of ceramic specimens via increasing sintering temperatures 

-4

-3

-2

-1

0

1

2

3

4

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

P
o
la

ri
sa

ti
o
n

 (
μ

C
/c

m
2
)

Applied Field (kV/cm)

MKBFe10.00

MKBFe7.00

MKBFe5.00

MKBFe3.75



Chapter Four| Pure and Iron Doped Bismuth Sodium Titanate Ceramics and 

Glasses  

Page 102 

  

(solid-state sintering processing) and microwave sintering time (microwave sintering 

one), also, showing a higher average grain size of approximately 2 µm and 900 nm for 

solid-state sintering and microwave sintering processing routes, respectively. On the 

other hand, SEM imaging showed the presence of grains on the surfaces of BNT silicate 

glassy samples indicating partial crystallisation of the samples. The saturated hysteresis 

(P-E) loops for samples prepared at higher sintering temperatures (1075-1100oC, solid-

state sintering processing) and time (25 mins, microwave sintering processing), showed 

similar remnant polarization of 42.2µC/cm2 for microwave sintered BNT (named as 

MKB700, 25) ceramics and 40µC/cm2 identified for solid-state sintered BNT (named as 

B700, 1100) ceramics. The butterfly S-E loops shape for samples prepared at higher 

sintering temperatures (1050-1100oC, solid-state sintering processing) and time (25 

mins, microwave sintering processing), and produced strain%  of ca 0.083% stated for 

microwave sintered BNT (named as MKB700, 25) ceramics and approximately 0.08% 

exhibited for solid-state sintered BNT (named as B700, 1100) ceramics. 

   Iron-doped bismuth sodium titanate (Fe-BNT) ceramics were successfully 

produced using two processing routes; conventional solid state processing and novel 

microwave processing. Partial replacement of Ti4+ by Fe3+ on the B-site of the BNT 

perovskite structure enabled lower sintering temperatures of 900oC and microwave 

sintering time of 20 mins whilst enhancing the densification to up to 97% of relative 

density. Iron concentrations ranged from x = 0.0 to x = 0.1 according to the formula 

Bi0.5Na0.5Ti1-xFexO3-0.5x. XRD analysis showed pure perovskite BNT phase for all 

studied Fe dopant levels. SEM imaging showed smaller average grain diameter of 

approximately 200 nm to 4 µm for microwave sintered Fe-BNT ceramics, in 

comparison with approximately 1-4 µm for solid-state Fe-BNT ceramics. Iron doping 

produced slimmed P-E hysteresis loops with relaxor and non-ferroelectric property. In 

conclusion, the addition of iron enables a significant reduction in sintering temperatures 

for solid-state sintered BNT ceramics, and in microwave sintering time for microwave 

sintered Fe-BNT ceramics, whilst enhancing relative density, but this is accompanied by 

reductions in the remnant polarisation, coercive field, and the ferroelectric properties of 

Fe-BNT. 

As discussed above the main results for BNT and iron doped BNT ceramics prepared by 

solid-state sintering and microwave sintering processing. The larger average grains size 

for ceramics prepared by solid-state processing, appeared in the long hold sintering time 
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to give enough time for grains growth and that leading to increase the densification with 

shown higher relative density. At lower sintering temperature, XRD results shows broad 

peaks due to the smaller crystallite size.  
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Chapter Five 

 Pure and Iron Doped Potassium Sodium Niobate 

Ceramics and Glass-Ceramics 

5.1. Introduction 

   Chapter Five considers the pure and iron-doped KNN ceramics prepared by three 

different processing routes: conventional solid-state sintering processing, microwave 

sintering processing and melt processing, as shown in Figure 5.1.   

   A microwave sintering processing has been successfully used to manufacture 

microwave sintered KNN ceramics as an alternative method to replace solid-state 

sintering processing, with three motivations: reducing sintering time and energy 

consumption, and use of a low-cost microwave oven in comparison with a conventional 

furnace. A melt processing route has been studied to attempt to prepare potassium 

sodium niobium glass-ceramics as an alternative process to replace solid-state sintering 

processing for three reasons: reducing the processing steps, processing time and 

manufacturing KNN borosilicate glass and glass-ceramic fibres with potential for 

sensing and actuating applications. A traditional solid-state sintering processing route 

has been used as a baseline to enable comparison of results. 
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Figure 5.1. Overview of pure and iron-doped potassium sodium niobate ceramics and 

glass-ceramics (Chapter Five). 

Introduction 

Pure and Iron doped Potassium Sodium Niobate Ceramics and Glass-Ceramics 

Results 

 

Potassium Sodium Niobate 

Solid-State 

Sintering 

Processing 

Microwave 

Sintering 

Processing 

Melt Processing 

Results 

 

Results 

 

Results 

 

Potassium Sodium 

Niobium Silicate 
Potassium Sodium 

Niobium Borate 

Discussion 

Iron-Doped Potassium Sodium Niobate 

Results 

 

Discussion 

Solid-State 

Sintering 

Processing 

Conclusions 

Results 

 

Potassium Niobium 

Borate 

Results 

 

Potassium Sodium 

Niobium Borosilicate 

Results 

 

Potassium Sodium 

Niobium Borosilicate 

Fibres 



Chapter Five| Pure and Iron Doped Potassium Sodium Niobate Ceramics and Glass-

Ceramics  

Page 106 

  

5.2. Pure Potassium Sodium Niobate Ceramics and Glass-Ceramics 

5.2.1. Solid State Sintering Processing 

5.2.1.1. Results and Discussion 

5.2.1.1.1. XRD 

   Figure 5.2 shows XRD results for all solid-state sintered KNN ceramics analysed 

at room temperature with an angle (2θ) ranged from 10 to 80. All XRD results show a 

single phase K0.5Na0.5NbO3 (04-017-0216) with the orthorhombic structure for All KNN 

ceramic samples. There are two parts to Figure 5.2: part (a) shows XRD patterns for 

KNN ceramics prepared with 700oC/4h calcination conditions and different sintering 

conditions (1000, 1050, 1075, 1100oC/2h), and part (b) presents XRD patterns for KNN 

ceramics synthesised with 800oC/4h calcination conditions and different sintering 

conditions (1000, 1050, 1075, 1100oC/2h).  

   XRD results show that all solid-state sintered KNN ceramic samples consisted of a 

single perovskite K0.5Na0.5NbO3 phase, as anticipated. No any of secondary phases are 

observed, as shown in Figure 5.2. XRD patterns for the pure solid-state sintered KNN 

ceramics are consistent with ICDD no 04-017-0216, with no changes in the peak 

positions or shapes (Figure 5.2 (c) and (d)), which is consistent with the orthorhombic 

structure at room temperature. The peak splitting identified between 45 and 47 o2θ as 

two peaks, indicates homogeneous solid solution and orthorhombic structure of KNN 

ceramics, (Rani, Yadav, & Prakash, 2012; Chaiyo et al., 2009; Ramajo, Taub, & Castro, 

2014). XRD results related to the orthorhombic structure at room temperature are 

consistent with previous studied of Jean and group (Jean et al., 2018), Ramajo and 

group (Ramajo et al., 2014), Agustinawati and group (Agustinawati, Isnaini, & 

Suasmoro, 2017) and Nuraini and group (Nuraini et al., 2018). 
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Figure 5.2. X-Ray diffraction patterns for solid sintered KNN ceramics with (a) 

700oC/4h calcination temperature/time and (b) 700oC/4h calcination temperature/time, 

and different sintering temperatures/time as shown. Peak position (2 theta) shifting (c 

and d) for solid-state sintered K0.5Na0.5NbO3 ceramics. 
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5.2.1.1.2. Raman Spectroscopy 

Figure 5.3 shows Raman results applied for solid-state sintered KNN ceramics analysed 

at room temperature with Raman shift from 100 to 1000 cm-1. Raman spectra have four 

regions with eight bands for all KNN ceramic samples. Figure 5.3 is divided into two 

parts, part (a) shows Raman spectra for KNN ceramics manufactured with 700oC/4h 

calcination temperature/time and different sintering temperatures/time (1000, 1050, 

1075, 1100oC/2h), and part (b) shows Raman spectra for KNN ceramics prepared with 

800oC/4h calcination temperature/time and different sintering temperatures/time (1000, 

1050, 1075, 1100oC/2h).  

   All main sharp peaks are marked as v1 to v6 and show vibrational modes, 

consistent with NbO6 octahedra. The vibrational stretching modes assigned as v1 to v3 

which are shown at higher Raman shift (300 and 800 cm-1) and the vibrational bending 

modes assigned as v4 to v6 which are displayed at lower Raman shift (150 and 300 cm-1) 

(Wang et al., 2016; Wu et al., 2014). The Raman spectra shown in Figure 5.3, are 

consistent with perovskite K0.5Na0.5TiO3 structure as reported by Lingfei and group 

(Lingfei et al., 2009) and Singh and group (Singh et al., 2013). A shoulder noted as v1 

and v2 vibrational modes indicates the orthorhombic phase (Yan et al., 2018), and the v6 

vibrational mode identified on the beginning of shoulder underneath v5 vibrational mode 

(less than 200 cm-1), could be assigned as translational mode of K+ cation and rotations 

of the NbO6 octahedron (Singh et al., 2013). Moreover, the very weak peak at 130 cm-1 

could be matched to the Na+/K+ cations versus rotation of NbO6 octahedra (Liu et al., 

2013). The association of v1 and v5 (Nb2O5) vibrational modes for the peak in between 

800 and 900 cm-1, indicates the nonexistence of cubic phase of pure KNN perovskite 

structure (Chen et al., 2018; Yan et al., 2018).  
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Figure 5.3. Raman spectrum for solid sintered KNN ceramics with (a) 700oC/4h 

calcination temperature/time and (b) 700oC/4h calcination temperature/time, and 

different sintering temperatures/time as shown. 

 

5.2.1.1.3. Electron Microscopy 

   Figure 5.4 shows Secondary SEM micrographs for solid-state sintered KNN 

ceramic samples measured at room temperature with 8,000x magnification and 20 µm 

scale. It can be observed that small grains are detected for solid-state sintered KNN 

ceramics manufactured at the 1000oC/2h sintering temperature, and then the average 

grain size increases with increasing sintering temperature, as shown in Figure 5.4. 
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   SEM images show irregular grains shapes and inhomogeneous grain size 

distributions for all solid-state sintered KNN ceramics, made with different calcination 

temperatures (700 and 800oC) and sintering temperatures (1000, 1050, 1075 and 

1100oC), as shown in Figure 5.4. The average grain size of solid-state sintered KNN 

ceramics increased from approximately 600 nm to ca 5 µm with increasing sintering 

temperature from 1000 to 1100oC, respectively. SEM images show separated grains 

obtained at a lower sintering temperature of 1000oC, and then the grains agglomerated 

and may have potentially melted to give flat areas with no clear grain boundaries at 

higher sintering temperatures of 1050-1100oC, maybe that due to the lower melting 

temperature of alkalis (Na2O and K2O). The higher average grains size of about 5 µm 

displays geed agreement with 5 µm grains presented by Alkoy and Berksoy-Yavuz 

(Alkoy & Berksoy-Yavuz, 2012) and larger than 3 µm grains reported by Ponraj and 

Varma (Ponraj & Varma, 2016). On the other hand, this is smaller than 8 µm grains 

reported by Byun and colleagues (Byun et al., 2018), for pure KNN ceramics. 
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Figure 5.4. Secondary SEM images for solid-state sintered KNN ceramics with different calcination temperatures and sintering temperatures. 
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5.2.1.1.4. Density 

   Table 5.1 shows bulk and relative density results for all solid-state sintered KNN 

ceramic samples manufactured with different calcination and sintering temperatures.  

   The relative density increases with increasing sintering temperature of solid-state 

sintered KNN ceramics, as shown in Table 5.1. The lower relative density of 

approximately 69% of theoretical density, at 1000oC sintering temperature of solid-state 

sintered KNN (K800, 1000) ceramic calcined at 800 oC, increased to a maximum 

relative density of approximately 91% of theoretical density, at higher 1100oC sintering 

temperature of solid-state sintered KNN (K700, 1100) ceramic calcined at 700oC. The 

density results show a constant difference between samples calcined at 700oC and those 

calcined at 800oC, which is due to that the samples calcined at different calcination 

temperatures have sintered at the same sintering temperature, presenting close 

difference at each sintering temperature. The maximum relative density (approximately 

91% of theoretical density) is greater than 84% of theoretical density (Agustinawati, 

Isnaini, & Suasmoro, 2017), however, it is clearly lower than those of about 94% and 

98% of theoretical density (Lopez-Juarez et al., 2015) and (He et al., 2013) respectively, 

obtained by other researchers for pure KNN ceramics. 

 

Table 5.1. Bulk and relative density results for solid-state sintered K0.5Na0.5NbO3 

ceramics. 

Sample 

names 

Bulk 

density 

(g/cm3) 

Relative 

density (%) 

Sample 

names 

Bulk 

density 

(g/cm3) 

Relative 

density (%) 

K700, 1000 3.30±0.01 73.4±0.1 K800, 1000 3.14±0.01 69.6±0.1 

K700, 1050 3.75±0.01 83.5±0.1 K800, 1050 3.56±0.01 79.4±0.1 

K700, 1075 3.89±0.01 86.5±0.1 K800, 1075 3.84±0.01 85.5±0.1 

K700, 1100 4.09±0.01 91.2±0.1 K800, 1100 4.07±0.01 90.7±0.1 

 

5.2.1.1.5. Electrical Properties 

   Figure 5.5 presents hysteresis (P-E) loops, and polarisation for all solid-state 

sintered KNN ceramics analysed at room temperature, 70kV/cm electric field and 1 Hz 

frequency in a bipolar field. It can be seen, Figure 5.5 contains two parts, part (a) refers 

to solid-state sintered KNN ceramics manufactured with 700oC/4h calcination 
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temperature and different sintering temperatures (1000, 1050, 1075, 1100oC/2h), and 

part (b) corresponds to solid-state sintered KNN ceramics prepared with 800oC/4h 

calcination temperature and various sintering temperatures (1000, 1050, 1075, 

1100oC/2h). Saturated hysteresis P-E loops are observed at a higher 1100oC sintering 

temperature for all KNN ceramic samples.  

   Hysteresis loop shape can be affected by sintering temperature resulting from 

densification and higher relative density. At higher sintering (1100oC) temperature and 

relative density (approximately 91% of theoretical density), the ideal hysteresis loop 

shape was detected, indicating the existence of ferroelectric bahaviour. However, at low 

sintering (1075oC) temperature and relative density (approximately 86% of theoretical 

density), a lemon hysteresis loop shape was onbtained indicating high conductivity, 

which is attributed to current leakage, resulting from the greater porosity (Kang et al., 

2011; Wiegand et al., 2012). On the other hand, the absence of hysteresis loops for 

lower sintering (less than 1050oC) temperature ceramics, relative density less than 83% 

of theoretical density, is due to current loss through pores (current leakage), 

corresponding to the high porosity and low density (Wiegand et al., 2012, Woo et al., 

2017). The remnant polarization of approximately 33 µC/cm2 for K700, 1100 ceramics 

exhibits an excellent enhancement in comparison with 26µC/cm2 (Tian & Du, 2014) 

and 10µC/cm2 (Ponraj & Varma, 2016); however, it is similar to 33 µC/cm2 (Alkoy & 

Berksoy-Yavuz, 2012), for pure KNN ceramics. 
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Figure 5.5. Polarisation vs electric field response at room temperature and 1Hz 

frequency using the bipolar measurement of solid sintered KNN ceramics with (a) 

700oC/4h calcination temperature and (b) 700oC/4h calcination temperature, and 

different sintering temperatures as presented. 

   Figure 5.6 shows strain-electric field (S-E) loops of all solid-state sintered KNN 

ceramics investigated at room temperature, 70kV/cm electric field and 1 Hz frequency 

in a bipolar field. It can be observed, there are two parts presented in Figure 5.6: part (a) 

relates to solid-state sintered KNN ceramics made with 700oC/4h calcination 

temperature and different sintering temperatures (1000, 1050, 1075, 1100oC/2h), and 

part (b) indicates to solid-state sintered KNN ceramics prepared with 800oC/4h 

calcination temperature and various sintering temperatures (1000, 1050, 1075, 

1100oC/2h).  It can be seen that the butterfly P-E loops with lower and maximum 

strain% were obtained for lower 1075oC and 1100oC sintered BNT ceramics, 

respectively. 
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   The maximum strain increased from approximately 0.036% to 0.06%, with 

increasing sintering temperatures from 1075 to 1100oC and relative density from 

approximately 86% to 91% of the theoretical density. The typical butterfly shape of S-E 

loops shows ferroelectric behaviour (Priya & Nahm, 2011). However, the absence of 

strain vs electric field (S-E) loops for lower sintering (less than 1050oC) temperature 

and relative density (less than 83% of theoretical density), is due to current leakage. The 

maximum strain of approximately 0.06% shows good enhancement in comparison with 

0.05% (Du et al., 2017), however, it is less than other obtained values of 0.012% 

(Dahiya, Thakur, & Juneja, 2013), 0.09% (Palei, Sonia, & Kumar, 2012) and 0.08% 

(Matsubara, Yamaguchi, Kikuta, & Hirano, 2005).  

 

 

Figure 5.6. Electric field induced strain at room temperature and 1Hz frequency using 

the bipolar measurement of solid-state sintered KNN ceramics with (a) 700oC/4h 

calcination temperature and (b) 700oC/4h calcination temperature, and different 

sintering temperatures.  
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5.2.2. Microwave Processing Route 

5.2.2.1. Results and Discussion 

5.2.2.1.1. XRD 

   XRD patterns in Figure 5.7 shows pure perovskite phase for all microwave 

sintered KNN ceramics measured at room temperature for XRD angle (2θ) ranged from 

10 to 80. There are two parts presented in Figure 5.7: part (a) relates to microwave 

sintered KNN ceramics manufactured with 700oC/4h calcination temperature and 

different sintering time (10, 15, 20, 25mins), and part (b) shows microwave sintered 

KNN ceramics prepared with 800oC/4h calcination temperature and different 

microwave sintering times (10, 15, 20, 25mins).  

   XRD results show that all microwave sintered KNN ceramic specimens have pure 

perovskite K0.5Na0.5NbO3 phase, as expected, with no observed of secondary phases, as 

presented in Figure 5.7. XRD results are in good agreement with ICDD no 04-017-0216, 

with no changes in the peaks shifting and shapes (Figure 5.7 (c) and (d)), which 

indicates the orthorhombic structure at room temperature. The peak splitting identified 

between 45 and 47 o2θ to two peaks, showing homogeneous solid solution and 

orthorhombic structure of KNN ceramics, (Rani, Yadav, & Prakash, 2012; Chaiyo et al., 

2009; Ramajo, Taub, & Castro, 2014). The XRD results are in good agreement with the 

previous studies of Jean et al. (Jean et al., 2018), Ramajo and group (Ramajo et al., 

2014), Agustinawati and group (Agustinawati et al., 2017) and Nuraini and group 

(Nuraini et al., 2018). In addition, the XRD results for microwave sintered KNN 

ceramics are consistent with those of solid-state sintered KNN ceramics, as presented in 

Figure 5.7 and Figure 5.2, respectively. 

   XRD results of pure microwave and solid-state sintered KNN ceramics exhibit no 

changes in the peak position and peak shape for a strong peak identified between 31 and 

33 degree, which shows a good consistent with orthorhombic structure corresponding to 

ICDD no 04-017-0216, for KNN ceramics manufactured by microwave and solid-state 

sintering processing, as shown in Figure 5.8. 
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Figure 5.7. X-Ray diffraction patterns for microwave sintered KNN ceramics with (a) 

700oC/4h calcination temperature and (b) 700oC/4h calcination temperature, and 

different sintering times as shown. 
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Figure 5.8. X-Ray diffraction patterns for microwave and solid-state sintered KNN 

ceramics with peak position (2 theta) shifting. 

5.2.2.1.2. Raman Spectroscopy 

   Figure 5.9 shows Raman results for microwave sintered KNN ceramics measured 

at room temperature with Raman shift ranged from 100 to 1000 cm-1. Raman spectra are 

presented as four regions with eight bands for all microwave sintered KNN ceramics. 

Figure 5.9 contains two parts; part (a) shows KNN prepared with 700oC/4h calcination 

temperature and different sintering times (10, 15, 20, 25mins), and part (b) shows 

microwave sintered KNN ceramics manufactured with 800oC/4h calcination 

temperature and different sintering times (10, 15, 20, 25mins). 

   Raman spectra exhibited three strong regions between 150 and 1000 cm-1 Raman 

shift and one weak peak between 100 and 150 cm-1 at room temperature, for all 

microwave sintered KNN ceramics samples, as shown in the Figure 5.9. The strong 

regions contain sharp peaks that marked as v1 to v6, which are assigned to vibrational 

modes relating to NbO6 octahedra. The region situated between 300 and 800 cm-1 

corresponds to v1 to v3 modes. The vibrational bending modes are low Raman shift, for 

example the region between 150 and 300 cm-1 showing v4 to v6 modes (Wang et al., 

2016; Wu et al., 2014). The ideal Raman spectra are presented in Figure 5.8, confirming 

the presence of typical perovskite K0.5Na0.5TiO3 structure as reported by Lingfei and 

group (Lingfei et al., 2009) and Singh and group (Singh et al., 2013). An orthorhombic 

phase is demonstrated through a shoulder observed between the v1 and v2 vibrational 

modes (Yan et al., 2018). A translational mode of the K+ cation and rotations of the 

NbO6 octahedra can be assigned at lower energy (less than 200 cm-1), which is located 
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at a v6 vibrational mode placed on a shoulder underneath the v5 vibrational mode (Singh 

et al., 2013). The weak peak formed between 100 and 150 cm-1 can be assigned to 

Na+/K+ cations versus rotation of NbO6 octahedron (Liu et al., 2013). The Raman 

spectra show the absence of cubic phase of pure KNN perovskite due to the formation a 

peak located between 800 and 900 cm-1 assigned to an association of v1 and v5 (Nb-O) 

vibrational modes (Chen et al., 2018; Yan et al., 2018). Good agreement is presented for 

Raman results for microwave sintered KNN and solid-state sintered KNN ceramics, due 

to the existence of orthorhombic phase in the ceramic structure, as shown in Figure 5.9 

and Figure 5.3, respectively. 

 

 

Figure 5.9. Raman spectrum for microwave sintered KNN ceramics with (a) 700oC/4h 

calcination temperature and (b) 700oC/4h calcination temperature, and different 

sintering temperatures as shown. 
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5.2.2.1.3. Electron Microscopy 

Figure 5.10 shows secondary SEM micrographs for microwave sintered KNN ceramics 

analysed at room temperature with 8000x magnification and 20 µm scale. Smaller 

grains are present for microwave sintered KNN ceramics prepared at a shorter sintering 

time of 10mins, and then grains become larger with increasing sintering time, as shown. 

   The SEM technique has been used to investigate the microstructure of microwave 

sintered KNN ceramics, showing inhomogeneous size distribution for each sample, as 

shown in Figure 5.9. The average grain size increases from approximately 200 nm to 

approximately 3 µm with increasing the microwave sintering time from 10 to 25 mins. 

SEM images show the separate grains are achieved at lower microwave sintering time 

of 10 mins, and then the grains agglomerated and melting occurs to generate flat areas 

without boundaries at higher microwave sintering time of 15-25 mins, possibly resulting 

from increasing microwave heating temperature with increasing microwave sintering 

time, as presented in Figure 5.9. The densification level in the SEM micrographs 

demonstrates qualitative agreement with the relative density of microwave sintered 

KNN ceramic pellets sintered at the different microwave sintering times. This shown by 

rous ceramics with smaller grain sizes with lower relative density (approximately 69% 

of theoretical density) and more densified ceramics with larger grain sizes showing 

higher relative density (approximately 91% of theoretical density), sintered at 

microwave sintering times of 10 to 25 mins respectively, as shown in Figure 5.9 and 

Table 5.2. The higher average grain size of approximately 3 µm in the current work 

displays good agreement with the previous study of 3 µm (Ponraj & Varma, 2016), 

however, it is smaller than the 5 µm presented in the present chapter for solid-state 

sintered KNN ceramics, ones presented by Alkoy and Berksoy-Yavuz (Alkoy & 

Berksoy-Yavuz, 2012) and 8 µm (Byun et al., 2018), for pure KNN ceramics. 
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Figure 5.10. Secondary SEM images for microwave sintered KNN ceramics with different calcination temperatures and sintering temperatures, as 

shown.
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5.2.2.1.4. Density 

   Table 5.2 presents relative density results for all microwave sintered KNN 

ceramics prepared with different calcination and microwave sintering times. 

   The relative density of microwave sintered KNN ceramics increases with 

increasing sintering time (Table 5.2). As can be anticipated, the lower relative density of 

approximately 68% of theoretical density occurs at lower 10 mins microwave sintering 

time (MKK700, 10) ceramic calcined at 700oC, and higher relative density of 

approximately 92% of theoretical density occurs at the upper 25 mins microwave 

sintering time (K700, 1100) ceramic calcined at 700oC. The higher relative density 

(approximately 90.6% of theoretical density) demonstrates good improvement in 

comparison with those of approxitely 84% of theoretical density reported by 

Agustinawati and group (Agustinawati, Isnaini, & Suasmoro, 2017), however, it is 

lower than those of 91.2 %, 94% and 98% as presented in Table 5.1 (K700, 1000), from 

Lopez-Juarez and group (Lopez-Juarez et al., 2015) and He and group report (He et al., 

2013) respectively, for pure solid-state sintered KNN ceramics. 

 

Table 5.2. Relative density results of microwave sintered KNN ceramics with different 

calcination and sintering temperatures, as presented. 

Sample names 

Bulk 

density 

(g/cm3) 

Relative 

density 

(%) 

Sample names 

Bulk 

density 

(g/cm3) 

Relative 

density 

(%) 

MKK700, 10 3.06±0.01 68.2±0.1 MKK800, 10 3.18±0.01 70.8±0.1 

MKK700, 15 3.61±0.01 80.3±0.1 MKK800, 15 3.66±0.01 81.4±0.1 

MKK700, 20 3.97±0.01 88.4±0.1 MKK800, 20 3.88±0.01 86.4±0.1 

MKK700, 25 4.07±0.01 90.6±0.1 MKK800, 25 4.06±0.01 90.5±0.1 

 

5.2.2.1.5. Electrical Properties 

Figure 5.11 presents hysteresis (P-E) loops of microwave sintered KNN 

ceramics measured at room temperature, 40kV/cm electric field and 1 Hz frequency in a 

bipolar field. It can be observed that Figure 5.11 is divided into two parts: part (a) 

shows microwave sintered KNN ceramics manufactured with 700oC/4h calcination 

temperature and different microwave sintering times (10, 15, 20, 25mins), and part (b) 

shows microwave sintered KNN ceramics prepared with 800oC/4h calcination 
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temperature and various microwave sintering times (10, 15, 20, 25 mins). It is observed 

that the saturated hysteresis P-E loops are detected at longer microwave sintering time 

of 25 mins for all microwave sintered KNN ceramics.  

   The hysteresis loop shape can be affected by microwave sintering time, 

densification and higher relative density. The ideal hysteresis loop shape indicating 

ferroelectricity behaviour occurs at higher microwave sintering (25 mins) time and 

relative density (higher than approximately 90% of theoretical density). On the other 

hand, a lemon-shaped hysteresis loop corresponding to high conductivity occurs at low 

microwave sintering (20 mins) time and relative density (less than approximately 88% 

of theoretical density). Hysteresis loops were not observed at lower microwave sintering 

(less than 15 mins) time and relative density (less than 82% of theoretical density), due 

to passing current through pores in the KNN samples (current leakage), and leakage 

resulting from oxygen vacancies (Wiegand et al., 2012, Woo et al., 2017). The higher 

remnant polarization of approximately 17 µC/cm2 for MKK800, 25 ceramics shows 

improvement comparing with 10µC/cm2 (Ponraj & Varma, 2016), however it is less 

than 33 µC/cm2 for K700, 1100 ceramics and 26µC/cm2 (Tian & Du, 2014), for pure 

KNN ceramics. 
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Figure 5.11. Polarisation vs electric field response at room temperature and 1Hz 

frequency using the bipolar measurement of microwave sintered KNN ceramics with (a) 

700oC/4h calcination temperature and (b) 700oC/4h calcination temperature, and 

different sintering temperatures. 

   Figure 5.12 presents strain-electric field (S-E) loops for microwave sintered KNN 

ceramics analysed at room temperature, 40kV/cm electric field and 1 Hz frequency in a 

bipolar field. Figure 5.12 contains two parts: part (a) shows microwave sintered KNN 

ceramics made with 700oC/4h calcination temperature and different microwave 

sintering times (10, 15, 20, 25mins), and part (b) shows microwave sintered KNN 

ceramics prepared with 800oC/4h calcination temperature  and  various  microwave  

sintering  times (10, 15, 20, 25 mins).  The butterfly P-E loops shown at lower and 

maximum strain% are obtained at 20 and 25 mins of microwave sintered KNN ceramics, 

respectively. 
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   The maximum strain increased from approximately 0.052% to 0.075% with 

increasing microwave sintering time from 20 to 25 mins. The typical butterfly S-E loop 

shape, indicating ferroelectric behaviour is shown for microwave sintered KNN 

ceramics sintered at 20 and 25 mins (Priya & Nahm, 2011). On the other hand, S-E 

loops do not appear for lower microwave sintering (less than 15 mins) time and relative 

density (less than 82% of theoretical density), due to current leakage. The maximum 

strain of approximately 0.075% for MKK700, 25 ceramics shows good improvement 

compared with 0.06% for K700, 1100 ceramics and 0.05% (Du et al., 2017), however, it 

is less than 0.012% (Dahiya, Thakur, & Juneja, 2013), 0.09% (Palei, Sonia, & Kumar, 

2012) and 0.08% (Matsubara, Yamaguchi, Kikuta, & Hirano, 2005).  

 

 

Figure 5.12. Electric field induced strain at room temperature and 1Hz frequency using 

the bipolar measurement of microwave sintered KNN ceramics with (a) 700oC/4h 

calcination temperature and (b) 700oC/4h calcination temperature, and different 

sintering temperatures.  
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5.2.3. Melt Processing Route 

5.2.3.1. Potassium Niobium Borate glasses 

   Potassium niobium borate glasses were prepared by melt processing to use as a 

baseline to prepare potassium sodium niobium borate ceramics. The potassium niobium 

borate glass compositions prepared by melt quenching are shown in Figure 5.13. Two 

compositions gave completely glassy samples, whilst three compositions crystallised 

completely and one sample was partly amorphous (partly glass), as shown in Figure 

5.13. 

 

Figure 5.13. Phase diagram for potassium niobium borate glasses showing nominal 

compositions prepared. 

   The main purpose in the present work is to preper KNN glass-ceramics through 

crystallisation, so these glasses have not been analysed. 

5.2.3.2. Potassium Sodium Niobium Silicate Glasses 

5.2.3.2.1. Results and Discussion 

5.2.3.2.1.1. XRD 

   Potassium sodium niobium silicate glassy samples were ground to a fine powder 

and placed into XRD sample metallic holders to analyse the crystalline structures using 

XRD analysis. At room temperature, XRD analysis applied at 10 to 80 o2θ and shows 
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one crystalline phase and amorphous phase for all potassium sodium niobium silicate 

crystalline glasses, as shown in Figure 5.14.  

   XRD results (Figure 5.14) for potassium sodium niobium silicate glassy samples 

exhibited sharp peaks for all samples at room temperature, indicating partly or mostly 

crystalline glasses. All peaks stated in the present work correspond to ICDD no 01-074-

2025 and ICDD no 01-073-7471, showing K0.90Na0.10NbO3 and K2.6Nb11.6O30 phases, 

respectively.  

 

Figure 5.14. XRD patterns for potassium sodium niobium silicate glasses. 

 

5.2.3.2.1.2. Raman Spectroscopy 

   Raman results for potassium sodium niobium silicate glasses measured at room 

temperature with Raman shift from 100 to 1500 cm-1, are shown in Figure 5.15. Raman 

spectra show a broad band at lower than 450 cm-1 and a sharp, strong peak at 450-800 

cm-1. 

   Raman spectra have been collected for KNN silicate glass samples at 100 to 1500 

cm-1, as shown in Figure 5.15. Three main peaks are shown for all samples. The first 

four bands are located between 100 and 800 cm-1, marked as v1, v3, v5 and v6, 

corresponding to octahedral NbO6 (Kioka et al., 2011b). although niobium dominated 

spectra for the glassy samples, another band located between 700 and 1000 cm-1 can be 

assigned as NbO6 octahedra that is fully dissolved in the silicate glass matrix via Nb-O-

Si bond (Kioka, Honma, & Komatsu, 2011a; Lipovskii, Kaganovskii, Melehin, 
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Tagantsev, & Yanush, 2008; Möncke et al., 2017), resulting from much higher 

polarizability of Nb5+ ions, α(Nb5+)=0.262Å3, compared to only α(Si4+)=0.033Å3 for 

Si4+ ions, niobium-related bands dominate the Raman spectra. (The Raman scattering 

cross-section of Nb-O related bonds is so much higher than for Si-O related bonds 

because the Raman intensity of a vibrational mode is proportional to the square of the 

polarizability derivative with respect to the normal coordinate of the mode (e.g., bond 

stretching)) (Dimitrov & Komatsu, 2010; Möncke et al., 2017). 

 

Figure 5.15. Raman spectra for potassium sodium niobium silicate glasses. 

 

5.2.3.2.1.3. Electron Microscopy 

   Secondary SEM micrographs for potassium sodium niobium silicate glassy 

samples measured at room temperature with 20,000x magnification and 10 µm scale.  

All glassy samples reveal inhomogeneous shapes and sizes of detected grains on the 

surface, as presented in Figure 5.16. 

   Secondary detection SEM micrographs (Figure 5.16) for potassium sodium 

niobium silicate glassy samples show grain growth on the surface of the sample, 

indicating the formation of partly or completely crystalline glasses. Larger grain sizes 

were obtained for MKS60, 1h samples and smaller grain sizes were obtained for 

MKS70, 1h samples. 
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Figure 5.16. SEM images for potassium sodium niobium silicate glasses. 

5.2.3.2.1.4. Density 

   Table 5.3 shows the dependence of bulk densities of potassium sodium niobium 

silicate glassy samples as a function of composition. Bulk density decreases with 

increasing SiO2 content, as expected on the basis of the lower density of Si compared 

with Nb. 
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   Bulk densities of potassium sodium niobium silicate glassy samples present a 

higher density of 3.26 g/cm3 and lower density of 2.83 g/cm3 of samples MKS50, 1h 

and MBS75, 5h, respectively. It can be shown from Table 6.6; the bulk density of 

potassium sodium niobium silicate glassy samples has decreased with increasing of 

SiO2 and decreasing of K2O, Na2O and Nb2O5 contents. 

Table 5.3. Bulk density results of potassium sodium niobium silicate glasses. 

Sample name Bulk density (gm/cm3) 

MKS50, 1h 3.26±0.3 

MKS60, 1h 3.16±0.3 

MKS65, 1h 3.05±0.3 

MKS70, 1h 2.96±0.3 

MKS70, 4h 2.94±0.3 

MKS75, 5h 2.83±0.3 

 

5.2.3.3. Potassium Sodium Niobium Borate Glass-Ceramics 

   Potassium sodium niobium borate glasses and glass-ceramics were manufactured 

by melt processing. The potassium niobium borate glass compositions prepared by melt 

quenching are shown in Figure 5.17. Two compositions gave completely glassy samples, 

whilst one sample was partly amorphous, as shown in Figure 5.17. 

 

Figure 5.17. Phase diagram for potassium sodium niobium borate glasses and glass-

ceramics showing composition prepared. 
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5.2.3.3.1. Results and Discussion 

5.2.3.3.1.1. DTA 

   Figure 5.17 shows the DTA data for potassium sodium niobium borate glasses. 

DTA analysis was used to determine exothermic peaks corresponding to the 

crystallisation temperatures (TC) and identified two crystallisation temperatures as 

shown. 

   It is known that preparing glass-ceramics from glasses requires determination of 

the crystallisation temperature (TC) of the glasses. In the present work, DTA analysis 

has been used to determine the crystallisation temperatures by identifying the 

exothermic peaks of KNNB glasses, as shown in Figure 5.18. Two main exothermic 

peaks related the crystallisation temperatures are presented for each component of the 

two prepared KNNB glasses, the first crystallisation temperature assigned as TC1 and 

second crystallisation temperature assigned as TC2, as shown in the Figure 5.18. 

Increasing Nb2O5 content from 30 to 35mol% and reducing B2O5 content from 30 to 

25mol% shifted both crystallisation temperatures to higher temperatures. The primary 

purpose of determining the crystallisation temperatures is to prepare glass-ceramics by 

heat treatment of the prepared glasses at these crystallisation temperatures. Heat 

treatment at the indicated TC for a period of time leads to rearrangement of the random 

bonds to be ordered bonds (Behrens et al., 2018; Hunger, Carl, & Rüssel, 2010; Kioka 

et al., 2011; Trégouët et al., 2017; Wang, Honma, & Komatsu, 2014). For example, heat 

treatment of the two prepared KNNB glasses, random B-O-Nb bonds are broken and 

redistributed in ordered NaNb3O8 at TC1 and ordered K0.5Na0.5NbO3 and K5.75Nb10.85O30 

at TC2, while borate entities form the remaining glass phase, as identified by XRD 

results shown in the Figure 5.20. 
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Figure 5.18. DTA traces for KNN borate glass compositions. 

5.2.3.3.1.2. XRD 

   Figure 5.19 and Figure 5.20 present XRD results for potassium sodium niobium 

borate (KNNB) glasses and glass-ceramics, respectively. XRD results in Figure 5.19 

present broad peaks like humps without any sharp peaks, however, sharp peaks occur 

for one of the KNNB glasses. On the other hand, XRD results in Figure 5.20 showed 

sharp peaks without existing humps for the KNNB glass-ceramic samples presented. 

   All KNN borate glasses were investigated with XRD analysis to identify the 

amorphous or crystalline phases present. As shown in Figure 5.19, XRD analysis 

showed non-crystalline structure due to the existence of a broad hump with no 

crystallinity or sharp peaks. This confirmed fully amorphous and glassy samples for two 

KNN borate glasses (40KNa35Nb25B and 40Kna40Nb20B), however the third KNN 

borate glass (40Kna30Nb30B) had crystallized and the sharp peaks are attributed to 

ICDD no 01-074-2025, K0.90Na0.10NbO3 (Das et al., 2017; Hao & Dai, 2017; Samudrala 

et al., 2018). The two completely amorphous KNN borate glasses were heat treated at 

TC1 and TC2 (shown in Figure 5.18) temperatures exhibited crystalline phases as 

displayed in the Figure 5.20. The formation of ceramic phases from glass phases 

resulted from devitrification during heat treatment (Bouchouicha et al., 2016). The 

glassy content decreases with increasing heat treatment temperature. The first 

crystalline phase formed by heat treatment at lower TC1 is NaNb3O8 according to ICDD 

no 01-078-2007 (Figure 5.20(a)), resulting from the higher crystallization tendency of 

the Na2O and Nb2O5 contents with the glassy melt (Hmood, Guenster, & Heinrich, 

2015; Trégouët et al., 2017). The main K0.5Na0.5NbO3 crystalline phase was 
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successfully formed during heat treatment at higher TC2. The K0.5Na0.5NbO3 crystalline 

phase corresponds to ICDD no 04-016-7531, and exhibits a non-ferroelectric anorthic 

crystalline structure at room temperature. In addition, a secondary phase 

(K5.75Nb10.85O30) related ICDD no 00-038-0297 was introduced with the main KNN 

phase at higher TC2 for all KNN borate glass ceramics, as shown in Figure 5.20(b) 

(Yongsiri, Sirisoonthorn, & Pengpat, 2015). This may be due to the high volatilization 

of alkali oxides during melting processing  (Ramajo, Taub, & Castro, 2014). 

 

 

Figure 5.19. XRD results of KNN borate glass compositions. 
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Figure 5.20. XRD patterns for KNN borate glass-ceramics heat treated at (a) TC1 and (b) 

TC2, for 7.30. 

5.2.3.3.1.3. Raman Spectroscopy 

   Figure 5.21 and Figure 5.22 show Raman results for potassium sodium niobium 

borate (KNNB) glasses and glass-ceramics, respectively. Strong bands are detected at 

350-750 cm-1 for 40KNa30Nb30B glassy sample, however, a strong band detected at 

750-1000 cm-1 for both 40KNa35Nb25B and 40KNa40Nb20B glasses, is shown in 

Figure 5.21. On the other hand, Raman results presented strong peaks with sharp tips at 

350-750 cm-1 for both 40KNa35Nb25B and 40KNa40Nb20B glass-ceramic samples, as 

shown in Figure 5.22. 

   Raman spectra measured at room temperature in the range 100-1500 cm-1 for all 

KNN borate glasses, are shown in Figure 5.21. Each spectrum has three main bands. 

The first band is assigned to a v5 band in the region of 100 and 300 cm-1 and is assigned 

as a vibrational bending mode, corresponding to NbO6 octahedra. The second main 

band is observed in the region of 300 and 750 cm-1, attributed to vibrational stretching 
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mode is marked as v1 and v2, where the v1 band is assigned to less-distorted NbO6 

octahedra (Kioka et al., 2011b) and the shoulder in the v2 band corresponds to 

octahedral NbO6 (Zhu et al., 2012). The third band is observed in the region of 750 to 

1000 cm-1, attributed to a stretching mode with metastable phase and could be assigned 

as Nb-O-B in pyroborate units (Baek et al., 2017; Cheng, Wan, & Liang, 2001). 

   After heat treatment of the KNN borate glasses, peaks in the Raman spectra 

occurred in sharp lines instead of broad shapes, which demonstrate conversion of the 

KNN borate glasses to KNN borate glass-ceramics, as shown in Figure 5.22. The sharp 

bands exhibited as vibrational modes are marked v1 to v6 corresponding to NbO6 

octahedra. The vibrational stretching modes are assigned as v1 to v3, which are shown at 

higher Raman shift (300 and 750 cm-1) and the vibrational bending modes are assigned 

as v4 to v6 which are displayed at lower Raman shift (150 and 300 cm-1) (Wang et al., 

2016; Wu et al., 2014). Where a shoulder is identified at v6 vibrational mode (less than 

195 cm-1 Raman shift), this could be assigned as a translational mode of K+ cation and 

rotations of the NbO6 octahedra. Also, the weak peak identified at 110 cm-1 (Figure 

5.22(b)) can be matched to the Na+/K+ cations versus NbO6 octahedra. However, the 

splitting of one weak peak to two weak peaks in the region of 750 and 1000 cm-1 may 

be due to the substitution the B3+ in the same site of Nb5+
 (Singh et al., 2013; Wang et 

al., 2016; Zhu et al., 2012). The highest Raman intensity was confirmed for peak 

allocated in the region of 300 cm-1, and 750 cm-1 for both 40KNa40Nb20B glass (Figure 

5.20) and KNN borate glass-ceramics (figure 5.22), as well as the similarity in Raman 

spectral shape for 40KNa40Nb20B glasses (Figure 5.21) and KNN borate glass-

ceramics (Figure 5.22). The highest Raman intensity and similarity in Raman spectra 

shape maybe gives evidence for some level of crystallization of 40KNa40Nb20B 

glasses. 
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Figure 5.21. Raman spectra for KNN borate glass compositions. 

 

 

Figure 5.22. Raman spectra KNN borate glass-ceramic compositions heat treated at (a) 

TC1 and (b) TC2, for the 7.30h period. 
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5.2.3.3.1.4. Electron Microscopy 

   Figure 5.23 shows secondary SEM micrographs for KNN borate glasses and glass-

ceramics analysed at room temperature with 20,000x magnification and 10 µm scale. A 

flat surface with no observed grains appeared for all KNN borate glasses except 

40KNa40Nb20B glass, in which, grains were identified on the surface. 

   SEM micrographs confirmed the amorphous nature of 40KNa30Nb30B and  

40KNa35Nb25B glasses due to the absence grains or grain-boundaries on the glass 

surface. They confirmed the crystalline nature of the 40KNa40Nb20B glasses showing 

the presence of grains. Many crystallites appeared on the surface of the KNN borate 

glass-ceramic samples after heat treatment. Inhomogeneous average grain sizes ranged 

from about 100 nm to 200 nm for KNN borate glass-ceramics heat treated at TC1 and 

TC2 respectively, indicating the successful crystallisation and formation of KNN glass 

borate ceramics. 
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Figure 5.23. SEM images of KNN borate glass and glass-ceramics. 



Chapter Five| Pure and Iron Doped Potassium Sodium Niobate Ceramics and Glass-

Ceramics  

Page 139 

 

5.2.3.3.1.5. Density 

   Table 5.4 shows the dependence of bulk densities of potassium sodium niobium 

borate glasses and glass-ceramics as a function of composition. The minimum bulk 

density of 3.13 g/cm3 of 40KNa30Nb30B glass and maximum density of 3.51 g/cm3 of 

40KNa35Nb25B/682oC glass- ceramic are observed. 

   The bulk density increased from 3.13 to 3.42 g/cm3 with increasing content of 

Nb2O5 from 30 to 40mol%, as shown in Table 5.4. Ganvir and Gedam (Ganvir & 

Gedam, 2017) stated that the increasing or decreasing of bulk density could be affected 

by molecular weight. Therefore the increase in bulk density is due to the higher 

molecular weight of Nb2O5 (265.81 gm/mol) than B2O3 (69.62 gm/mol) in the KNN 

borate glasses. It is observed that the bulk density exhibited a lower value of 3.13 g/cm3 

for 40KNa30Nb30B glass and higher value of 3.51 g/cm3 for 40KNa35Nb25B/682oC 

glass ceramic. It can be assumed that the maximum bulk density of 

40KNa35Nb25B/682oC glass ceramic (3.51 g/cm3) resulted from grain growth of KNN 

crystals as clearly observed in SEM (Figure 5.22) during the crystallisation of  

KNa35Nb25B glass at 682oC heat treatment (Yongsiri et al., 2012). 

 

Table 5.4. Bulk density results for potassium sodium niobium borate glasses and glass 

ceramics. 

Sample Name Bulk density (g/cm3) 

40KNa30Nb30B glass 3.13±0.1 

40KNa35Nb25B glass 3.22±0.1 

40KNa40Nb20B glass 3.42±0.1 

40KNa30Nb30B/586oC glass-ceramic 3.26±0.1 

40KNa30Nb30B/657oC glass-ceramic 3.31±0.1 

40KNa35Nb25B/597oC glass-ceramic 3.32±0.1 

40KNa35Nb25B/682oC glass-ceramic 3.51±0.1 
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5.2.3.3.1.6. Electrical Properties 

Figure 5.24 shows the polarisation versus applied electric field (P-E hysteresis) loops 

measured at room temperature, and 1Hz applied frequency. Unsaturated and slimmed 

hysteresis loops for KNN borate glass-ceramics heat treated at TC2 are shown. 

   The P-E hysteresis loops reveal slimmed loop shapes could be related to a linear 

dielectric property. The tendency of polarisation against the electric field is cosistent 

with the formation of non-ferroelectric K0.5Na0.5NbO3 (anorthic) phase during the 

crystallisation of KNN borate glass ceramics. The remnant polarisation increased from 

0.04 to 0.1 μC/cm2 with increasing Nb2O5 content from 30 to 35mol% and reducing 

B2O3 content from 30 to 25mol%, respectively. The absence of typical ferroelectric P-E 

loop shape may be due to the existence of residual glasses or secondary non-

ferroelectric phases (K5.75Nb10.85O30) or anorthic K0.5Na0.5NbO3 phase at room 

temperature or any combination of these. 

 

 

Figure 5. 24. Hysteresis (P-E) loop of KNN borate glass-ceramic compositions heat 

treated at TC2, for 7.30h, measured at room temperature and 1Hz frequency. 

5.2.3.4. Potassium Sodium Niobium Borosilicate Glass-Ceramics 

   Potassium sodium niobium borosilicate glasses and glass-ceramics were 

manufactured by melt processing. The potassium niobium borosilicate glass 

compositions prepared by melt quenching are shown in Figure 5.25. Two compositions 

gave completely glassy samples, whilst one sample was partly amorphous (partly glass), 

as shown in Figure 5.25. 
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Figure 5.25. Phase diagram for potassium sodium niobium borosilicate glasses and 

glass-ceramics, showing compositions of prepared samples. 

 

5.2.3.4.1. Results and Discussion 

5.2.3.4.1.1. DTA 

   Figure 5.26 shows the DTA traces for potassium sodium niobium borosilicate 

glasses. DTA analysis has been used to determine exothermic peaks referring to the 

crystallisation temperatures (TC) and has detected two crystallisation temperatures.  

   DTA traces for KNNBSi glasses have been used to determine the exothermic 

peaks at different temperatures, which in Figure 5.26 are referred to as the 

crystallisation temperatures (TC). Each composition of the three prepared KNNBSi 

glasses exhibited two main crystallisation temperatures, first crystallisation temperature 

(TC1) and second crystallisation temperature (TC2). The exothermic peaks shift to higher 

temperatures, from 608 to 617oC, as the Nb2O5 content is raised from 30 to 40mol% on 

account of the combined SiO2 and B2O3 content, which is reduced from 30 to 20mol%. 

The TC1 peaks shift only slightly, first from 760 to 762oC then down to 757oC as the 

Nb2O5 content increases. The main purpose of determining the crystallisation 

temperatures was to find the best temperatures for the subsequent heat treatment when 

preparing the glass-ceramics from the glasses. As shown by earlier studies, it is 

expected that crystallisation at TC for a period of time leads to the redistribution of the 

random ionic bonds found typically in niobate glasses in more ordered bonds, e.g. in 
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niobate crystals. In this process, Si-O-Nb and B-O-Nb bonds are broken, and diffusion 

will lead to an agglomeration of niobate octahedra to form the first cluster and then 

crystals of Na/KNbO3 while silicate and borate entities constitute for most the 

remaining glass phase. Earlier studies showed that the first crystallisation temperature 

TC1, leads foremost to the crystallisation of potassium niobates, as identified by XRD. 

Sodium niobates crystallise at the higher crystallisation temperature TC2. These findings 

indicate that the potassium-niobium oxides have a higher crystallisation tendency than 

other sodium-niobium oxides (Behrens et al., 2018; Hunger et al., 2010; Kioka et al., 

2011; Trégouët et al., 2017; Wang et al., 2014). 

 

 

Figure 5.26. DTA traces for KNN borosilicate glass compositions. 
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5.27 exhibit broad peaks like humps with no presence of any sharp peaks for all 

KNNBSi glass samples, However XRD results in Figure 5.28 revealed sharp peaks with 

no presence of amorphous for humps of all KNNBSi glass-ceramic samples.  
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inclusion of crystalline phases. As seen from Figure 5.27, XRD patterns for all three 

glasses show only a broad hump without any indication of crystallinity which would be 
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et al., 2018). However, as shown in Figure 5.28, all KNN borosilicate samples that have 
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been heating treated at TC1 and TC2 display sharp peaks in their XRD patterns, 

corresponding to various crystalline phases. XRD confirms, therefore, the successful 

formation of glass–ceramic phases from the purely amorphous glass phases through 

devitrification during the heat treatment of KNN borosilicate glassy samples 

(Bouchouicha et al., 2016). It is apparent that the glassy content decreases with 

increasing temperature of the applied heat treatment. The first crystalline phase of KNN 

borosilicate glass-ceramics formed by heat treatment at lower temperatures below TC1 is 

NaNb3O8 phase related to ICDD no 01-078-2007 (Figure 5.28(a)), reflecting the higher 

crystallisation tendency of the sodium-niobate system from the glassy melt (Hmood et 

al., 2015; Trégouët et al., 2017). As can be seen from Figure 5.28(b), the main 

K0.5Na0.5NbO3 crystalline phase was successfully formed during heat treatment at the 

higher temperature corresponding to TC2. The K0.5Na0.5NbO3 crystalline phase 

corresponds to ICDD no 04-016-7531, showing non-ferroelectric anorthic crystalline 

structure at room temperature. In addition, a secondary phase (K5.75Nb10.85O30) 

corresponding to ICDD no 00-038-0297 was introduced with main KNN phase at 

higher TC2 for all KNN borosilicate glass-ceramics, as shown in Figure 5.28(b) 

(Yongsiri, Sirisoonthorn, & Pengpat, 2015). This could result from the volatilization of 

alkali oxides during melting processing (Ramajo et al., 2014). 

 

Figure 5. 27. XRD patterns for KNN borosilicate glass compositions. 
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Figure 5.28. XRD patterns for KNN borosilicate glass-ceramic compositions heat 

treated at (a) TC1 and (b) TC2, for 7.30 h. 
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and 1000 cm-1, can be assigned as NbO6 octahedra that is fully dissolved in the 

borosilicate glass matrix via Nb-O-Si and Nb-O-B bonds (Kioka et al., 2011a; Lipovskii 

et al., 2008; Möncke et al., 2017). Due to the much higher polarizability of Nb5+ ions, 

α(Nb5+)=0.262Å3, compared to only α(B3+)=0.003Å3 for B3+ or α(Si4+)=0.033Å3 for Si4+ 

ions, niobium-related bands dominate the Raman spectra. The Raman scattering cross-

section of Nb-O related bonds is so much higher than for Si-O related bonds because the 

Raman intensity of a vibrational mode is proportional to the square of the polarizability 

derivative with respect to the normal coordinate of the mode (e.g., bond stretching)) 

(Dimitrov & Komatsu, 2010; Möncke et al., 2017). According to the Manara group 

report (Manara, Grandjean, & Neuville, 2009) B-O- bonds are allocated between 1250 

and 1500 cm-1 and Si-O Q species placed between 910 and 1190 cm-1, so that the sharp 

peak identified at 1210 cm-1 could potentially be assigned as a Si-O-B bond. Figure 5.30 

shows exhibits Raman spectra for KNN borosilicate glass-ceramics that include three 

main sharp peaks. The heat treatment of KNN borosilicate glasses significantly affected 

the peak shape and intensity, for example, the third peak at 750-1000 cm-1 is weak 

(Figure 5.30) for KNN borosilicate glass-ceramics, comparing with being the strongest 

peak (Figure 5.29) for KNN borosilicate glasses. Also, a sharp peak in Figure 5.29 for 

KNN borosilicate glasses disappeared after heat treatment (Figure 5.30) to form KNN 

borosilicate glass-ceramics. Raman spectra display eight peaks for KNN borosilicate 

glass-ceramics. Peaks at 100-300 cm-1 show vibrational modes and peaks at 300-750 

cm-1 show vibrational stretching modes (Wang et al., 2016; Wu et al., 2014). Peaks 

marked as v1 to v5 are assigned as NbO6 octahedra, and a shoulder marked as v6 at less 

than 200 cm-1 could be identified as a translational mode of K+ cation and rotations of 

the NbO6 octahedra, as well as the weak peak at 135 cm-1 could be assigned as Na+/K+ 

cations versus NbO6 octahedra. The weak splitting peak allocated at 750 and 1000 cm-1 

could be assigned as a association of v1 and v5 corresponding to octahedral NbO6, the 

reason of splitting may be due to the substitution of Si and B in the same site of Nb 

(Singh et al., 2013; Wang et al., 2016; Zhu et al., 2012). Typical Raman spectra are 

shown in Figure 5.30(b), showing an ideal shape for K0.5Na0.5TiO3 phase, consistent 

with the existence of K0.5Na0.5TiO3 phase as shown by stating in the XRD patterns 

(Figure 5.28(b)). 
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Figure 5.29. Raman spectra for KNN borosilicate glass compositions. 

 

 

Figure 5.30. Raman spectra for KNN borosilicate glass-ceramic compositions heat 

treated at (a) TC1 and (b) TC2, for 7.30 h. 
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5.2.3.4.1.4. Electron Microscopy 

   Figure 5.31 shows secondary SEM micrographs for KNN borosilicate glasses and 

glass-ceramics analysed at room temperature with 4,000x magnification and 50 µm 

scales. Flat surface with no grains appeared for KNN borosilicate glasses; on the other 

hand, grains were detected on the surface of KNN borosilicate glass-ceramics, as shown. 

   The microstructure of KNN borosilicate glasses was studied under the Scanning 

Electron Microscope (SEM), and selected micrographs are shown in Figure 5.31. The 

absence of grains or grain-boundaries on the glass surface of the three glass samples are 

consistent with the amorphous nature of the samples before heat treatment and agree 

with the XRD (Figure 5.27) and Raman (Figure 5.29) data. In contrast, many crystallites 

appear on the surface of heat treated KNN borosilicate glass-ceramic samples. 

Inhomogeneous grains, mostly in cubic-like shape with sizes ranging from 6.8 µm to 

260 nm formed on the surface of the samples heat treated at TC1. Inhomogeneous finer 

grains, again mostly of cubic-like shape, with sizes ranging from 1.1 µm to 100 nm 

were identified on the surface of the samples heat treated at TC2. The micrographs 

confirm the successful crystallisation and formation of KNN borosilicate glass ceramics 

in agreement with XRD (Figure 5.28(a and b)) and Raman results (Figure 5.30(a and b)). 

The selected heat treatment temperature, chosen in accordance with the crystallisation 

peaks determined by DTA (Figure 5.26) affected the grain sizes of the crystals that 

formed. Larger grains formed when heat treated at the lower TC1 temperature, while 

smaller grains formed after heat treatment of the glasses at the higher TC2 temperature. 
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Figure 5.31. SEM images of KNN borosilicate glasses and glass ceramics. 
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5.2.3.4.1.5. Density 

   Table 5.5 shows the dependence of bulk densities of potassium sodium niobium 

borosilicate glasses and glass-ceramics as a function of composition. As can be seen, the 

minimum bulk density of 3.15 g/cm3 of 40KNa30Nb30BSi glass and maximum of 3.75 

g/cm3 of 40KNa40Nb20BSi/757oC glass- ceramic. 

   As shown in the Table 5.5, the bulk density of 40KNa30Nb30BSi, 

40KNa35Nb25BSi and 40KNa40Nb20BSi glasses increased gradually from 3.15 to 

3.43 g/cm3 with increasing the amount of Nb2O5 from 30 to 40mol%, respectively. The 

increase in bulk density is due to the higher molecular weight of Nb2O5 (265.81 

gm/mol) compared to SiO2 (60.09 gm/mol) and B2O3 (69.62 gm/mol). The bulk density 

has lower values for KNN borosilicate glasses compared to the more dense KNN 

borosilicate glass ceramics, reaching a maximum bulk density of 3.75 g/cm3 for the 

40KNa40Nb20BSi/757oC glass-ceramic. It is generally observed that crystals with their 

highly ordered structure have a higher density than disordered glasses (Das et al., 2017; 

Kioka et al., 2011b). As apparent from the SEM micrograph (Figure 5.30) and XRD 

(Figure 5.27(b)), the formation of crystals on the surface of 40KNa40Nb20BSi/757oC 

glass ceramic, has affected density increasing (Yongsiri et al., 2012).  

 

Table 5.5. Bulk density results for potassium sodium niobium borosilicate glasses and 

glass ceramics. 

Sample Name Bulk density (g/cm3) 

40KNa30Nb30BSi glass 3.15±0.1 

40KNa35Nb25BSi glass 3.31±0.1 

40KNa40Nb20BSi glass 3.43±0.1 

40KNa30Nb30BSi/608oC glass ceramic 3.24±0.1 

40KNa30Nb30BSi/760oC glass ceramic 3.46±0.1 

40KNa35Nb25BSi/610oC glass ceramic 3.38±0.1 

40KNa35Nb25BSi/762oC glass ceramic 3.58±0.1 

40KNa40Nb20BSi/617oC glass ceramic 3.51±0.1 

40KNa40Nb20BSi/757oC glass ceramic 3.75±0.1 
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5.2.3.4.1.6. Electrical Properties 

   Figure 5.32 shows the polarisation versus applied electric field (P-E) hysteresis 

loops measured at room temperature, and 1Hz frequency applied. Unsaturated and 

pinched hysteresis loops are observed for KNN borosilicate glass-ceramics heat treated 

at TC2. 

   The P-E hysteresis loops presented slimmed loop may be corresponding to a linear 

dielectric property. The tendency of polarisation against the electric field is 

characterised by the formation of non-ferroelectric K0.5Na0.5NbO3 (anorthic) phase 

during the crystallisation of KNN borosilicate glass-ceramics. The remnant polarisation 

increased from 0.19 to 0.39 μC/cm2 with increasing Nb2O5 from 30 to 40mol% and 

reducing SiO2+B2O3 from 30 to 20mol%, respectively. The absence of a typical 

ferroelectric P-E loop shape could be due to the presence of residual glasses or 

secondary non-ferroelectric phases (K5.75Nb10.85O30) or anorthic K0.5Na0.5NbO3 phase at 

room temperature. 

 

Figure 5.32. Hysteresis (P-E) loops of KNN borosilicate glass-ceramic compositions 

heat processed at TC2, for 7.30 h measured at room temperature and 10Hz frequency. 

5.2.3.5. Potassium Sodium Niobium Borosilicate Glass-Ceramic Fibres 

5.2.3.5.1. Results and Discussion 
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   DTA is the main technique has been used to identify the crystallization 

temperature (TC) through determining of exothermic peaks. In the present work, DTA 

has been used to analyse the exothermic peaks of KNNBSi glasses, in order to prepare 

KNNBSi glass-ceramics fibres through heat treating KNNBSi glass fibres at for a TC 

period of time. The DTA curve for KNNBSi glasses (Figure 5.33) detected two 

important crystallization peaks for each of the three prepared KNNBSi glasses. TC1 

refers to lower crystallization temperature and TC2 refers to higher crystallization 

temperature of each specific glass composition in the DTA curve.  

 

 

Figure 5.33. DTA results for KNN borosilicate glass compositions. 

 

5.2.3.5.1.2. XRD 

   Figure 5.34 and Figure 5.35 show XRD patterns for potassium sodium niobium 
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Figure 5.34 display weak and broad humps for all KNNBSi glass fibres. However, 

Figure 5.35 shows sharp peaks for all KNNBSi glass-ceramic fibres. XRD confirms that 

all untreated glass fibres were X-ray amorphous. 

   XRD results for all KNNBSi glass fibres are shown in Figure 5.34, showing weak, 

broad humps with no presence of any sharp peaks indicating an X-ray amorphous 

material (Das et al., 2017; Hao & Dai, 2017; Samudrala et al., 2018). However, as can 

be seen in Figure 5.35, sharp peaks are presented by XRD results of glass fibres heat 

treated at TC1 and TC2, which confirms the successful formation of glass-ceramic fibres 
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(Bouchouicha et al., 2016). The NaNb3O8 phase fitted to ICDD no 01-078-2007 (Figure 

5.35(a)) was obtained by heat treatment at lower crystallization temperature (TC1), 

referring to the higher crystallization tendency of the sodium and niobium oxides rather 

than potassium oxide during heat treatment at TC1 of glass fibres (Hmood et al., 2015; 

Trégouët et al., 2017). The main K0.5Na0.5NbO3 crystalline phase fitted to ICDD no 04-

016-7531 was successfully produced during heat treatment at the higher crystallisation 

TC2 temperature, which is stated to be a non-ferroelectric anorthic crystalline structure at 

room temperature. However, the secondary phase (K5.75Nb10.85O30) fitted to ICDD no 

00-038-0297 was developed with the main KNN phase at TC2 for all KNN borosilicate 

glass-ceramic fibres, as revealed in Figure 5.35(b) (Yongsiri, Sirisoonthorn, & Pengpat, 

2015). The presence of K5.75Nb10.85O30 phase could be produced from the high 

evaporation of alkali sodium oxide during melt processing (Ramajo et al., 2014). 

 

 

Figure 5. 34. XRD patterns for KNN borosilicate glass compositions. 

 

10 20 30 40 50 60 70 80

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

Angle, 2θ (degrees)

40KNa40Nb20BSi glass fibre

40KNa35Nb25BSi glass fibre

40KNa30Nb30BSi glass fibre



Chapter Five | Pure and Iron Doped Potassium Sodium Niobate Ceramics and Glass-

Ceramics 

Page 153 

 

 

 

Figure 5.35. XRD patterns for KNN borosilicate glass-ceramic compositions heat 

treated at (a) TC1 and (b) TC2, for 7.30 h. 
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Figure 5.36, each Raman spectrum shows three broad peaks and one sharp peak. The 

first and second broad peaks in the region 100-750 cm-1 assigned as v1, v2 and v5 

appeared as vibrational modes, identified as NbO6 octahedra (Kioka et al., 2011b). The 

third broad, strongest band and vibration stretching mode, is placed in the region 750-

1000 cm-1 and is assigned to dominant Nb-O-B and Nb-O-Si bands, due to higher 

polarizability of Nb5+ (0.262Å3) than B3+(0.003Å3) and Si4+ (0.033Å3) (Dimitrov & 

Komatsu, 2010; Möncke et al., 2017). The sharp peak identified at 1005 cm-1 could be 

potentially Si allocated as Q3 species (Manara et al., 2009). The heat treatment of KNN 

borosilicate glass fibres has considerably affected the third peak intensity at 750-

1000cm-1 Raman shift, showing a weak peak (Figure 5.37) in the Raman spectra of 

KNN borosilicate glass-ceramic fibres, compared with strongest peak (Figure 5.36) in 

Raman spectra of KNN borosilicate glass fibres. In addition, the fourth sharp peak 

appeared at above 1000 cm-1 Raman shift in the Raman spectra of KNN borosilicate 

glass fibres (Figure 5.35) has disappeared after heat treatment (Figure 5.37). It can be 

seen in Figure 5.37, the Raman spectra present eight peaks of KNN borosilicate glass-

ceramics fibres. Peaks marked as v1 to v5 is corresponding to the NbO6 octahedron 

(Kioka et al., 2011b), where peaks marked as v1 to v3 show vibrational stretching modes, 

but peaks marked as v4 to v6 present vibrational bending modes (Wang et al., 2016; Wu 

et al., 2014). A shoulder marked as a v6 place less than 200 cm-1 Raman shift could be 

identified as a translational mode of K+ cation and rotations of the NbO6 octahedron, as 

well as the weak peak places at 135 cm-1 Raman shift could be identified as Na+/K+ 

cations versus NbO6 octahedron. The splitting weak peak allocated at 750 and 1000 cm-

1 Raman shift could be assigned as association of v1 and v5 corresponding to the 

octahedral NbO6, the reason of splitting may be due to the substitution of SiO2 and B2O3 

in the same site of Nb2O5 (Singh et al., 2013; Wang et al., 2016; Zhu et al., 2012). The 

typical Raman spectra are shown in Figure 5.37(b), referring to the presence 

K0.5Na0.5TiO3 phase, demonstrating existence K0.5Na0.5TiO3 phase that stating in the 

XRD results (Figure 5.35(b)). 
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Figure 5.36. Raman results of KNN borosilicate glass compositions. 

 

 

Figure 5.37. Raman results of KNN borosilicate glass-ceramic compositions heat 

treated at (a) TC1 and (b) TC2, for 7.30 h period, as shown above. 
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5.2.3.5.1.4. Electron Microscopy 

   Figure 5.38 displays secondary SEM micrographs for KNN borosilicate glass and 

glass-ceramic fibres investigated at room temperature with 500x magnification and 300 

µm scales.  

   The surface morphology of KNN borosilicate glass and glass-ceramic fibres was 

investigated under the Scanning Electron Microscope (SEM), as shown in Figure 5.38. 

Flat and shiny surfaces ware shown for all KNN borosilicate glass fibres. However, the 

surface of heat treated glass-ceramic fibres shows the formation of white dust and tends 

to be rough and opaque surface, indicating partly or completely crystallised of KNN 

borosilicate glass-ceramic fibres. 
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Figure 5.38. Secondary SEM images of KNN borosilicate glasses and glass ceramics, as shown above.
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5.3. Iron-Doped Potassium Sodium Niobate Ceramics  

5.3.1. Solid State Processing Route  

5.3.1.1. Results and Discussion 

5.3.1.1.1. XRD  

   Figure 5.39 shows diffraction patterns for all iron-doped KNN ceramics measured 

at room temperature with 2θ ranged from 10 to 80˚. Phase analysis identified single 

phase K0.5Na0.5NbO3 (04-017-0216) for 2mol%iron doped KNN ceramics; however it is 

detected three phases are K0.5Na0.5NbO3 (04-017-0216), K2FeO4 (00-025-0652)  and 

Fe2O3 (032-0469) for 2.5-10mol%iron doped KNN ceramics. 

   A homogeneous solid solution of KNN ceramics has achieved according to the 

splitting peak to two peaks that specified in between 45 and 47 (XRD angle, 2θ), as 

presented in Figure 5.39 and stated by Rani and group (Rani et al., 2012) and Chaiyo 

and group (Chaiyo et al., 2009), as well as by referring to the indicated splitting can 

show the orthorhombic structure as reported by Ramajo and group (Ramajo et al., 2014), 

indicating to the orthorhombic structure at room temperature. 

 

Figure 5.39. X-Ray diffraction patterns for solid-state sintered K0.5Na0.5Nb1-xFexO3-x 

ceramics (x = 0.020-0.100). 
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5.3.1.1.2. Raman Spectroscopy 

Figure 5.40 shows Raman spectra for iron doped KNN ceramics analysed at room 

temperature with Raman shift from 100 to 1000 cm-1. Raman spectra show four regions 

with eight bands for all KNN ceramic samples.  

   Raman spectra exhibited three strong regions between 150 and 1000 cm-1 Raman 

shift and one weak peak between 100 and 150 cm-1 Raman shift, where measured at 

room temperature, for all solid-state sintered Fe-KNN ceramic samples, as shown in 

Figure 5.40. The strong regions contain sharp peaks that marked as v1 to v6, which 

display vibrational modes fitting to the NbO6 octahedron. It is clearly seen that, the 

vibrational stretching modes are located at high Raman shift, such that region situated 

between 300 and 800 cm-1 Raman shift by corresponding to v1 to v3 modes, on the other 

hand, the vibrational bending modes are placed at low Raman shift, for example set that 

region between 150 and 300 cm-1 Raman shift by indicating to v4 to v6 modes (Wang et 

al., 2016; Wu et al., 2014). An orthorhombic phase has demonstrated through a shoulder 

observed between v1 and v2 vibrational modes (Yan et al., 2018). A translational mode 

of K+ cation and rotations of the NbO6 octahedron could be assigned at lower energy 

(less than 200 cm-1 Raman shift), which is located at a v6 vibrational mode that placed 

on the beginning of shoulder underneath v5 vibrational mode (Singh et al., 2013). The 

weak peak formed between 100 and 150 cm-1 Raman shift could be indicated to the 

Na+/K+ cations versus rotation NbO6 octahedron (Liu et al., 2013). The present Raman 

spectra show the absence of cubic phase for iron modified KNN perovskite structure 

due to the formation a peak that located between 800 and 900 cm-1 Raman shift, which 

is assigned an association of v1 and v5 (Nb2O5) vibrational modes (Chen et al., 2018; 

Yan et al., 2018).  

 

Figure 5.40. Raman spectra for solid-state sintered K0.5Na0.5Nb1-xFexO3-x ceramics (x = 

0.020-0.100). 
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5.3.1.1.3. Density 

    Bulk and relative density results for pure and iron modified KNN ceramics are 

presented in Table 5.9.  

   The relative density results display increasing the relative density with increasing 

iron oxide content for iron doped KNN ceramics prepared by solid-state sintering 

processing, as shown in Table 5.9. Lower relative density (73%) occurred 2mol%Fe 

doped KNN ceramics, and then increased reaching a value of about 86% relative density 

for 10mol% Fe-KNN ceramic.  

Table 5.6. Relative density for solid-state sintered Bi0.5Na0.5Ti1-xFexO3-x ceramics (x = 

0.000-0.100). 

Sample Names Bulk density (g/cm3) Relative Density (%) 

KFe0.00 3.30 73.4 

KFe2.00 3.34 74.2 

KFe2.50 3.42 76.2 

KFe5.00 3.67 81.4 

KFe10.00 3.89 86.1 

 

 

5.4. Conclusions 

   Pure potassium sodium niobate (KNN) ceramics were successfully manufactured 

using solid state and microwave sintering processing routes. However it was 

challenging to produce single phase KNN glass-ceramics using melt processing route, 

due to only partial crystallisation of all glassy silicate samples. The relative density 

displays maximum value of 91.2% of the theoretical density for solid-state sintered 

KNN ceramics, in comparison with these of 90.6% of the theoretical density for pure 

microwave sintered KNN ceramics. However, the bulk density increased with 

increasing K2O, Na2O and Nb2O5 contents with reducing SiO2. SEM imaging exhibited 

enhancing densification of ceramic specimens during increasing the sintering 

temperatures (solid-state sintering processing) and microwave sintering time 

(microwave sintering one), also, showing a higher average of grain sizes of ca 5 µm and 

3 µm for solid-state sintering and microwave sintering processing routes, respectively. 

SEM imaging showed the presence of grains on the surfaces of KNN silicate glassy 
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samples indicating to the crystallisation of samples. The saturated hysteresis (P-E) loops 

were observed at higher sintering temperature (1100oC, solid-state sintering processing) 

and time (25 mins, microwave sintering processing), with lower remnant polarization of 

17 µC/cm2 stated for microwave sintered KNN (MKK700, 25) ceramics than 33 

µC/cm2 identified for solid-state sintered KNN (K700, 1100) ceramics. The butterfly S-

E loops shape have introduced at higher sintering temperatures (1075-1100oC, solid-

state sintering processing) and time (25 mins, microwave sintering processing), and 

strain% of ca 7.5 % stated for microwave sintered KNN (MKK700, 25) ceramics then 

of 6% exhibited for solid-state sintered KNN (K700, 1100) ceramics.    

   Potassium sodium niobium borosilicate glass and glass-ceramic fibres have 

successfully produced using novel melt processing. XRD results showed the completely 

amorphous phase of all KNN borosilicate glass fibres. However they show crystalline 

phases including K0.5Na0.5NbO3, NaNb3O8 and K5.75Nb10.85O30 of heat treated KNNBSi 

glass-ceramic fibres. Raman spectra exhibit broad band for glass fibres and sharp peaks 

indicating to the crystallinity for glass-ceramic fibres. SEM results show shiny and flat 

surface for KNNBSi glass fibres and formation of white places with the rough and 

opaque surface for KNNBSi glass-ceramic fibres. 

Iron-doped KNN ceramics were prepared by solid-state sintering. A single 

K0.5Na0.5NbO3 phase was obtained for only one iron-doped sample, 

K0.5Na0.5Nb0.98Fe0.02O2.98. Adding iron to KNN ceramics increased the relative density 

from 73% of the theoretical density for undoped KNN ceramics to 86% of the 

theoretical density for K0.5Na0.5Nb0.9Fe0.1O2.9. 
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Chapter Six 

 Conclusions and Future Work 

Chapter eight considers conclusions and future work for present research work. 

6.1. Conclusions  

In the present project, microwave sintering processing has been used to enable 

sintering of ceramics in short times and with low energy consumption, aimed at solving 

problems with interrupted electricity supplies in many countries including the author's 

home conutry, Iraq. Ceramics produced using this novel processing method have shown 

comparable properties with those prepared using conventional solid-state sintering 

processing. 

   In the present project, pure bismuth sodium titanate (BNT) ceramics have been 

prepared by three processing routes: solid-state sintering, microwave sintering and melt 

processing. Single phase Bi0.5Na0.5TiO3 ceramics were successfully produced using 

solid-state and microwave sintering processing routes, whilst a Ti2Bi2O7 phase was 

produced by the melt processing route. A maximum relative density of 94.6% of the 

theoretical density was obtained for pure BNT ceramics manufactured by solid-state 

sintering. SEM micrographs exhibited increasing densification and increasing the 

average grain size of ceramic pellets with increasing sintering temperatures (solid-state 

sintering processing) and microwave sintering time (microwave sintering one). Higher 

average grain size of ca 2 µm was obtained for solid-state sintered BNT ceramics 

sintered at 1100oC, in comparison with the lower average grain size of 900 nm for 

microwave sintering BNT ceramics, sintered per 25 mins. However, SEM micrographs 

showed the presence of grains on the surface of BNT silicate glasses indicating 

crystallisation of samples. Ferroelectric behaviour was successfully produced for pure 

BNT ceramics sintered at 1075-1100oC, solid-state sintering processing and higher 

microwave sintering time (25 mins). A higher remnant polarisation of 42.2µC/cm2 was 

obtained microwave sintered BNT (sample MKB700, 25) ceramics, compared with 

40µC/cm2 identified for solid-state sintered BNT (sample B700, 1100). The butterfly S-

E loops shapes were obtained for pure BNT ceramics sintered at 1050-1100oC, solid-

state sintering processing, and higher microwave sintering time (25 mins). A maximum 

strain of about 0.083% presented for microwave sintered BNT (sample MKB700, 25) 
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ceramics, compared with 0.08% presented for solid-state sintered BNT (sample B700, 

1100) ceramics. 

   Bi0.5Na0.5Ti1-xFexO3-0.5x ceramics were prepared by two processing routes, solid-

state sintering and microwave sintering, where x ranged from 0.0 to 0.1. Adding iron to 

the BNT ceramics enhanced the densification to up to 97% of relative density at lower 

sintering temperatures of 900oC and microwave sintering times of 20 mins. XRD 

patterns presented single phase Bi0.5Na0.5TiO3 ceramics for all studied Fe dopant levels. 

SEM imaging showed increasing average grain size with increasing iron concentration, 

to reach a maximum average grain size of 4 µm for Bi0.5Na0.5Ti0.9Fe0.1O2.95. However, 

slimmed P-E hysteresis loops indicating relaxor behaviour were presented for all 

studied iron doped BNT ceramics. 

   Pure potassium sodium niobate (KNN) ceramics have been produced by three 

processing routes, solid-state sintering, microwave sintering and melt processing. Pure 

phase K0.5Na0.5NbO3 ceramic was successfully produced using solid-state and 

microwave sintering processing routes. On the other hand, the main K0.5Na0.5NbO3 

phase and additional K5.75Nb10.85O30 phase were obtained by heat treatment of KNN 

borate, KNN borosilicate glass-ceramics and KNN borosilicate glass-ceramic fibres 

manufactured by melt processing and heat treatment to form glass-ceramics. A 

maximum relative density of 91.2% of the theoretical density was achieved for pure 

KNN ceramics prepared by solid-state sintering. The bulk density increased with 

increasing K2O, Na2O and Nb2O5 contents and with reducing B2O3 and SiO2. SEM 

images present improving densification of ceramic pellets and increasing average grain 

size with increasing sintering temperature (solid-state sintering processing) and 

microwave sintering time (microwave sintering processing). The higher average grain 

size of ca 5 µm was occurred for solid-state sintered BNT ceramics sintered at 1100oC, 

in comparison with a lower average grain size of 3 µm for microwave sintering KNN 

ceramics sintered at 25 mins. SEM micrographs showed the presence of grains on 

microstructure surfaces of BNT silicate glasses, KNN borate and KNN borosilicate 

glass-ceramics, and the rough and opaque surface was obtained for KNN borosilicate 

glass-ceramic fibres, indicating crystallisation of samples. Ferroelectric behaviour was 

successfully obtained for pure KNN ceramics sintered at higher sintering temperatures 

(1100oC, solid-state sintering processing) and higher microwave sintering time (25 mins, 

microwave sintering processing). A higher remnant polarisation of 33 µC/cm2 presented 

for solid-state sintered KNN (named as K700, 1100) ceramics, compared with 17 
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µC/cm2 stated for microwave sintered KNN (named as MKK700, 25) ceramics. 

However, relaxor behaviour has obtained for KNN borate glass-ceramics and KNN 

borosilicate glass-ceramics. Butterfly S-E loops shapes were obtained for pure KNN 

ceramics sintered at 1075-1100oC, solid-state sintering processing and higher 

microwave sintering time (25 mins). A maximum strain of about 0.075% was obtained 

for microwave sintered KNN (named as MKB700, 25) ceramics, compared with 0.06% 

presented for solid-state sintered KNN (named as K700, 1100) ceramics. 

Bi0.5Na0.5Nb1-xFexO3-x ceramics were manufactured by solid-state sintering. Pure 

perovskite K0.5Na0.5NbO3 phase was obtained for only K0.5Na0.5Nb0.98Fe0.02O2.98 

ceramics. The relative density has increased with increasing iron doped content to reach 

a maximum value of 86% of the theoretical density for K0.5Na0.5Nb0.9Fe0.1O2.9. 

According to the main results and discussion above, longer sintering times and 

conductive heating for the ceramics produced using conventional solid-state sintering 

lead to increased average grain size, and reductions in residual porosity, that provide 

higher relative density for the resulting ceramics. XRD results show broad peaks for 

BNT ceramics prepared at lower sintering temperatures, which may be due to smaller 

crystallite sizes.  

 

6.2. Future Work 

Additional work is suggested in future to build on the work in this thesis, as follows: 

1. Optimisation of microwave susceptor linings that can be placed inside a standard 

microwave oven to generate temperatures greater than approximately 1100oC 

within 20 mins or less heating time. 

2. Optimisation the hysteresis P-E loops, strain vs electric field loops, relative 

density (densification) and single phase KNN and BNT ceramics by adding 

different dopants such as Dy2O3, Er2O3, Eu2O3, Pr6O11, MnO2, TiO2, ZrO2 and 

CuO for KNN and BNT ceramics using microwave sintering processing. 

3. Measuring dielectric constant and dielectric loss factor over a range of 

temperatures above room temperature, with various applied frequencies for all 

electrical ceramics and glass-ceramics considered in the present project. 

4. Develop more KNN glass compositions to try to obtain single-phase 

K0.5Na0.5NbO3 glass-ceramics using the melt processing and heat treatment route. 
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5. XRD analyses for all KNN borate and KNN borosilicate glass samples at above 

room temperature to 1200oC to discover a single phase KNN with crystallisation 

temperature. 

6. Further electrical, microstructure and physical measurements such as XRD, 

Raman spectroscopy, scan electron microscopy, bulk density, differential 

thermal analysis, dielectric constant and dielectric loss factor at room 

temperature for potassium niobium borate and bismuth sodium titanium glasses 

and glass-ceramics. 
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