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Abstract 

The need for high-performance dielectric ceramic-polymer composites is growing day 

after day. These composites are characterised by their functional properties and find 

their applications in various fields of current modern technology. Amongst the various 

factors influencing the performance of these composites, the morphology of the 

incorporated ceramic fillers within the polymeric matrix has proven to have a 

significant impact. Achieving the desired morphology is highly dependent on the 

synthesis process employed. This work has therefore implemented the response 

surface methodology approach (RSM) within the widely employed molten salt 

synthesis (MSS) framework to systematically explore the intricate parameter space 

associated with MSS and to develop predictive mathematical models that can capture 

the morphology of future molten salt synthesised two-dimensional (plate-like) 

particles. With bismuth sodium titanate (BNT) as a case study, this work has focused 

primarily on the optimisation of two-dimensional plate-like particles’ production, 

intended for subsequent incorporation in a polymeric matrix (Epoxy) to attain high 

performance dielectric composites. The main and combined interaction effects of the 

various molten salt synthesis parameters, i.e., synthesis temperature, holding time and 

heating rate, on the morphology of the resulting powder such as the area, thickness, 

Feret's diameter, particle size, and aspect ratio of particles, have been investigated. The 

models for the aspect ratio and particle size were found to be insignificant in this study, 

with P-values of more than 0.05. Three predictive models depicting the area, thickness, 

and Feret's diameter of the synthesised powder particles as a function of the affecting 

synthesis parameters were developed, optimised, and validated. Using the optimised 

synthesis conditions, optimally synthesised large BNT plate-like particles with an 

average area of approximately 157 μm2, an average platelet thickness of approximately 

1.5 μm, and an average Feret's diameter of approximately 17 μm were synthesised 

using the NBiT precursor particles. Since the alignment of the filler particles within 

the matrix is also amongst the various factors influencing the performance of dielectric 

composites, this study has further explored a mechanical alignment approach to align 

optimally synthesised plate-like particles into a chain-like quasi 1-3 structure, offering 

a cost-effective and straightforward alternative approach to existing alignment 

methods and anticipating resulting in improved dielectric constant and energy storage 

properties of the aligned composites. In comparison to composites made with non-
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optimally synthesised BNT particles, composites made with optimally synthesised 

particles showed superior degrees of alignment with observable chain-like structure 

similar to that achieved in dielectrophoretically aligned composites. The dielectric, 

piezoelectric, ferroelectric and energy storage properties of the developed BNT-Epoxy 

composites were also investigated throughout this work. A remarkable dielectric 

constant of 52 was achieved at a 35% BNT volume content in the composite, 

surpassing values reported in literature for other two-phasic similar composites. The 

piezoelectric performance seemed to be affected by the poling direction, in which 

composites poled parallel to the applied electric field exhibited greater piezoelectric 

charge coefficients, d33 values, compared to those poled in a perpendicular direction, 

with a maximum value of 4.5 pC/N at 35% BNT. The piezoelectric voltage coefficient, 

g33, increased linearly with BNT volume content, peaking at 3.5 mV.m/N at 35% BNT. 

At this volume content, a remarkably high discharge energy density of 3.7 J/cm3 was 

achieved under a maximum breakdown electric field of 1267 kV/cm, which up to our 

knowledge also surpasses the value of other two-phasic similar systems. The herein 

developed models, along with the results of the studied multi-objective optimisation 

provide means to customise and regulate the size and shape of the particles according 

to specific application requirements. The developed BNT-Epoxy composites with 

improved dielectric and energy storage properties compared to state-of-the-art, hold 

promise for diverse dielectric applications, including capacitors. 
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1. Introduction 

The rapid pace of the fast-growing technology is significantly increasing the demand 

for modern smart devices day after day [1,2]. Nowadays, smart devices seem to be an 

essential integral part of everyday life. These devices are characterised by their 

intelligent functional capabilities such as sophisticated sensing properties, data 

processing capabilities, energy conversion and storage capabilities as well as their 

superior interactive connectivity capabilities. These extraordinary capabilities have 

allowed their incorporation in a wide range of applications, including but not limited 

to, aerospace [3], automotive [4], electronics [5], biomedical [6] and wearable 

industries [7]. Notably, the utilisation of smart devices with low-energy consumption 

capabilities has seen a significant increase in recent years. As such, extensive research 

efforts have been devoted to exploring the integration of energy harvesters as a 

sustainable solution to power devices in extreme conditions [8]. These harvesters seem 

to be advantageous due to their environmentally sustainable nature, suitability for 

operation in extreme environments, potential for weight reduction, extended lifetime, 

and minimal maintenance requirements. 

To meet the growing need for smart devices with outperforming capabilities, there is 

an ongoing quest for materials that can improve the functionality and performance of 

these devices. As such, several researchers have investigated the utilisation of 

functional ceramics as well as smart polymers for incorporation in modern smart 

devices. However, one promising approach was the combination of ceramics and 

polymers together to design and form ceramic-polymer composites [9]. These 

composites blend the distinct qualities of ceramics and polymers to produce a flexible 

platform for enhancing smart gadgets with cutting-edge functionality. These 

composites have proven to exhibit diverse potential properties which enable their 

applicability in a diverse range of applications, such as their piezoelectricity for 

sensors and energy harvesting applications, dielectric properties for capacitors and 

electronic components, and pyroelectric properties for thermal energy harvesting. 

Specifically, ceramic-polymer composites with dielectric properties, referred to as 

dielectric ceramic-polymer composites, have gained enormous attention due to their 

ability to exhibit highly reversible dipole [10], which enables their application in a 

wide range of energy system and energy storage-based applications.  
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Furthermore, over the past 20 years, several high-performance energy and power 

systems have been actively developed using dielectric ceramic-polymer composites 

that possess piezoelectric and ferroelectric properties as well [10]. This combination 

of functionalities has opened up new possibilities for the design and implementation 

of advanced sensing technologies and smart devices. Therefore, there is an ongoing 

quest to further enhance the dielectric and energy storage capabilities of dielectric 

ceramic-polymer composites to expand their potential applications. Researchers are 

actively exploring novel fabrication techniques and material combinations to optimise 

the performance of these composites based on specific applications. 

1.1. Scope of the Thesis 

To unlock the full potential of dielectric ceramic-polymer composites, careful 

consideration should be given to the factors that impact their performance in the first 

place. Generally, the performance of such composites is influenced by various factors, 

such as the fabrication technique, the functional nature of the selected constituents, 

i.e., ceramics and/or polymers, the distribution of the selected filler within the 

polymeric matrix, the morphology of the selected filler, and whether a third phase is 

added. These factors may be divided into seven distinct factors and are discussed in 

detail in chapter two of this thesis (see Figure 2.22). 

Among these factors, the morphology of the incorporated ceramic filler within the 

polymeric matrix has proven to have a significant effect on the resulting properties of 

the composites. As such, the shape and size of these fillers may dictate the resulting 

electrical, mechanical, and thermal characteristics of the composites. By carefully 

controlling and optimising the morphology of these fillers, it becomes possible to 

tailor the properties of the composites to meet specific application requirements. One 

way to tailor the properties of these incorporated ceramic fillers, is to manipulate the 

synthesis process with which the ceramic filler was originally synthesised [11,12]. 

Amongst various ceramic synthesis methods, molten salt synthesis (MSS) has 

emerged as a promising synthesis technique that allows for precise control over the 

particle size and shape [13,14]. MSS has been widely employed in the synthesis of 

various lead-free ceramics such as barium titanate (BT), potassium sodium niobate 

(KNN) and bismuth sodium titanate (BNT) with varying shapes such as the production 

of spheroidal, plate-like shaped, or rod-like shaped structures and varying sizes, 

spanning from nanoscale to microscale dimensions [15–17]. 
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To this end, several research endeavours have explored the effects of various 

individual molten salt synthesis parameters on the morphology of the resulting 

powder. These include reaction temperature, holding time, salt composition, reactant 

concentration, stirring rate, and heating rate. However, all these studies investigated 

the effect of the synthesis parameters through experimental trial and error and without 

any statistical analysis. Additionally, the specific combination of parameters required 

to determine the exact dimensions and shape of the product particles remains unclear. 

Furthermore, each parameter has been examined independently which may be time-

consuming and may not provide a comprehensive understanding of the complex 

relationship between several parameters and the resulting powder properties.  

Consequently, a more systematic and statistically rigorous investigation is needed to 

bridge this gap and provide a more comprehensive understanding of how the synthesis 

parameters interact and collectively affect the outcome. To the best of our knowledge 

no study has been conducted to 1) investigate the significance level of the main effects 

of the MSS parameters 2) the significance level of the simultaneous combined effect 

of these parameters, 3) identify the most significant parameter (s), as well as 4) 

propose predicted models to control size and shape of future molten synthesised two-

dimensional particles and achieve desired morphology for specific applications, 

without the need for the time-consuming trial and error experiments.  

Therefore, this study has implemented the Design of Experiments (DOE) based on the 

response surface methodology (RSM) approach to comprehensively investigate and 

identify the significance level of molten salt synthesis parameters and their combined 

interaction effect on the resulting shape and size of synthesised two-dimensional 

particles, with the ultimate aim of establishing predictive models for future MSS 

synthesis based on BNT as a case study. By employing RSM in MSS, researchers can 

navigate the complex parameter space of MSS, providing valuable insights into the 

optimal conditions required to achieve the desired particle size and shape.  

Another crucial factor affecting the dielectric performance of the functional ceramic-

polymer composites is the distribution and the alignment of the incorporated ceramic 

filler within the polymeric matrix. In this context, several researchers have 

investigated the effect of various alignment techniques on the resulting properties of 

the composites. As such the fabrication of quasi 1-3 composites using 
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dielectrophoresis have proven to show enhanced dielectric and piezoelectric properties 

compared to randomly dispersed 0-3 composites [18]. Generally, this quasi chain-like 

structure can be achieved via various alignment techniques such as dielectrophoresis, 

magnetic alignment, electromagnetic alignment, and injection moulding. However, 

these techniques can be challenging and time-consuming due to the precise control 

required during the alignment process. Moreover, they often necessitate specialised 

experimental setups and equipment, resulting in increased costs, especially for large-

scale production. Therefore, this study proposes to mechanically align ceramic filler 

particles with plate-like structure in a quasi 1-3 structure by using the doctor blade, 

offering simplicity and cost reduction in comparison to other alignment methods. 

1.2. Aims and Objectives 

1.2.1. Aims 

The first aim of this thesis is to meticulously develop and optimise predictive 

mathematical models that comprehensively depict the intricate shape and precise size 

of synthesised two-dimensional plate-like ceramic particles in the molten salt 

synthesis environment as a function of the variable synthesis parameters. Additionally, 

the thesis aims to perform multi-objective optimisation to refine the synthesis process 

parameters and achieve plate-like particles with optimised morphology intended for 

incorporation in subsequent ceramic-polymer composites. 

The second aim of this thesis is to fabricate a quasi 1-3 ceramic-polymer composite 

using the optimally synthesised ceramic powder (achieved in aim 1), via a mechanical 

alignment technique (with preferred directionality) resulting in enhanced dielectric 

properties compared to the state-of-the-art two-phasic composite materials. 

1.2.2. Objectives 

The objectives outlined below are designed to achieve the aims of the thesis: 

1. Comprehensively review literature to identify key factors affecting the 

performance of dielectric ceramic-polymer composites, as well as identify 

knowledge gaps in the MSS technique and fillers alignment techniques.  

2. Study the influence of MSS parameters on the morphology of the synthesised 

ceramic particles based on bismuth sodium titanate (BNT) as a case study.  
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3. Develop an experimental design matrix using response surface methodology 

(RSM) to efficiently synthesise NBiT precursor with minimum possible trials. 

Collect data for various responses depicting the size and shape of synthesised 

particles using a combination of methods such as SEM, Image J and 

Mastersizer.  

4. Determine the significance level of both the individual and combined effect of 

the MSS parameters and identify the most significant one(s) based on the 

ANOVA analysis utilising the Design Expert software.  

5. Develop predictive mathematical models through regression analysis to 

accurately describe the shape and size of plate-like BNT particles. Perform 

multi-objective optimisation to obtain optimized particle synthesis and 

validate models. 

6. Use mechanical alignment (doctor-blade technique) to align optimally 

synthesised BNT particles in BNT-Epoxy composites with various volume 

fractions of BNT. 

7. Characterise and assess the dielectric, piezoelectric, ferroelectric and energy 

storage properties of the developed BNT-Epoxy composites using relative 

measurements such as dielectric constant, d33, g33 measurements as well as P-

E loop analysis and discharge energy density measurements.  

8. Benchmark and compare the dielectric properties and energy storage 

capabilities of the developed BNT-Epoxy composites with those state-of-the-

art composites of similar systems.  

1.3. Thesis outline 

This thesis is divided into nine chapters which present the research work conducted 

within the scope of a PhD programme. A schematic diagram showing an outline of the 

thesis structure is presented in Figure 1.1. Chapter 3 and 4 present the experimental 

work and the methodological framework of the implemented DOE approach. Chapter 

5 presents the results of the statistical analysis along with the developed predictive 

mathematical models. Chapter 6 discusses the underlying reasons and mechanisms for 

parameter effects, presents phases analysis results, demonstrated optimal synthesis 

conditions, and validates models. Chapter 7 analyses morphological characteristics, 

discusses dielectric, piezoelectric, ferroelectric, and energy storage properties, 

compares results with state-of-the-art composites, and evaluates competitiveness for 
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energy storage applications. Chapters 8 and 9 present the conclusions and suggested 

recommendations for future work, respectively.  

 

Figure 1.1: A schematic diagram showing the thesis structure outline. 
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2. Literature Review 

2.1. Introduction 

The demand for smart electronic devices that can operate efficiently with minimal 

power consumption and extended battery life has seen a significant rise in recent years 

[19,20]. Therefore, significant research endeavors have been dedicated to exploring 

new materials, technologies, and design approaches to satisfy these needs and ensure 

the sustainability of smart electronic devices. One promising avenue for achieving the 

desired performance characteristics in electronic devices was the exploration of 

functional ceramics and their incorporation in various electronic energy-based devices 

[21–23]. This was due to the distinctive properties they provide such as, high dielectric 

constants, decreased dielectric loss, low electric conductivity, and remarkable 

insulation characteristics which may be vital in developing high-performance 

electronic components that are able to store and transmit electrical energy effectively 

[24]. In this context, this chapter provides a comprehensive overview of the 

fundamental principles and concepts related to functional ceramics such as dielectric, 

piezoelectric, and ferroelectric properties. The chapter further explores the various 

performance measurement parameters with which the functional characteristics can be 

assessed such as dielectric constant, piezoelectric charge, and voltage coefficient as 

well as energy storage potentials. Additionally, this chapter provides a thorough 

overview of the widely employed lead-based and lead-free ceramics along with an 

exploration of their unique properties. Besides, various polymeric materials and their 

corresponding characteristics have also been reviewed within this chapter. In order to 

overcome the disadvantages of both polymers and ceramics, and combine their 

advantages, ceramic-polymer composites have seemed to be a viable solution. This 

chapter primarily aims to conduct an analysis of the diverse factors that affect the 

performance of ceramic-polymer composites which are indented for use in numerous 

dielectric and piezoelectric applications. By examining these factors, researchers may 

gain insights into how to optimise the properties and enhance the overall performance 

of these composites for specific applications. Thus, the last section of this chapter 

presents the various factors affecting the overall performance of these composites.  
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2.2. An Overview of Dielectric, Piezoelectric and Ferroelectric 

Fundamentals 

Dielectric materials are an integral component in a wide range of current modern 

technology ranging from energy harvesting and energy storage devices to sensor and 

actuation applications [25]. The scientific term “dielectric” is frequently employed in 

the domains of electrical engineering and physics [26]. It generally refers to a 

substance that possesses the ability to impede the flow of electric current, in other 

words, does not conduct electricity but rather exhibits insulating capabilities and 

support electrostatic fields [26,27]. The discovery and principal understanding of 

dielectric materials back to the 18th century when the Dutch scientist Pieter van 

Musschenbroek made one of the earliest important contributions to the science of 

dielectrics in 1745 [28]. He created the Leyden jar, a pioneering capacitor design that 

utilised glass as the dielectric medium. In his invention, he used a glass jar to store a 

high-voltage electric charge between two aluminum foil conductors on the inside and 

exterior of the jar [28]. This invention significantly affected the development of the 

field of electricity. 

Hence, those materials possessing the unique property of storing electrical energy 

when an external field is applied are referred to as dielectric materials [29,30]. 

Generally, upon application of either direct or alternating current on any material, the 

movement of electric charges is typically promoted, however, in a dielectric material, 

this movement is restrained [29]. This restrained movement leads to the establishment 

of dipole moments between the charges, thereby inducing polarisation within the 

material. This polarisation creates an internal electric field that opposes the applied 

field and consequently, the dielectric material can sustain the presence of the 

electrostatic field without allowing significant charge flow or electrical current. 

Dielectric materials are mainly categorised into ferroelectric and non-ferroelectric 

materials [31]. Based on the predominant polarisation mechanism, non-ferroelectric 

materials which are commonly referred to as paraelectric or normal dielectric, can be 

further classified into non-polar dielectrics, polar dielectrics, and dipolar dielectrics 

[31]. The first category, the non-polar dielectrics, consists of atoms of a single type, 

and their polarisation in an external electric field arises from the displacement of 

electric charge relative to the nucleus. The materials in the second group, known as 

polar dielectrics, are made up of molecules without a permanent dipole moment, 
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whereas the third group materials, the dipolar dielectrics, are made up of molecules 

that exhibit a permanent dipole moment [31]. 

On the other hand, the second main category of dielectric materials, namely 

ferroelectric materials, refers to those materials that exhibit spontaneous electric 

polarisation that is reversible and that may be altered by the application of either an 

electric field or stress. This phenomenon of spontaneous polarisation is observed 

within a specific temperature range, denoted as the spontaneous polarisation interval 

[32]. However, these materials can lose their spontaneous polarisation and exhibit a 

phase transition beyond a critical temperature known as the transition temperature or 

Curie temperature (Tc), turning the material into what is called paraelectric. This phase 

transition from the ferroelectric phase to the paraelectric phase is accompanied by 

notable changes in various physical properties and a transition in crystal structure from 

a lower symmetry configuration to a higher symmetry configuration [32]. 

Additionally, within the crystal, the alignment of electric dipoles can be localised to 

specific regions, while other regions may exhibit a reversed direction of spontaneous 

polarisation. These regions characterised by homogeneous uniform polarisation are 

commonly referred to as domains [33].  

For a material to exhibit any of the above-mentioned properties such as ferroelectric, 

paraelectric, or even piezoelectric (which is explained below), the presence or absence 

of an inversion center which refers to the absence of a point within the crystal structure 

where all the atoms or ions can be perfectly mirrored, plays a pivotal role in 

determining their distinctive characteristics [34]. Consequently, properties such as 

ferroelectricity, paraelectricity, and piezoelectricity, which inherently exhibit 

asymmetry, can only manifest in crystals lacking a center of symmetry. Generally, 

crystals can be classified based on the number of rotational axes and reflection planes 

they exhibit, leading to a total of 32 crystal classes, out of which 11 classes exhibit 

symmetrical centers [34]. The remaining classes exhibit a non-centrosymmetric 

nature. However, among these 21 classes, one class possesses an inversion center, 

thereby forfeiting its non-centrosymmetric characteristic and resembling the crystal 

classes with center symmetry. Consequently, there are only 20 crystal classes that lack 

center symmetry and display inherent asymmetric properties. Crystals belonging to 

these 20 classes exhibit a remarkable property known as piezoelectricity [35]. This 

piezoelectricity describes a phenomenon where the application of mechanical stress 
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on a non-centrosymmetric crystal from these 20 classes results in the asymmetric 

displacement of ions within the crystal structure [31]. This displacement gives rise to 

the generation of electric polarisation. A piezoelectric material, on the other hand, 

experiences strain when an electric field is applied to it, causing the material to expand 

or contract depending on the direction of the field. It is possible to transform electrical 

energy into mechanical energy and vice versa thanks to the piezoelectric effect's 

bidirectional nature. Quartz, a highly utilised material in transducers, serves as a 

prominent example of a piezoelectric material. A subgroup of piezoelectric materials, 

containing 10 crystal classes that possess a distinctive polar axis are referred to as 

pyroelectric materials. These (pyroelectric) materials demonstrate a dependence on 

temperature, as they undergo changes in their spontaneous polarisation and unit cell 

dimensions with variations in temperature. As a result, their polarisation is temperature 

dependent. Pyroelectric materials can be further categorized into ferroelectric and non-

ferroelectric materials whereas the former category (ferroelectric) denotes the 

capability to reverse the spontaneous polarisation when an electric field is applied.  

Notably, piezoelectricity and pyroelectricity are intrinsic properties of a material. 

Ferroelectricity, in contrast, is a phenomenon that develops in pyroelectric materials 

as a result of the application of an external electric field.  

Figure 2.1 demonstrates the classification of the 32 crystallographic point groups [36].  

 

Figure 2.1: Classification of the 32 crystallographic structures into various categories 

(reproduced from [36]) 

To sum up, ferroelectric materials possess unique characteristics that include both 

pyroelectric and piezoelectric properties. A group of pyroelectric materials exhibiting 
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temperature-dependent polarisation falls within the category of piezoelectric materials 

[37]. On the other hand, piezoelectricity encompasses a broader range of materials that 

exhibit the ability to generate an electric polarization when subjected to mechanical 

stress or strain [37]. This relationship is further depicted in Figure 2.2 [37].  

 

Figure 2.2: A schematic showing the interrelationship among different categories of 

dielectric materials [37] 

2.3. Performance Measure Parameters 

In the realm of ferroelectric, dielectric, and piezoelectric materials, each property is 

characterised by specific performance measures that quantify the extent of the 

property's manifestation. This section aims to provide a comprehensive understanding 

of these performance measures by delving deeper into their relevance and significance. 

2.3.1. Dielectric Constant Properties 

In the realm of dielectric materials, permittivity (often showed as dielectric 

permittivity and represented by symbol ε) is a fundamental property that elucidates the 

interaction between a material and an electric field [38] and characterises how it affects 

the distribution of electric charges within the material itself [37]. This characteristic 

can be determined by evaluating the ratio of the electric field (E) present within the 

material to the associated electric displacement (D), under conditions of constant stress 

(εᵀij) or constant strain (εsij), where T and S denote stress and strain, respectively. This 

relationship is illustrated in Equation 2.1 [38]. 

𝜀𝑖𝑗 =
𝐷𝑖

𝐸𝑗
 (Equation 2.1) 
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As was previously mentioned, a dielectric material experiences a phenomenon known 

as electric polarisation when it is exposed to an external electric field. During this 

process, the positive and negative charges inside the component atoms or molecules 

seek to separate. The electric polarisation vector (P) measures how much charge 

separation there is within the substance [39]. A schematic showing the electric 

polarisation upon application of an external electric field is shown in Figure 2.3 [40].  

 

Figure 2.3: A schematic showing the dielectric polarisation in response to external 

electric field  (inspired from [40]) 

The relationship between the exhibited polarisation (P), the electric field (E), and the 

corresponding electric displacement (D) may be explained by the formula shown in 

Equation 2.2, where 𝜀0 represents the permittivity of free space (8.85418782 × 10-

12 F/m) [41–43]. Hence, by substituting the D in Equation 2.1 above, the dielectric 

constant or relative permittivity of a material (𝜀𝑟) , indicating how much a medium 

can withstand the passage of charge, may be defined as in Equation 2.3 [41–43].  

𝐷 = 𝜀0𝐸 + 𝑃 (Equation 2.2) 

𝜀𝑟 =
𝜀0𝐸 + 𝑃 

𝜀0𝐸
= 1 +

𝑃

𝜀0𝐸
 (Equation 2.3) 

The dielectric constant or relative permittivity further describes the material’s capacity 

to hold electrical energy. It can thus be represented by the ratio of the material's 

permittivity (εm) to that of free space as illustrated in Equation 2.4 [38]. A higher 

dielectric constant indicates an increased capability of the material to accommodate 

electric charge and exert influence on the behavior of an electric field.  

𝜀
𝑟=

𝜀𝑚
𝜀𝑜

 (Equation 2.4) 
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For a parallel capacitor consisting of two plates with an area (A) and separated by a 

distance (d), the dielectric constant plays a crucial role in determining the behavior of 

the capacitor. The dielectric constant of the material inserted between the plates 

directly influences the capacitance (C) of the capacitor and thus dictates its energy 

storage capabilities [44]. This relationship can be depicted by the formula presented in 

Equation 2.5. 

𝜀𝑟 =  
𝐶 ∗ 𝑑 

𝜀𝑜 ∗ 𝐴
 (Equation 2.5) 

It is worth noting that understanding and evaluating the dielectric constant is of 

paramount importance in the design and performance analysis of various electrical and 

electronic systems, such as capacitors, insulators, and dielectric materials used in 

numerous applications, including energy storage devices, communication systems, and 

electronic circuits. 

2.3.2. Piezoelectric Charge Coefficient Properties 

Section 2.1 of this chapter has provided an in-depth understanding of the crystal 

structure of various materials such as piezoelectric materials and highlighted their 

inherent lack of symmetry. The absence of a centre of symmetry in the crystal structure 

renders these materials anisotropic in nature [45]. As explained, piezoelectric materials 

exhibit the extraordinary phenomenon referred to as the direct piezoelectric effect, 

whereas electric charge or voltage is generated when subjected to mechanical stress or 

strain. When an external force is applied to a piezoelectric material a charge separation 

is exhibited which consequently generates an electric potential difference or voltage 

across the material [46]. In other words, mechanical energy is converted into electrical 

energy through the direct piezoelectric effect. In the converse piezoelectric effect, the 

application of an electric field induces a strain in the material that exhibits a linear 

relationship with the field strength. A schematic showing the direct and converse 

(inverse) piezoelectric effect is depicted in Figure 2.4 (a) and (b), respectively [47]. 

This linear connection suggests that the material's strain is directly proportional to the 

strength of the applied electric field and may be stated using tensor notation, as shown 

in Equation 2.6 [48], whereas the piezoelectric strain is referred to as 𝑆𝑗𝑘, the applied 

electric field is 𝐸𝑖  and the third rank tensor, denoted as 𝑑𝑖𝑗𝑘, represents the 

piezoelectric charge coefficients of the material; whereas the dipole polarisation 

direction or the applied electric field direction is depicted by the subscript ‘i’ and the 
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generated stress/strain is depicted by the superscript ‘j’. The designated axes notations 

are shown in Figure 2.5.  

𝑆𝑗𝑘 = 𝑑𝑖𝑗𝑘𝐸𝑖  (Equation 2.6) 

Further, the piezoelectric charge coefficient denoted as (𝑑𝑖𝑗) provides insights into the 

material's response to different types of deformation. Generally, this coefficient is 

influenced by the poling orientation, which determines the relative direction of the 

applied electric field and the resulting strain or deformation in the material. In this 

context, poling refers to the deliberate alignment of the material’s internal electric 

dipoles along a preferred direction. This is achieved when the material is subjected to 

a strong electric field either during the fabrication process or through a subsequent 

poling treatment. Details on various poling techniques and alignment of the particles 

are explained in subsequent sections of this chapter.  

 

Figure 2.4: A schematic showing the direct and inverse (converse) piezoelectric 

effect [47] 

Figure 2.5 illustrates the typical notations of a three-dimensional piezoelectric 

material's x, y, and z-axis are 1, 2, and 3, and the shear around them is 4,5 and 6, as 

per the IEEE standard on piezoelectricity [49]. Specifically, the longitudinal 

piezoelectric coefficient (d33) occurs when the force applied is parallel to the direction 
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of the polarisation (both of them in direction 3), the shear piezoelectric coefficient (d15) 

relates that the induced electric field is perpendicular to the polarisation direction and 

the corresponding strain is shear around the other perpendicular axis, and the 

transverse piezoelectric coefficients (d31 and d24) indicate that the applied strain is in 

direction 1 perpendicular to the polarisation in direction 3 [49].  

 

Figure 2.5: A schematic depicting the axes notation for the piezoelectric effect along 

with various piezoelectric coefficients and their respective poling directions [50] 

To quantitatively evaluate the intrinsic piezoelectric effect (dij) and gain insights into 

the material's ability to generate an electric charge in response to mechanical stress or 

strain, direct measurements are performed using a quasi-static d33 meter which allows 

for the determination of the piezoelectric coefficient in units of picocoulombs per 

newton (pC/N). Additionally, the converse piezoelectric effect may be evaluated using 

the piezoelectric strain coefficient (dij*) which serves as a measure of domain wall 

motion and can be derived S-E by unipolar S-E curves (dij*)=(pm/V). This can be 

achieved by applying Equation 2.7 where Smax and Emax stand for maximal force and 

electric field, respectively [51]. 

𝑑𝑖𝑗 ∗=
𝑆𝑚𝑎𝑥

𝐸𝑚𝑎𝑥
  (Equation 2.7) 

2.3.3. Piezoelectric Voltage Coefficient Properties 

Another crucial parameter in the field of dielectrics and piezoelectricity is the 

piezoelectric voltage coefficient (g33) which characterises the relationship between the 

piezoelectric charge coefficient and the dielectric permittivity and quantifies the ability 

of a piezoelectric material to generate voltage in response to an applied mechanical 
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stress or strain. This relationship can be depicted by the formula in Equation 2.8 [52] 

with a unit of (mVm/N) for the g33. 

𝑔33 =
𝑑33

𝜀0𝜀𝑟
      (Equation 2.8) 

As observed the piezoelectric voltage coefficient is inversely proportional to the 

dielectric constant, and hence the majority of piezoelectric materials, which are 

typically inorganic ceramics with high dielectric constants, have low values for the 

piezoelectric voltage coefficient [53]. On the contrary, a viable alternative is the 

utilisation of ceramic-polymer composites, which offer the opportunity to attain a 

significant and measurable piezoelectric voltage constant. This can be accomplished 

by combining piezoelectric ceramic particles with a polymer matrix [54]. By 

incorporating the ceramic particles into the polymer matrix, the composite material 

benefits from the enhanced piezoelectric properties derived from the ceramic 

component and thus the resulting composite exhibits improved piezoelectric voltage 

response, enabling efficient conversion between mechanical deformation and 

electrical voltage [55]. 

2.3.4. Ferroelectric and Energy Storage Performance Measures 

2.3.4.1. Ferroelectric Properties 

After clarifying the ferroelectric nature and crystalline structure inherent in 

ferroelectric materials, it is imperative to discern their performance based on their 

corresponding parameters. The manifestation of ferroelectric characteristics in these 

materials is typically obtained through the observation of hysteresis loops in the P-E 

domain, thus portraying the material's reversible polarisation and the switching 

behavior provoked by external electric field stimulation. Figure 2.6 displays a 

representative hysteresis loop characteristic of dielectric materials [31]. 

To comprehensively analyse the energy storage capabilities of ferroelectric materials 

along with the corresponding polarisation behaviour, it is crucial to examine and 

evaluate several common critical points on the P-E loop hysteresis graph (shown in 

Figure 2.6). The highest possible polarisation value under the effect of an applied 

electric field is represented by saturation polarisation, Ps. It denotes the maximum 

degree of polarisation that the material is capable of and is a measure of how well a 

material can respond to an external electric field. The maximum electric field after 

which the polarisation is saturated and no longer takes place, is commonly refered to 
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as Emax of breakdown electric field. Upon the removal of this electric field, the residual 

polarisation that remains in the material, is referred to as remnant polarisation, Pr. It 

describes how well a substance can maintain its polarisation state and a material with 

a higher Pr value has a stronger ability to retain polarisation over time. For applications 

like non-volatile memory that demand long-term polarisation stability, this attribute is 

essential. A threshold magnitude of electric field, known as the coercive field, Ec, is 

needed to further facilitate polarisation switching of the material. A higher value of Ec 

denotes a material with greater polarisation stability since a larger electric field is 

required to reverse the polarisation [42,56,57]. 

 

Figure 2.6: A schematic showing the P-E Ferroelectric Loop [31] with (adapted) 

stored/loss energy density 

2.3.4.2. Energy Storage Properties 

The P-E loop of ferroelectric materials may be further analysed by the area enclosed 

within and above the loop. The area within the loop indicates the energy loss density 

of the material which reflects the inefficiencies and losses encountered during the 

polarisation switching cycles of ferroelectric materials [58]. The area above the loop 

shown in green in the P-E loop in Figure 2.6 is the stored energy density, sometimes 

referred to as recoverable energy density or discharge energy density (Ue) represents 

the energy that can be retrieved or recovered from the material and thus signifies the 

amount of energy that can be stored within the material and subsequently released for 

use in various energy storage applications. The determination of this discharge energy 

density (Ue) usually depend on the applied electric field (E) and the electric 
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displacement (D) of dielectric materials and in the case of non-linear capacitators is 

can be evaluated using the formula shown in Equation 2.9 [59]. In the case of linear 

dielectrics, the Ue can be inferred using the formula shown in Equation 2.10 [59], 

whereas Emax is the maximum applied electric field to the material until breakdown, 

sometimes referred to as breakdown strength, and 𝜀𝑟 and 𝜀𝑜 hold the same definitions 

provided in earlier subsection. The formula presented in Equation 2.10 further reveals 

that the Ue is highly dependant on the Emax of the material and therefore generally those 

materials with increased breakdown strength depict superior discharge energy density 

[60]. 

𝑈𝑒 = ∫ 𝐸𝑑𝐷
𝑃𝑠

𝑃𝑟

 (Equation 2.9) 

𝑈𝑒 =
1

2
 𝜀𝑟𝜀𝑜𝐸𝑚𝑎𝑥

2 (Equation 2.10) 

2.4. Dielectric-based Ceramic Materials 

This section provides an overview of various dielectric-based ceramic materials that 

have been extensively employed in a broad spectrum of electronic applications, 

including the manufacturing of capacitators, insulators, sensors, and other vital 

electronic devices across diverse industries, such as telecommunications and 

healthcare equipment manufacturing. These ceramic-based materials, particularly 

those dielectric ceramics displaying ferroelectric characteristics, have seen a 

remarkable increase in research in recent years. Amongst the various categories of 

ferroelectric materials such as layered bismuth oxides [61] and tungsten bronzes [61], 

the ferroelectric ceramic perovskites have garnered significant recognition due to their 

exceptional properties, including low acoustic impedance and the ability to exercise 

precise control over their structure and composition [62,63]. 

Perovskites are a category of ceramics primarily based on the mineral calcium titanate 

CaTiO3 [64]. Their discovery can be attributed to their initial identification in the Ural 

Mountains of Russia and subsequent naming after the renowned chemist Lev Perovski 

(1792-1856) [65]. The general stoichiometry for a simple perovskite crystal structure 

within a cubic unit cell is denoted as ABO3, where A and B represent cations, and O 

represents anions [66]. The typical unit cell of a perovskite structure is depicted in 

Figure 2.7 [67]. By incorporating additional metal ions into both the A and B sites 
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through doping, the properties of perovskite materials can be tailored to meet specific 

requirements [67]. 

 

Figure 2.7: A schematic showing the crystal structure of a unit cell perovskite crystal 

[67], where A (in black) and B (in red) depict the cations and O (in blue) depict the 

anions 

Ferroelectric ceramics with a perovskite structure encompass a range of compositions, 

including both lead-based and lead-free variants [53,68–72]. Examples of lead-based 

ferroelectric ceramics include lead zirconate titanate (PZT) and lead titanate [53], 

while lead-free options consist of materials such as barium titanate (BT) [51], sodium 

bismuth titanate (BNT) [51], and potassium sodium niobate (KNN) [51]. However, 

due to the toxicity of lead-based ceramics [73], significant research efforts have been 

directed towards the development of lead-free based alternatives. The following 

subsections provide an overview of the commonly known lead-free perovskite 

ceramics as well as an overview of the lead-based PZT.  

2.4.1. Lead Zirconate Titanate (PZT) 

Lead zirconate titanate, often known as PZT, is a well-known lead-based perovskite 

ceramic that has attracted significant interest since 1954 as a result of the greatly 

enhanced piezoelectric properties as well as the relatively increased operating 

temperature range compared to other perovskite ceramics [74–77]. It is mainly 

composed of lead (Pb), zirconium (Zr) and titanium (Ti) with Pb[ZrxTi1−x]O3 as the 

chemical formula and x as the molar fraction composition between 0 and 1 [78]. The 

so-called morphotropic phase boundary (MPB), which is characterised as the region 

where rhombohedral and tetragonal phases simultaneously exist, separates the crystal 

structure of PZT into tetragonal structure for compositions rich in Ti (such as PbTiO3) 

https://en.wikipedia.org/wiki/Lead
https://en.wikipedia.org/wiki/Zirconium
https://en.wikipedia.org/wiki/Titanium
https://en.wikipedia.org/wiki/Oxygen
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and rhombohedral structure for compositions rich in Zr (such as PbZrO3) [79]. The 

phase diagram of PZT is shown in Figure 2.8 (a) [53]. Around this MPB region, at 

room temperature and at a composition of PbZr0.52Ti0.48O3, the crystal structure 

exhibits a sudden change, leading to its highest dielectric properties such as 

corresponding dielectric constant and electromechanical coupling factor, compared to 

non-MPB compositions. In context of piezoelectric materials, the electromechanical 

coupling factor, referred to as (k), indicates the rate of conversion between the 

mechanical and electrical energy [80]. The enhanced dielectric properties are 

attributed to the facilitated reorientation of dipoles across the domains [81,82]. The 

enhanced dielectric constant and increased electromechanical coupling factor around 

the MPB can observed in Figure 2.8 (b) [53]. 

 

Figure 2.8: A schematic showing (a) phase diagram of PZT and (b) varying dielectric 

constant and electromechanical coupling factor around MPB as a function of molar 

fraction composition of the Pb(Zr,Ti)O3 system [53] 

2.4.2. Barium Titanate (BT) 

Barium titanate (BT), also known as BTO (BaTiO3) is recognised as one of the earliest 

known perovskite compounds  [64]. Its ferroelectric behaviour was first identified in 

1946, which greatly contributed to the advancement of ferroelectric and piezoelectric 

technology. Generally, BT can exist in different crystallographic states depending on 

the temperature it is exposed to. Figure 2.9 illustrates four common states of the BT 

unit cell at varying temperatures [83]. Figure 2.9 (d) shows that at relatively higher 

temperatures, BT adopts a cubic perovskite structure where Ba2+ ions occupy the 

corners, Ti4+ ions are located at the center, and oxygen ions are positioned at the face 

centers. This structure is centrosymmetric and exhibits octahedral coordination around 
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the titanium ion and dodecahedral coordination around Ba2+ and thus shows no 

ferroelectric characteristics. At the Curie temperature (TC approximately 120-130°C), 

BT undergoes a phase transition from the paraelectric cubic phase to a ferroelectric 

tetragonal phase with a crystallographic orientation of 001 [83]. As the temperature 

further decreases, BT transitions to an orthorhombic ferroelectric phase at 

approximately 5-15°C, and then to a ferroelectric rhombohedral phase below around -

80 to -90°C with crystallographic orientations of 011 and 111, respectively. These 

crystallographic and shape transitions correspond to distinct orientations of electrical 

charges within the crystal, which result in an increase of the macroscopic spontaneous 

polarisation (PS) as the temperature decreases. It is also worth noting that, the ratio of 

the lattice parameters at room temperature in the tetragonal cell (a = b, c ≈ 4a) is 

roughly 1.011, indicating a deformation and spontaneous strain of about 1%. Even 

with such a slight distortion, the Ps can still be rather high, up to 20–25 mC/cm2. It is 

further observed that, that the dielectric constant decreases with decreasing 

temperatures. At the transition temperatures, the dielectric constant exhibits distinct 

discontinuities which manifest as abrupt changes in the dielectric constant rather than 

a smooth and gradual transition between the observed values [83].  

 

Figure 2.9: Phase transition of BT crystal structure with varying temperature along 

with the respective relative dielectric constant [83] 

2.4.3. Bismuth Sodium Titanate (BNT) 

Bismuth sodium titanate (Bi0.5Na0.5TiO3), commonly known as BNT, is an 

electroactive-ceramic material belonging to the ABO3 perovskite type. Its initial 
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discovery can be traced back to the early 1960s, credited to Smolenskii and colleagues 

[84]. Since then, BNT has found extensive utilisation in a wide range of electronic and 

electric applications, including but not limited to sensors and actuators, until the 

present day [85–87]. Its relatively higher Tc of around 300oC compared to the BT, 

allows for its use in high-temperature based applications, such as piezoelectric sensors 

[88] and actuators [89], which require materials that can operate at high temperatures 

without losing their ferroelectric properties [90–92]. Additionally, it possesses unique 

dielectric properties, including a high remnant polarisation (Pr) of 38 μC/cm2 and a 

high coercive field (Ec) of 73 kV/cm [93–97]. Research on BNT-based ceramics has 

revealed several key properties that make them useful for various applications. For 

instance, the high Pr and Ec values of BNT-based ceramics make them ideal for use in 

ferroelectric capacitors, where high charge density and high energy storage are 

necessary. 

Interestingly the BNT possesses a structural complexity which has sparked continuous 

debates and investigations aiming to understand its precise arrangement until present 

day. Therefore, the crystallographic structure of BNT can be conceptualised and 

modeled from two distinct perspectives. The first perspective, proposed by [98], 

suggests that BNT adopts a rhombohedral structure with the R3c space group. This 

arrangement involves specific antiphase rotations of oxygen octahedra along the a−a−a 

directions. Within this rhombohedral structure, a three-dimensional cubic grid is 

formed by bonding TiO6 octahedra to bismuth and sodium ions located at the center 

of the cube. However, with the advancement of higher-resolution single crystal XRD 

analysis, as undertaken by Gorfman and Thomas [99], the structure of BNT has 

undergone further scrutiny and refinement. This has led to the emergence of the second 

perspective, which suggests that the structure of BNT may be better represented by the 

monoclinic space group Cc. This alternative viewpoint is supported by the research 

conducted by Aksel et al. [100], thereby contributing to the ongoing discussions 

surrounding the precise structural nature of BNT. Notably, the displacement of Na, Bi, 

and Ti ions along the [111]p direction gives rise to the development of a polarised 

ferroelectric phase when subjected to an electric field. The two model perspective of 

the BNT structure are illustrated in Figure 2.10 [101].  
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Figure 2.10: BNT crystal structure showing (a) rhombohedral R3c model (hexagonal 

setting)  and (b) monoclinic Cc phase model [101] 

Similar to BT, BNT can also manifest in diverse crystallographic phases contingent 

upon temperature variations. As such, it is observed that within the temperature 

interval of -260°C to 255°C, BNT assumes the rhombohedral phase denoted as R3c. 

Subsequently, spanning from 255°C to 400°C, BNT undergoes a coexisting phase in 

which both rhombohedral and tetragonal structures coexist [102]. As the temperature 

escalates from 400°C to 500°C, BNT transits into the tetragonal phase classified as 

P4bm. The temperature range of 500°C to 540°C witnesses an intermediate phase 

characterised by attributes belonging to both tetragonal and cubic structures. 

Ultimately, beyond 540°C, BNT adopts the cubic prototype phase designated as 

Pm3m. The variation in the corresponding crystallographic structure upon temperature 

change is depicted in Figure 2.11 (modified from [102]).  

 

Figure 2.11: Variation of BNT crystal structure in response to increasing 

temperature; from rhombohedral to tetragonal to cubic (modified from [102] to 

reflect corresponding temperature)  
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2.4.4. Potassium Sodium Niobate (KNN) 

Potassium sodium niobate, also referred to as KNN and denoted as K0.5Na0.5NbO3, is 

another commonly known lead-free ceramic material that falls within the perovskite 

structure of ABO3 [8,103,104]. It has garnered significant attention as a potential 

substitute for traditional piezoelectric materials, such as PZT, in a wide range of 

applications. Since its discovery in 1950 [105], KNN has attracted increased research 

interests due to its unique properties such as the relatively high TC (>400oC), the 

enhanced piezoelectric response and the inherited ferroelectric properties.  

The perovskite structure of KNN, characterised by its arrangement of A and B cations 

and oxygen ions, contributes to its remarkable ferroelectric and piezoelectric 

properties. With potassium (K) and sodium (Na) ions occupying the A-site and 

niobium (Nb) ions occupying the B-site, KNN represents a solid solution between two 

different constituents: KNbO3 (a ferroelectric material) and NaNbO3 (an 

antiferroelectric material). A schematic showing the typical KNN crystal structure is 

shown in Figure 2.12 (a) [103], whilst Figure 2.12 (b) shows the phase diagram of the 

KNN solid solution [106]. 

 

Figure 2.12: A schematic showing (a) the typical KNN crystal structure [103], and 

(b) the phase diagram of the solid solution KNN system [106]  
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At room temperature, the perovskite structure of KNN demonstrates an orthorhombic 

structure that has a space group of Amm2. It is worth noting that KNN is distinguished 

from its end members, KNbO3 and NaNbO3, by this crystal structure, which both 

display various symmetries under ambient circumstances. It is noteworthy that KNN 

displays several phase boundaries that vary based on the composition of its 

constituents (as observed in Figure 2.12 b). The molar fraction composition with a 0.5 

ratio as the case of K0.5Na0.5NbO3, has gained the most attention in research [107–

110]. This is because this particular composition lays around the MPB of KNN, which 

separates two orthorhombic phases and shows a good balance between a modest 

dielectric constant and an ideal piezoelectric response, making it an attractive option 

for real-world applications. The K0.5Na0.5NbO3 composition undergoes three phase 

transitions: from rhombohedral to orthorhombic at approximately −110°C, from 

orthorhombic to tetragonal around 220 °C, and from tetragonal to cubic at 

approximately 420 °C. These phase transitions represent structural changes in the 

material's crystal lattice, leading to varying dielectric properties, i.e. dielectric constant 

and dielectric loss as depicted in Figure 2.13 [111].  

 

Figure 2.13: Variation of KNN crystal structure in response to varying temperature, 

along with the corresponding (temperature-dependent) dielectric constant and 

dielectric loss; whereas the blue, red and black points represent alkali elements in A 

and B sites, correspondingly [111] 

A comparison between the dielectric constant of various lead-free perovskite ceramics 

can be depicted in Figure 2.14 [53]. The relationship between the piezoelectric charge 
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coefficient (d33),  room temperature dielectric constant values (εr) of lead-free 

perovskites, and the Tc, can be further depicted in Figure 2.14 (a) and (b), respectively 

[53]. Lead-based PZT is also included for reference. It can be observed that as the Tc 

decreases, the dielectric and piezoelectric properties are intrinsically enhanced for 

PZT-based materials. Conversely, the lead-free perovskite materials belonging to the 

three families of BT, BNT (or NBT) and KNN demonstrate minimal, if any, 

enhancement in these characteristics as the Tc decreases [53]. 

 

Figure 2.14: Variation of (a) piezoelectric charge coefficient and (b) room 

temperature dielectric constant values in repsonse to varying Curie temperature for 

various perovksite ceramics [53] 
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2.4.5. Ceramic Powder Synthesis Methods 

In order to obtain and acquire the aforementioned ceramic powders exhibiting 

dielectric/ferroelectric/piezoelectric properties and even effectively control their 

morphology, it is essential to explore the synthesis methods employed in their 

fabrication. This section aims to provide a comprehensive analysis of the most widely 

employed synthesis techniques utilised for various ceramic powders’ synthesis. 

Generally, the synthesis of ceramic powders involves various methods, each offering 

distinct advantages and enabling precise control over particle morphology. Among the 

various methods available for ceramic powder particle synthesis, the conventional 

solid-state reaction [112], hydrothermal method [113], molten salt synthesis method 

[13], and sol-gel method [114] are recognised as the most widely employed. By 

understanding these synthesis processes and their corresponding crucial synthesis 

parameters, the properties of ceramic powders can be tailored to meet specific 

dielectric-based application requirements. 

2.4.5.1. Solid-State Reaction Synthesis Method 

Amongst the above-mentioned various synthesis methods, the solid-state reaction 

(SSR) stands as one of the oldest and most widely employed [112]. It has been widely 

employed in the synthesis of various lead-free ceramics [115,116]. In this method 

(solid-state), the precursor powders are meticulously weighed, thoroughly blended, 

and subsequently subjected to a milling or grinding process to achieve a homogeneous 

distribution of the constituents. Following the milling step, the mixture is subjected to 

calcination at elevated temperatures [112], which vary depending on the specific 

material being synthesised, such as ∼1200°C for BT [117]. However, the solid-state 

synthesis technique is often constrained by the requirement for higher synthesis 

temperatures compared to other synthesis methods. This elevated temperature can 

limit the control over the reaction and lead to non-uniform microstructures in the 

resulting ceramics [118]. Furthermore, achieving precise compositions can be 

challenging, and the scalability of the solid-state method is relatively limited [119].  

2.4.5.2. Hydrothermal Synthesis Method 

Another prominent method is the hydrothermal method which is utilised to crystallise 

chemical substances with the assistance of aqueous solvents [120,121]. It involves 

operating at elevated pressure and relatively low temperatures compared to other 

synthesis procedures such as molten salt and solid-state methods [120,121]. The 
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synthesis takes place in a closed system using a steel-made pressure vessel called an 

autoclave (seen in Figure 2.15 (a)) [122], enabling crystal growth or reactions to occur 

at high pressure and specific temperatures. This method is considered environmentally 

friendly as the closed system allows for recycling of the materials [122]. The typical 

procedural steps involved in the hydrothermal method is depicted in Figure 2.15  (b) 

[122]. One advantage of the hydrothermal process is the relatively low reaction 

temperature required, which offers benefits such as improved energy efficiency and 

reduced thermal stress on the materials [123]. Additionally, there is a variation of the 

hydrothermal synthesis called microwave-assisted hydrothermal [124], where thermal 

treatment is conducted using a microwave oven with controlled pressure. This 

variation offers advantages such as shorter reaction times, uniform nucleation of 

powders in suspension, and reduced costs compared to the conventional solid-state 

processes [124]. On the other hand, the hydrothermal synthesis process may be limited 

by the use of expensive autoclaves, which can increase the overall cost of the synthesis 

process, as well as the requirement for high pressure and controlled temperature 

conditions, which can restrict the scalability and practicality of the synthesis process. 

 

Figure 2.15: (a) A schematic showing the autoclave employed in hydrothermal 

synthesis; and (b) the steps of the hydrothermal synthesis technique [122] 

2.4.5.3. Molten Salt Synthesis Method 

Among various synthesis techniques employed for the fabrication of ceramic powders 

with desirable dielectric properties, the molten salt synthesis technique (MSS) has 

emerged as a promising method to synthesise these ceramic powders [125–128]. In 

this synthesis method, a substantial quantity of salt or a mixture of salts is used as a 



Chapter 2 

29 

 

solvent to expedite the reaction process [13]. The most extensively utilised salt flux is 

typically either NaCl or KCl or a combination of them due to their affordability, ease 

of washing with water, and availability [129]. Initially, the reactants are weighed  

according to stoichiometric ratios, after which the selected salt is added with a desired 

ratio to the reactants and then mixed together, usually using ball milling to obtain 

uniformly distributed mixture [130,131]. A surfactant may be also added during this 

step to obtain powder particles having nano-sized scale [13]. The next step involves 

heating the obtained mixture at a synthesis temperature, that is typically set higher than 

the melting temperature of the introduced salt/salt mixture, to allow the reactants to 

react within the molten salt. Generally, a synthesis temperature in the range of 800oC 

– 1100oC is selected with a holding time range of 30 – 60 minutes [13]. In certain 

systems, it was observed that the heating rate during this stage can impact the size of 

the particles. [132–134]. After the heat treatment, the obtained powder particles are 

washed with warm deionised water and dried to obtain the final ceramic powder. In 

general, any adjustments made to the synthesis temperature, heating rate, or duration 

can significantly influence the morphology of the final particles [13]. Generally, higher 

temperatures lead to increased material transport rate as well as increased salt 

evaporation rates which ultimately affect the shape of the product particles [13]. 

However, which exact temperature, holding time and heating rate would yield which 

exact dimensions of the product particles remains unclear. A schematic diagram 

illustrating the sequential steps involved in the molten salt synthesis (MSS) technique, 

along with the factors influencing the characteristics of the resulting ceramic powder 

at each stage, is presented in Figure 2.16 adopted from [135].   

 
Figure 2.16: A schematic diagram illustrating the sequential steps involved in the 

molten salt synthesis (MSS) and the factors influencing the characteristics of the 

resulting ceramic powder at each stage (reproduced from [135]) 
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MSS generally occurs during two stages. During the first stage, referred to as the 

reaction stage, reactant particles dissolve in the molten salt while product particles 

begin to form. This stage may be driven by the solution-precipitation or the solution-

diffusion mechanisms, illustrated in Figure 2.17. The solution-precipitation 

mechanism occurs when the dissolution rate of the reactants is generally similar [136]. 

In such instances, the product particles are formed and precipitated as the introduced 

reactants dissolve within the molten salt (seen in Figure 2.17 (a)). Herein, the obtained 

shape of the product particles is inherent and typically prevents the achievement of 

anisotropic particles. On the other hand, the solution-diffusion mechanism, sometimes 

knows as template growth, occurs when the reactants have dissimilar dissolution rates 

[123]. As such, reactant particles with higher dissolution rate, dissolve faster in the 

molten salt and diffuse through it and consequently react with those reactants with a 

lower dissolution rate (seen in Figure 2.17 (b)). Herein, the shape of the product 

particles is generally similar to that reactant with the lower dissolution rate.  

 

Figure 2.17: A schematic showing the product particles formation during the initial 

stage of MSS in which (a) depicts the solution-precipitation and (b) the solution-

diffusion mechanism; whereas A, B and P represent reactant and product particles, 

respectively [129] 

Upon completion of the first stage, the growth stage ensues, marked by complete 

dissolution of all reactant particles. At this stage, the only solid phase in the molten 

salt is the product particles and there is almost no longer any supersaturation. Herein, 

the particles grow larger and hence have larger surface area due to prolonged heating 

at elevated temperatures due to the Ostwald ripening phenomenon [13]. 
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In some cases, to attain specific shapes of product particles such as plate-like or needle-

shaped particles, the so-called topochemical microstructure conversion (TMC) is 

subsequently employed [137–139]. This involves diffusing supplementary material 

with the precursor particles within the molten salt reaction to preserve the shape of the 

precursor and obtain product particles with similar shape to that of precursor  [13,129]. 

This is mainly driven by the solution-diffusion mechanism. Several perovskite 

ceramics with various crystal structures have been synthesised using this conversion 

approach, such as the obtained platelike particles of NaNbO3 [140], BaTiO3 [141], 

CaTiO3 [138], Bi0.5Na0.5TiO3 [142,143] and needle-like particles of KNbO3 [144] 

prepared from relevant corresponding precursors.  

The MSS approach is known for its superior reaction kinetics compared to solid-state 

reactions, primarily attributed to the reduced diffusion distances within the molten 

system and the enhanced mobility of oxides. One notable advantage is the enhanced 

reaction time compared to solid-state reactions, facilitated by the presence of molten 

salt that aids in the dissolution of the reactants. This promotes efficient mixing and 

increased surface contact between the reactants within the molten medium, resulting 

in a homogeneous product mixture [145]. Moreover, this technique enables the 

synthesis and control of powders with different sizes and shapes by manipulating the 

influencing synthesis parameter factors illustrated earlier. The manipulation and 

control of the resulting morphology may be advantageous in tailoring desired particle’s 

geometry for specific dielectric-based applications as will be further elaborated in 

subsequent sections. Additionally, MSS is considered cost-effective, as it does not 

require specialised equipment such as the autoclave in hydrothermal synthesis for 

instance. Despite its general ease of implementation, the synthesised product particles 

may be limited by the contact area between the dissimilar reactants involved in the 

reaction [146]. This limitation arises from the requirement for effective interfacial 

interactions between the reactants, which can be influenced by factors such as particle 

size, shape, and surface characteristics. 

2.4.5.4. Sol-gel Synthesis Method 

Another versatile and widely employed ceramic synthesis technique, particularly for 

the production of lead-free ferroelectric ceramic powders, is the sol-gel synthesis 

method [147–149]. This method is based on a wet chemical approach, wherein a 

molecular precursor is dissolved in water or alcohol to form a sol [150]. The sol then 
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undergoes gelation through hydrolysis or alcoholysis, facilitated by heating and 

stirring. The resulting gel is typically wet or damp and requires appropriate drying 

methods to achieve the desired properties and application. The drying process depends 

on the solvent used in the gel, with alcohol burning being a common method for 

alcoholic solutions [151]. Once dried, the gels are transformed into powdered form 

and subjected to calcination. The employed drying method significantly influences the 

properties of the resulting dried gel, which are tailored to suit the intended applications. 

A schematic showing the various steps involved in the sol-gel synthesis process along 

with the various drying methods is depicted in Figure 2.18 [151].  

 

Figure 2.18: A schematic showing the sequential steps involved in the hydrothermal 

synthesis process [151] 

The sol-gel method may offer several advantages such as the ability to operate at 

relatively low temperatures, produce fine powders, and achieve compositions that are 

not attainable through solid-state synthesis methods [152]. However, drawbacks of 

the sol-gel method include the requirement for careful drying processes and potential 

challenges in achieving uniform particle size distribution. Additionally, the cost of 

raw materials, particularly the chemicals used, can be high, making it an expensive 

process.  

2.5. Dielectric-based Polymeric Materials 

Generally, ceramics/inorganic materials demonstrate significantly higher dielectric 

constants compared to polymeric materials [153]. This is attributed to the presence of 

intrinsic ions and polar groups, which contribute to their elevated dielectric response. 

Nonetheless, polymer dielectric materials offer several advantages over ceramic 

counterparts, including their relatively lower density which makes them particularly 

appealing in lightweight applications, such as wearable sensors, where weight 
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reduction is crucial [154]. Additionally, they offer higher flexibility which allows for 

greater design freedom and enables them to be used in various forms and applications 

[154]. Although the dielectric constant of polymers is generally lower than that of 

piezoelectric ceramics, this characteristic results in a higher voltage coefficient, which 

may be advantageous in specific applications. 

Polymers exhibit different dielectric properties depending on their polarity. They may 

be divided into polar and non-polar polymer based on the geometry of their relevant 

chains [154]. Polymethyl methacrylate (PMMA), polyvinyl chloride (PVC), 

polyamide/Nylon (PA), polycarbonate (PC) are among the commonly known polar 

polymers [154]. Generally, they possess a permanent dipole moment due to the 

presence of polar functional groups or asymmetric molecular structures and thus 

exhibit distinct dielectric properties. When those polar polymers are subjected to an 

alternating electric field, the dipole moments within the polymer chains (which were 

initially not aligned) need some time to align themselves. At very low frequencies, the 

dipoles generally have sufficient time to align with the field direction and before it 

changes its (electric field) direction. In contrast, at very high frequencies, the dipoles 

do not have enough time to align before the field changes its direction. The dielectric 

constant of polar polymers varies with the frequency of the alternating current. At low 

frequencies (e.g., 60 Hz), polar polymers generally demonstrate dielectric constants 

ranging from 3 to 9, while at higher frequencies (e.g., 100 Hz), the dielectric constant 

decreases and generally ranges from 3 to 5 [154]. This frequency dependence arises 

from the behavior of the dipoles in response to the changing electric field. 

On other hand, non-polar polymers such as polyethylene (PE), polypropylene (PP), 

polystyrene (PS), and polytetrafluoroethylene (PTFE), are those polymers that lack a 

permanent dipole moment. In contrast to polar polymers, non-polar polymers have an 

even distribution of charge within their molecular structure, resulting in a balanced 

electron density. Therefore, they exhibit different dielectric properties when compared 

to polar polymers. In an alternating electric field, the absence of a dipole moment 

means that non-polar polymers do not require time to align their molecular charges 

with the changing field direction. The electron polarisation in this case is essentially 

instantaneous, regardless of the frequency of the applied alternating current. Due to 

their inherited non-polar nature, non-polar polymers generally have lower dielectric 

constant values (less than 3) compared to those of polar polymers which makes them 
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suitable for specific applications where low dielectric constant is desired. Figure 2.19 

shows an example of the dipole moment of the non-polar PTFE and the polar PVC 

[154]. It can be observed that in the case of PTFE, the vectors are oriented in opposite 

directions, effectively cancelling each other out and hence non-polar, whereas that of 

the polar PVC are oriented parallel to each other and thus enhancing the overall 

strength of the dipole moment within the material.  

 

Figure 2.19: Net dipole moment exhibited by (a) non-polar PTFE and (b) polar PVC 

[154] 

Another interesting polymeric dielectric material is the poly (vinylidene fluoride) 

(PVDF) which exhibits both polar and non-polar phases based on the fabrication 

method [155]. It has been widely investigated to its relatively higher dielectric constant 

(around 10) compared to other polymeric matrices, as well as the increased breakdown 

strength around 1500-5000kV/cm [156]. Generally, PVDF manifests five distinct 

crystalline polymorphs, namely α, β, γ, δ, and ε phases [157,158]. Among these phases, 

the α and ε phases of PVDF display non-polar characteristics due to the antiparallel 

alignment of dipoles within their crystal structures. In contrast, the remaining three 

phases possess inherent polarity, offering distinctive ferroelectric and piezoelectric 

attributes. The α, β, and γ phases of PVDF have been extensively investigated due to 

their notable properties and wide-ranging applications [155]. Among these, the α phase 

is particularly accessible, attracting considerable research attention towards exploring 

melt crystallisation of PVDF and the α to β phase transformation. Efforts to enhance 

the prevalence of the electrically active β and γ phases in PVDF continue to be pursued, 

given their significant potential for deployment in diverse domains such as spin valve 

devices, sensors, energy storage systems, and beyond. Figure 2.20 shows a schematic 

of the α, β, and γ phases of PVDF [155].  

Generally, the α phase may be obtained through direct crystallisation from the melt. In 

the case of the β phase, the all-trans planar zigzag conformation (shown in Figure 2.20 

[155]) of the hydrogen and fluorine atoms induces a substantial dipole moment. 
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Herein, the arrangement of hydrogen and fluorine in opposite configuration (located 

on both sides of the chain) leads to experiencing an electron-withdrawing force from 

the fluoride atoms. This electron-withdrawing nature of fluorine renders the β-phase 

polar, leading to the manifestation of ferroelectric properties. Conversely, the γ phase 

exhibits a weaker piezoelectric effect compared to β phase PVDF, primarily attributed 

to the presence of gauche bonds occurring every fourth repeat unit. Thus, the β phase 

of PVDF generally exhibits superior piezoelectric, ferroelectric, and pyroelectric 

properties when compared to the other polymorphs.  

 

Figure 2.20: α, β and γ phase of PVDF [155] 

2.6. Ceramic-Polymer Dielectric Composites 

The previous subsections of this chapter have reviewed the distinct advantages offered 

by dielectric ceramics and polymers. Polymers have proven to offer flexibility, while 

ceramics are proven to provide unique ferroelectric properties and relatively higher 

dielectric constants. However, certain limitations still inhibit their widespread 

incorporation in numerous applications at an affordable cost. For instance, ceramics 

are limited by their high density and brittleness, whereas polymers are limited by their 

significantly lower dielectric values and their relatively higher production costs. In this 

context, ceramic-polymer dielectric composites emerge as a viable solution to 

circumvent these challenges by combining the advantages of both single-component 

based materials, effectively. These composites are anticipated to provide the required 

mechanical integrity and flexibility of polymers while incorporating the desirable 

dielectric properties of ceramics [159–164]. By integrating ceramic filler particles 
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within a polymer matrix, the composite structure leverages the enhanced dielectric 

properties of ceramics while maintaining the deformability and compliance provided 

by polymers. This synergistic combination allows for improved performance and 

expanded applications in the field of dielectric materials. Generally, a rule of thumb 

suggests that in order to fabricate dielectric composites to demonstrate electrical 

properties that resemble those of ceramics, it is necessary to incorporate a higher 

volume fraction of the filler material [165]. However, it should be noted that by 

carefully controlling the distribution of fillers during the composite fabrication 

process, it becomes possible to further tailor the properties of the composites to align 

with the specific requirements of different applications. This implies that the electrical 

characteristics and other relevant properties of the composite can be intentionally 

modified by precisely controlling the arrangement and concentration of the filler 

materials, allowing for customised composites that cater to the specific needs of 

various applications [166]. 

In this context, the concept of “connectivity” plays a significant role in defining the 

structural characteristics of ceramic-polymer composites. “Connectivity” refers to the 

degree of physical interconnection exhibited by the ceramic particles and the polymer 

matrix, considering the three-dimensional coordinates (x, y, and z). As an example, 

the numerical value "3" assigned to a phase signifies absolute connectivity in all three 

dimensions. When a composite is constituted of two different phases such as ceramic 

and polymer phases, as in the case of biphasic composites a numbering scheme 

comprising two digits is employed to characterise their level of connectivity. The 

initial digit represents the extent of connectedness among filler particles whereas the 

succeeding digit reflects that of matrix connectivity [167]. To illustrate these 

connectivity patterns, Figure 2.21 presents ten distinctive connectivity arrangements 

depicting the interconnection between the ceramic and polymer phases [167]. These 

patterns span from an unconnected 0-0 pattern, where neither the ceramic filler 

particles nor the polymer matrix are interconnected, to a fully self-connected 3-3 

pattern, wherein both the ceramic and polymer phases demonstrate three-dimensional 

interconnections [168].  

Among these connectivity patterns, the 1-3 connection pattern has been widely 

employed in several applications, such as in energy harvesting and biomedical fields, 

including ultrasound imaging, sensors, and hydroacoustic devices. The remarkable 
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benefits of this pattern, such as its high electromechanical coupling factor, enhanced 

hydrostatic voltage coefficient, and improved piezoelectric coefficient, have 

contributed to its rise in popularity [169–172]. Additionally, the desirable properties 

of the “bio-inspired” structure of this specific pattern is very well suited for 

applications that call for effective energy conversion, precise sensing capabilities, and 

improved performance in dielectric systems [173]. They have also found extensive 

applications in the field of nano-technology engineering with promising performance 

in wearable sensors and energy harvester applications [174,175]. With the fast-moving 

pace of technology, it becomes increasingly crucial to focus on the fabrication and 

design of these ceramic-polymer composites to enhance their performance and enable 

their widespread application across extended various domains. Achieving superior 

performance necessitates careful consideration of multiple factors, including material 

selection, fabrication techniques, and composite architecture. The next section 

discusses these factors and provides an overview of the various factors affecting the 

performance of dielectric ceramic-polymer composites. 

 

Figure 2.21: Various connectivity configurations of bi-phasic composite systems 

[167] 
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2.6.1. Factors Affecting the Performance of Ceramic-Polymer Composites 

As stated in the previous subsection, the enhanced functioning of devices utilising 

dielectric composites significantly depends on various factors such as the chemical and 

physical properties of the parent phases as well as the fabrication process. This 

involves the necessity to consider the structural and functional attributes of the 

constituent phases that contribute to the composite, encompassing the imperative of 

maintaining geometric integrity. Consequently, it is of paramount importance to 

consistently ascertain the factors that exert influence on the performance of dielectric 

composites, with the aim of streamlining and establishing efficacious criteria for 

material selection that optimally align with the principal parameter indices throughout 

the fabrication process.  

Based on the comprehensive review of relevant literature, the performance of ceramic-

polymer composites, including their piezoelectric, dielectric, and ferroelectric 

properties, can be influenced by several key factors [176]. These factors can be broadly 

classified into seven distinct categories, as illustrated in the Fish-bone diagram 

depicted in Figure 2.22. Amongst these factors, the conductivity of either/both the 

matrix and the filler have proven to influence the overall dielectric properties [177]. 

Generally, the electrical conductivity of the matrix material is crucial as it affects the 

ability of the composite to withstand and distribute electrical charges [178]. A certain 

level of electrical conductivity is necessary to facilitate efficient poling of dielectric 

ceramics and to enable the alignment of electric dipoles. However, if the matrix 

material becomes highly conductive, it may lead to undesired short circuits or leakage 

currents, compromising the dielectric properties of the composite.  

Furthermore, the addition of a third phase to the conventional bi-phasic ceramic-

polymer composites have deemed to be amongst the various factors affecting the 

composite performance, in some instances [179,180]. The three-phase system allows 

for the incorporation of additional functionalities and tailoring of the material's 

properties to meet specific application requirements.  

In general, by understanding and analysing the different factors affecting the 

performance of dielectric-based ceramic-polymer composites, it becomes possible to 

gain valuable insights into the intricate interplay that governs the overall performance 
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of such composites. The following subsections delve into a detailed exploration of 

some of these factors. 

 

Figure 2.22: Fishbone diagram showing various influential factors that impact the 

overall performance of ceramic-polymer composites 

2.6.1.1. Effect of Composite Fabrication Method 

Fabrication methods play a crucial role in optimising the performance of dielectric 

composites and expanding their applications in modern technologies. The way these 

composites are fabricated, including the mixing time and method, ultimately 

determines their properties.  

Specifically, for the above demonstrated 1-3 composites, there exist various 

approaches such as dice-and-fill [181], arrange-and-fill [181], injection molding [182], 

and lost mold [182] methods (shown in Figure 2.23). The dice-and-fill method 

involves cutting, backfilling, and polishing a sintered piezoelectric block to establish 

connectivity [183]. In contrast, the arrange-and-fill method entails filling sintered 

ceramics into the polymer matrix prior to the cutting process. However, it should be 

noted that improper alignment of ceramic fillers during the arrange-and-fill fabrication 

process can give rise to unfavourable electromechanical responses [181]. Injection 

molding, a conventional widely employed technique, enables the direct production of 

ceramic green bodies exhibiting the characteristic rod-like structure of 1-3 

piezoceramic-polymer composites. Following sintering, these parts undergo a similar 

procedure as the diced ceramic block. Nonetheless, it is crucial to recognise that 

injection moulding is an expensive, time-consuming, and rigid process [184]. Another 

method, known as the lost mold method, offers enhanced accuracy compared to 

injection molding. This method involves utilising the LIGA (Lithography Galvano-

forming and plastic molding) process to create a plastic mold that is subsequently filled 
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with a slurry. After drying, the mold is burned out, and the resulting structure is 

sintered to achieve an X-ray density exceeding 98% [183]. However, it is worth noting 

that the LIGA process is also characterised by its time-consuming nature and 

associated high costs [183].  

 

Figure 2.23: A schematic showing various 1-3 ceramic-polymer fabrication 

techniques, namely (a) dice-and-fill, (b) arrange-and-fill and (c) injection moulding 

techniques [182] 

Ongoing advancements in technology have made it possible to fabricate those 

composites through innovative alternative methods, such as 3D printing. One notable 

technique, known as fused deposition modeling (FDM) or fused filament fabrication 

is commonly employed in 3D printing. It involves the layer-by-layer deposition of 

polymers to create complex structures [185]. Generally, FDM has gained widespread 

popularity due to its affordability and ease of operation. While this technique is 

primarily used for printing conventional polymers, it has been also be utilised to print 

polymer-based composites that contain ceramic filler particles. This capability was 

recognised by Crump, the inventor of fused deposition modeling, leading to the 

development of commercially available composite feedstock materials specifically 

designed for use in fused deposition 3D printers. For instance, Moulart et al. [186] 

conducted a study focusing on the fabrication and dielectric characterisation of a 

ceramic-polymer composite filament composed of BaTiO3 microparticles in 

acrylonitrile butadiene styrene (ABS). Their research aimed to explore the potential of 
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fused deposition for producing electronic and microwave devices using the 

BaTiO3/ABS filament. However, it should be noted that their study did not 

demonstrate the actual printing of this filament. However, subsequent research 

conducted by F. Castles et al. [176] has successfully demonstrated the fabrication of 

BT/ABS composites using commercial desktop 3D printing. The fused deposition 

method offers several notable advantages, including the relatively low cost of the 

machines and the ability to print composites using a wide range of commonly available 

thermoplastics such as ABS, polyethylene terephthalate, nylon, and polypropylene. In 

their study, the researchers achieved permittivity values ranging from 2.6 to 8.7, with 

loss tangents ranging from 0.005 to 0.027. Importantly, the permittivity values 

obtained were reproducible throughout the printing process and closely matched those 

of bulk unprinted materials, with a deviation of only approximately 1%. These findings 

suggest that the fused deposition method holds promise as a viable manufacturing 

process for producing high-quality dielectric composites. 

Additionally, the impact of FDM on three-phase dielectric nanocomposites has been 

explored. In their study, Kim et al. have developed ternary-structure based composite 

material consisting of PVDF, BT and multiwall carbon nanotubes (CNTs) [187]. 

Herein, the incorporation of CNTs served a dual purpose, acting as a surfactant for BT 

and as an electrically conductive filler. The researchers observed an improvement in 

permittivity and dielectric constant, which was attributed to the enhanced dispersion 

of BT particles as well as the reduced loss tangent. The presence of a porous inorganic 

additive in a composite such as the one consisting of BT and Acrylonitrile butadiene 

styrene (ABS) can lead to a decrease in permittivity due to inadequate bonding 

between the particles and the polymer at the particle/polymer interface. However, the 

addition of organic esters as additives shows promise in improving permittivity by 

promoting better compatibility between the polymer and the filler ceramic particles in 

the composite [188]. Consequently, the use of dispersants, surfactants [189] and 

plasticisers [190] can enhance the composites’ FDM printability by improving the 

dispersion of filler particles and reducing the viscosity of the composite, respectively 

In summary, the careful selection of an appropriate composite fabrication technique is 

vital in enhancing the performance of dielectric composites and expanding their 

applications in advanced technologies. It involves finding the optimal balance between 

cost, time and ease-of-use while ensuring the desired quality and functionality of the 
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composites. In the present era, the utilisation of the 3D printing process has 

revolutionised the fabrication of ceramic-polymer composites, offering a diverse range 

of advantages and prospects for progress in terms of cost and time and the ability to 

produce complex geometry and intricate structures that would be challenging or even 

impossible to achieve using traditional fabrication methods. This opens up new 

possibilities for designing and manufacturing dielectric composites with tailored 

properties and functionalities to meet specific application requirements. 

2.6.1.2. Effect of Distribution of the Fillers 

The distribution and alignment of filler particles within the polymer matrix have 

proven to have a significant impact on the dielectric performance of ceramic-polymer 

composites. Numerous studies have demonstrated that aligning the ceramic particles 

within the polymer matrix can effectively influence the dielectric properties. In recent 

years, researchers have made several efforts to improve the alignment of particles 

during the fabrication process, aiming to achieve enhanced dielectric properties in the 

resulting composites [52,54,191]. 

The most commonly widely adopted technique for aligning ceramic particles during 

the fabrication process of ceramic-polymer composites is the so-called 

dielectrophoresis (DEP) [192–196]. Through the application of a non-uniform or 

alternating electric field, dielectrophoresis induces polarisation in ceramic particles, 

leading to their alignment in a quasi (structured) 1-3 chain-like structure that mimics 

the 1-3 structure [194]. Figure 2.24 visually presents different composite structure 

types, including random 0-3, quasi 1-3, and conventional ceramic pillar 1-3 structures, 

accompanied by corresponding scanning electron microscopy (SEM) images. 

Generally, quasi 1-3 structure is preferred over the random 0-3 and pillar 1-3 structure, 

as the obtained chain-like structure allows for a more flexible and less dense composite 

material compared to the rigid and dense arrangement of pillars in 1-3 composites. 

Additionally, the obtained chain-like structure can be achieved through relatively 

straightforward techniques and low-cost, which are similar to those used for 0-3 

composites, but with enhanced dielectric properties [197]. DEP has been effectively 

employed to align various particle types, ranging from micron-sized cubes [54] and 

fibers [198] to random spherical particles [199], in several quasi 1-3 ceramic-polymer 

based composites. This alignment process generally leads to a reduction in the 

interparticle distance, resulting in a closer packing of the ceramic particles within 
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certain regions of the composite. The enhanced connectivity and reduced interparticle 

spacing contribute to an increase in the dielectric permittivity or dielectric constant of 

the material. As a result, the aligned composite exhibits a higher dielectric constant 

compared to composites with randomly distributed particles 0-3 configuration. The 

closer proximity and improved alignment of the ceramic particles facilitate a more 

efficient response to the applied electric field, leading to an enhanced dielectric 

performance in the aligned composite material.  

 

Figure 2.24. A schematic showing random 0-3, quasi 1-3 and conventional ceramic 

pillars 1-3 composite types along with their respective SEM micrographs; whereas, 

the polymer matrix is black and ceramic filler is blue coloured [200] 

To predict the effective dielectric constant in ceramic-polymer composites, several 

theoretical models have been suggested, which account for the morphology of the 

constituents and their respective volume fractions. In [201] Yamada et. al. suggested 

that the ceramic-particle polymer-matrix composites can be regarded as a 

heterogeneous system composed of two distinct constituents within the domain of 

composite materials. Herein, they proposed a model aimed at elucidating the behavior 

of the dielectric constant of random 0-3 piezoelectric composites. This model 

considers the dielectric constant of both constituents (ceramic and polymer) involved 

in the composite as well as the incorporated volume percentage of ceramic particles 

[201]. The equation governing the Yamada model is presented in Equation 2.11, 

whereas εc and εp are the dielectric constants of BNT ceramic powder and polymer 

matrix respectively, φ is the ceramic volume fraction, and 𝑛 is the reciprocal of the 

depolarisation factor for an ellipsoidal particle in the electric field direction. As for the 

structured 1-3 composites, Bowen et al. [18] put forth an analytical model for 
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predicting the effective dielectric constant of fully structured composites (using 

dielectrophoresis). The model considers the composite as a system of one-dimensional 

chains of particles separated by polymer gaps and is presented in Equation 2.12 where 

R represents the ratio of the average particle size to the interparticle distance (ip), while 

the remaining parameters hold the meanings previously defined.  

𝜀𝑟𝑎𝑛𝑑𝑜𝑚 = 𝜀𝑝(1 +
𝑛𝜑(𝜀𝑐 − 𝜀𝑝)

𝑛𝜀𝑝 + (𝜀𝑐 − 𝜀𝑝)(1 − 𝜑)
 (Equation 2.11) 

𝜀𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑑 = 𝜑 (
𝑅𝜀𝑐𝜀𝑝

𝜀𝑐 + 𝑅𝜀𝑝)
) + (1 − 𝜑)𝜀𝑝 (Equation 2.12) 

Furthermore, it is noteworthy to mention that Yamada et al. [201] made predictions 

regarding the d33 value of random 0-3 composites aligned in the poling direction. This 

prediction is represented by Equation 2.13, where d33random denotes the piezoelectric 

charge coefficient and α represents the poling ratio of the dispersed ceramic particles. 

The remaining parameters have been previously introduced in the dielectric constant 

equation above. On the other hand, Van den Ende et al. have developed an analytical 

model to determine the piezoelectric charge coefficient in structured 1-3 composites 

[73]. This model extends Bowen's model and calculates the d33 values of composites 

by considering the particle-matrix arrangements within chains as two in-series-

connected capacitors that are in the electrical domain, and two in-series connected 

springs that are in the mechanical domain and is depicted by the formula in Equation 

2.14. In this equation, Yp represents the elastic modulus of the polymer matrix, while 

Yc represents the elastic modulus of the ceramic particles along the chains. The 

variable R corresponds to the ratio between the average particle size and the effective 

distance between particles in the direction of the electric field. 

𝑑33𝑟𝑎𝑛𝑑𝑜𝑚=

𝜑𝛼𝑛𝜀𝑟𝑎𝑛𝑑𝑜𝑚𝑑33𝑐

𝑛𝜀𝑟𝑎𝑛𝑑𝑜𝑚 + 𝜀𝑐 − 𝜀𝑟𝑎𝑛𝑑𝑜𝑚
 (Equation 2.13) 

𝑑33𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑑 =
(1 + 𝑅)2𝜀𝑝𝜑𝑑33𝑐𝑌𝑐

𝜀𝑐 + 𝑅𝜀𝑝[(1 + 𝑅𝜑)𝑌𝑐 + (1 − 𝜑)𝑅𝑌𝑝
 (Equation 2.14) 

Figure 2.25 (a)-(c) demonstrates the impact of dielectrophoretically aligned ceramic 

lead titanate (PT) particles on the relevant d33, g33 and ε33 of PT-Epoxy composites 

compared with that of unstructured composites at various PT volume fractions, 

respectively [202]. It is observed that not only the respective dielectric constant 
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exhibits an enhancement when the particles are aligned (structured), but also in terms 

assessing the piezoelectric performance, the corresponding d33 and g33 values were 

also enhanced. This enhancement can be attributed to the interplay between the d33 

value, interparticle distance, and particle connectivity, as elucidated by the Van den 

Ende model (which is basically an extension of the Bowen’s model) [203]. It is further 

observed that the increase in d33 is more pronounced at lower volume fractions 

compared to the observed increase at higher volume fractions. This observation aligns 

well with the theoretical predictions of the Van den Ende model, which presumes a 

rapid increase in d33 within the range of 0% to 10% ceramic volume fraction. This 

observed increase is consistent with the underlying theory that involves the presence 

of anisotropic electroactive particles uniformly distributed in a 1-3 configuration 

throughout the composites. Additionally, since g33 is dependent on d33, it follows that 

a more pronounced increase in g33 is witnessed at lower volume fractions. 

 

Figure 2.25: Variation of (a) d33, (b) g33 and (c) ε33 of random and structured 

PT/Epoxy as a function of the PT volume fraction [202] 

It is important to highlight in this context that the degree of poling of the ceramic phase 

plays a significant role in determining the overall piezoelectric properties of ceramic-



Chapter 2 

46 

 

polymer composites at a macroscopic level [204]. High poling fields are required to 

achieve sufficient poling efficiency in fine-grained electroactive particles embedded 

in a polymeric matrix. Equation 2.15 [205] provides a means to calculate the electric 

field E1 acting on an isolated spherical grain in a polymer matrix, where E0 is the 

applied electric field and εp and εc hold the same meanings defined previously. 

𝐸1 =
3𝜀𝑝

𝜀𝑐 + 3𝜀𝑝
 𝐸0 (Equation 2.15) 

The piezoelectric properties of poled samples are known to be influenced not only by 

the strength of the poling field but also by the poling orientation and the direction of 

the applied electric field. A study by Raj Kiran et al. [206] investigated the impact of 

poling direction on the performance of piezoelectric materials operating in 

longitudinal (d33) mode. The authors mathematically and experimentally demonstrated 

that the piezoelectric strain coefficients are affected by the direction of poling. During 

the poling process, the distribution of the electric field is affected by the ratio of the 

electrical conductivity of the polymer to that of the ceramics, which is denoted as 

𝜎𝑚/𝜎𝑐. Additionally, the mobility of charges in the polymer matrix is crucial to 

achieving the desired polarisation. For stable polarisation of a 

piezoelectric/ferroelectric material, it is essential to allow sufficient time for the 

electric charges to align themselves in response to the applied electric field [204]. This 

period should be longer than the sample's relaxation time, as it has been theoretically 

established that the poling time should exceed this time period (represented as τ in 

Equation 2.16) to achieve stable polarisation [204]. This ensures that the charges have 

enough time to align themselves in response to the applied electric field and that the 

resulting polarization in the material is stable. 

τ =
𝜑3𝜀𝑚 + (1 − 𝜑)(𝜀𝑐 + 2𝜀𝑚)

𝜑3𝜀𝑚 + (1 − 𝜑)(𝜎𝑐 + 2𝜎𝑚)
 (Equation 2.16) 

In the ongoing pursuit of achieving high-performance operating composites for 

dielectric applications, there have been research endeavors that explore modifications 

to the manufacturing process. As such, Khanbareh et al. have [207] investigated the 

integration of the alignment through dielectrophoresis with the poling procedure for 

quasi 1-3 composites at normal ambient temperature, where the polymer matrix 

remains in a liquid state, after which it is subjected to curing. This technique aims to 
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optimise the potential for poling by taking advantage of the electrical conductivity 

exhibited by polymeric matrices. In their study, Khanbareh et al. [207] has extensively 

explored the impact of electric conductivity on the dielectric properties of ceramic-

polymer composites. The study underscores that a higher electrical conductivity within 

polymeric matrices results in shortened buildup time for ceramic particles' exposure to 

an electric field, leading to enhanced poling capability. Thus, it has emphasised the 

critical role played by the electrical conductivity levels of polymers in shaping the 

composite's dielectric traits. 

To further investigate the influence of the particles’ alignment on the dielectric 

properties of ceramic-polymer composites, a study conducted by Kim et al. in 2016 

[208] has used an ice-templating technique for the fabrication of a BT/epoxy 

composite. This technique involves the formation of ceramic particle walls with pore 

channels using ice crystals as structural supports. Subsequently, an epoxy matrix is 

infiltrated into the structure, followed by perpendicular dicing and electrode coating. 

The ice-templating method facilitated the alignment of BT particles in a lamellar 

configuration architecture, with BT volume fractions ranging from 10 to 30 vol%. The 

results demonstrated a linear increase in the 𝜀𝑟  with increasing BT fraction, indicating 

the dependence of the 𝜀𝑟  on the volume fraction of the electro-active filler particles. 

Notably, the unique lamellar architecture achieved through the ice-templating method 

led to higher 𝜀𝑟 compared to conventionally produced composites. However, the ice-

templating method yielded enhanced dielectric properties at a higher BT volume 

fraction (30%), which incurs greater costs, in contrast to a lower BT volume fraction 

(10%) utilised in conventional dielectrophoretic alignment [208]. Although the use of 

ice-templating method displays potential in augmenting composites' dielectric 

properties and sensitivity, their analysis failed to consider the role of electro-active 

particle-matrix interface. This particular parameter has been acknowledged as a 

decisive factor that affects composite materials' dielectric performance, with studies 

utilising DEP methods to explore its impact [54,196]. Employing DEP alignment when 

incorporating active ceramic particles into polymeric matrices appears advantageous 

in producing cost-effective yet highly sensitive composites. 

In addition to the widely employed DEP, magnetic field alignment has emerged as an 

alternative method for achieving particle alignment. A study conducted by Kiho Kim 

et al. [209] aimed to align anisotropic boron nitride (BN) particles in a vertical 



Chapter 2 

48 

 

direction with the direction of heat transport by employing a magnetic field. To 

facilitate this process, iron oxide nanoparticles were introduced onto BN's surface and 

acted as magnetically responsive agents within the composite material. The 

incorporation of iron oxide nanoparticles was modifiable through changes in 

precursors that regulated its magnetic response capability allowing control over 

particle orientation during magnetic manipulation. The paramagnetic iron oxide 

particles were polarised by the applied magnetic field, and thus produced particles that 

were vertically aligned. The vertically aligned boron nitride (BN) composite exhibited 

improved thermal conductivity when compared to the randomly dispersed composite 

[209]. These findings hold promise for enhancing the performance of advanced 

electronic devices that demand high thermal conductivity and for dielectric 

applications involving materials with directional properties. In another study 

conducted by Yingqing Zhana et al. [210], hexagonal boron nitride (h-

BN)/poly(arylene ether nitrile) nanocomposites were developed using a similar 

magnetic field alignment technique as described previously. This alignment approach 

resulted in improved alignment of the h-BN nanofillers within the polymer matrix, 

leading to enhanced interfacial adhesion between the two components. The addition 

of 30 wt% modified h-BN into the nanocomposites led to a significant increase in 

dielectric permittivity, from 3.2 to 16.4, representing a remarkable improvement of 

413%. Notably, this increase in dielectric permittivity was accompanied by low 

dielectric loss. Furthermore, the thermal conductivity of the nanocomposites was 

enhanced by 140% at the same loading content. Importantly, the developed 

nanocomposites maintained high mechanical strength and thermal stability, even at 

high nanofiller loading contents [210]. These advantageous characteristics are 

anticipated to make them highly suitable for applications in energy storage devices.  

Furtherly in 2019, a study by L A Lara et al. [211] has investigated the effect of 

magnetic alignment on the dielectric properties and performance of the magnetically 

aligned magnetite-polyester composites. During the curing process, magnetic fields 

were employed to align the particles in both vertical and horizontal orientations. The 

results indicated that a magnetite concentration of 20% with an average particle size 

of 21.48 μm in horizontal alignment to the applied magnetic field and transmission 

line yielded an 𝜀𝑟  of 3.88, accompanied by a low dielectric loss (0.054) within the 

frequency range of 150 KHz to 4 GHz, which was significantly higher than those 
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obtained at un-aligned structures, hence signifying the impact of particle’s alignment 

on the overall performance of dielectric composites.  

A recent study conducted in 2023 has delved deeper into the combination of magnetic 

and electric fields in order to investigate their synergistic effects on particulate-filled 

polymer matrix composites [210]. Specifically, the researchers focused on barium 

hexaferrite (BHF) dispersed in a polydimethylsiloxane (PDMS) matrix and explored 

various configurations of magnetic and electric fields to achieve diverse 

microstructures with a wide range of material characteristics. One of the key aspects 

introduced in this study is the concept of "orthogonal control," enabling precise 

manipulation of particle orientation along orthogonal axes, leading to tailored 

microstructures and varying dielectric and magnetic properties. Their experimental 

findings indicate that the permittivity of the composite material can be improved by 

up to two-fold at 1 kHz when the microstructures exhibit long continuous aligned 

macro-chains compared to microstructures without any macro-chains. By employing 

a multifield processing technique, a diverse range of dielectric constants could be 

achieved. For instance, in the case of a 1 vol% composite consisting of barium 

hexaferrite-polydimethylsiloxane (BHF-PDMS), the dielectric constant reached a 

value as high as 5.12 at a frequency of 100 kHz. This result demonstrates the potential 

of multifield processing in manipulating and optimising the dielectric properties of 

composite materials [210]. 

2.6.1.3. Effect of Morphological Characteristics of the Fillers 

Indeed, the overall final dielectric properties of composites are not solely determined 

by the fabrication process and filler distribution within the composite. The morphology 

of the incorporated ceramic filler has also been shown to have a significant influence 

on the overall dielectric performance. In this context, the profound significance of the 

size and shape of the incorporated fillers in determining the overall performance of 

dielectric ceramic-polymer composites has been extensively explored through 

rigorous research efforts [212,213]. Through systematic investigations, researchers 

have gained valuable insights into the relationship between the size and shape of the 

fillers and the resulting composite's dielectric performance, paving the way for 

informed design and morphology tailoring approaches. Nevertheless, it is important to 

acknowledge that the shape and size of ceramics intended for incorporation in ceramic-

polymer composites can be customised and tailored through the selection of 
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appropriate ceramic synthesis processes and the meticulous control of their associated 

synthesis parameters, as discussed in Section 2.4.4. 

Generally, smaller filler particles have a larger surface area, because as the particle 

gets smaller, the proportion of its surface area to its volume increases. This relatively 

larger surface area of smaller particles leads to an increase in the strength of the 

composite by providing more contact points between the ceramic and polymer phases 

[214]. Furthermore, smaller particles may provide more effective stress transfer from 

the polymer matrix to the ceramic particles, resulting in a stronger composite [214]. 

However, the addition of smaller particles may also lead to an increase in interparticle 

distance, which can decrease the overall packing density of the composite. This may 

lead to a reduction in mechanical and electrical properties [215]. Additionally, smaller 

particles may have a greater tendency to agglomerate, which can result in a less 

homogenous composite. Moreover, larger particles tend to distribute more uniformly 

within the polymeric matrix [216]. As such, filler particles with  two-dimensional 

shapes such as plate-like shapes or fibres have shown to result in higher dielectric 

constant values and improved energy storage performance compared to spherical-

shaped filler particles [217]. 

The origins of the relationship between the shape and morphology of particle size and 

the corresponding dielectric properties of composites can be traced back to the seminal 

work of Yamada et al [201]. This influential model (shown in Equation 2.11) takes 

into account the dielectric constants of both, the ceramic filler (εc ) and the polymer 

matrix (εp ), while also incorporating a shape parameter (n) specifically attributed to 

the shape of ellipsoidal particles (n = 4π/m). The parameter n , which is contingent 

upon the shape of particles, demonstrates variability with varying particles shapes such 

that elongated particles exhibit higher values of n. Consequently, the diverse values of 

n ultimately manifest in the respective dielectric constant and thus the overall 

performance of the dielectric based composites.  

As has been elaborated earlier, the size of the incorporated ceramic filler highly 

depends on the employed synthesis method along with the corresponding synthesis 

parameter. In this context a study by Jing Fu et al. [189] investigated the impact of 

calcination temperature on particle size and its consequent influence on the dielectric 

properties of composite materials. In their study, modified barium titanate (PVP/BT)-



Chapter 2 

51 

 

PVDF composites were fabricated by utilising molten salt synthesised single-

crystalline BT nanostructures. The BT particles were calcined at different temperatures 

ranging from 600°C to 1000°C for a duration of 5 hours. The experimental results 

demonstrated that higher calcination temperatures led to an increase in particle size, 

which may be attributed to the accelerated growth of crystals in high-temperature 

molten salt environments. To determine the optimal particle size for composite 

preparation, the researchers evaluated the polarisation characteristics of particles with 

varying sizes. Herein, they have explored the correlation between the spontaneous 

polarisation (Ps) exhibited in BT particles and the tetragonality of the crystal structure 

(c/a) (Equation 2.17) [218], which was established by several earlier research 

investigations. It is noteworthy that a rise in temperature induces an escalation in the 

tetragonality of the crystals and since (c) is directly proportional to the Ps, thus the 

polarisation effect is enhanced due to the volumetric changes resulting from atom 

displacement within the perovskite structure exhibited at higher temperatures.  

𝑃𝑠 ≈ (
𝑐

𝑎
)0.5 

 

(Equation 2.17) 

As a result, the composites were fabricated at various volume fractions, utilising the 

largest particle sizes obtained, which demonstrated the highest polarisation levels. 

Furthermore, the study investigated the variation of the dielectric constant at different 

temperatures. Generally, the dielectric constant of the composites exhibited an 

increasing trend with higher volume fractions of the filler, which was further amplified 

at elevated temperatures. Across the investigated volume fractions, the dielectric 

constant consistently increased with increasing temperature and volume fraction, 

reaching a peak at a volume fraction of 60%. Moreover, at an 80% volume fraction, 

the dielectric constant reached its maximum value at the highest investigated 

temperature of 130°C. The enhanced dielectric constant was primarily attributed to the 

Ps induced by larger BT filler particle sizes, particularly at the peak volume fraction of 

40%. These findings were influenced by both the particle size of the filler material and 

the melt temperature (Tm) requirements of the polymer matrix, as these factors 

significantly affected the polarisation of the filler particles.  

Although ceramic filler particles have the potential to increase the average dielectric 

constant of the composites, yet their presence can create non-uniform electric fields 

that weaken their corresponding. This weakening effect occurs because of inadequate 
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breakdown strength and insufficient dispersion of the electric field away from the 

electrco-active particles [41], [86]. Nevertheless, the use of surfactants and dispersants 

can effectively enhance the characteristics of the incorporated filler particles resulting 

in improved interface compatibility and addressing the issues related to 

inhomogeneous electric fields. 

In light of the aforementioned background, a research conducted by Daniella Deutz et 

al. in 2017 [198] has provided evidence for the enhanced dielectric properties achieved 

through the inclusion of sodium lithium niobate (KNLN) fibers compared to spherical 

counter particle fillers. The researchers employed dielectrophoresis to fabricate a quasi 

1-3 KNLN/PDMS composite with the aim of exploring its potential for energy 

harvesting applications. The results demonstrated that the improved dielectric 

properties observed in the composite with fiber-based filler were associated with the 

reduced inter-particle distance achieved through the specific shape of the filler and the 

alignment process using dielectrophoresis [198]. 

Moreover, in 2022, a recent research by Yijia Fu et al.[219] has investigated the 

influence of particle size on the dielectric performance of 3D printed composites. The 

study specifically examined the incorporation of large and small BT particles in a UV-

curable resin for SLA-based fabricated composites. Notably, the research findings 

indicated that smaller BT particles exhibited slightly higher dielectric constant values 

compared to larger particles. This was attributed to the larger specific surface areas of 

the small-sized particles, which result in increased surface energies and heightened 

surface activities. As a consequence, the surface atoms of these small-sized fillers 

become highly unstable, leading to stronger interface polarisations within the 

composites [211]. Consequently, composites incorporating small-sized filler particles 

demonstrated a modestly greater increase in their relative dielectric constant [219]. 

Figure 2.26 demonstrates the large and small size of the incorporated BT particles 

along with the corresponding dielectric constant of the BT/UV composites [219].  
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Figure 2.26: SEM micrographs of (a) large and (b) smaller sized incorporated BT 

particles and (c) their corresponding dielectric constant of the BT/UV composites 

[219] 

Interestingly, within the context of this study, it was observed that composite systems 

containing large particle size fillers exhibited a reduction in the scattering of UV 

radiation. This reduction in scattering allowed UV radiation to penetrate deeper into 

the composite material during the curing process. As a result, the curing depths of 

composite systems with large particle size fillers were improved. In practical terms, 

this implies that the UV radiation can effectively reach and cure a greater depth of the 

composite material, leading to enhanced curing performance during SLA printing.  

Further in 2021, a study by Xu Lu et al. [220] highlighted the importance of the filler 

size on the dielectric properties of the resulting composites. In their study, they have 

investigated the effects of ceramic spherical-shaped nanofiller sized particles on the 

related dielectric properties of BT/ P(VDF-CTFE) nanocomposites filled with BT 

nanoparticles of varying sizes (50, 100, 150, and 200 nm). Experimental results 

revealed that the dielectric constant of the BT/P(VDF-CTFE) nanocomposites 

increased significantly as the size of the nanofiller increased. By applying 
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Lichtenecker's mixing law, the 𝜀𝑟  of the BTO nanoparticles was calculated based on 

the 𝜀𝑟  of the nanocomposites. The findings [220] indicated that the 𝜀𝑟  of the BTO 

nanoparticles also increased with larger sizes ranging from 50 to 200 nm. The observed 

increase in the dielectric constant of the nanocomposite was attributed to the 

progressive splitting of the XRD peak at an angle of 45 degrees as the particle size 

increases. This splitting indicates a structural transformation of the nanoparticles from 

a cubic to a tetragonal phase. Consequently, it was anticipated that the dielectric 

constant 𝜀𝑟  of the BT nanoparticles will experience substantial variations as a function 

of particle size. These variations, in turn, exert a direct influence on the dielectric 

constant 𝜀𝑟  of the resulting nanocomposite material [220]. Furthermore, experimental 

observations revealed that the polarisation under the same electric field exhibited 

minimal changes as the size of the BT nanofiller increased. However, the maximum 

breakdown strength (𝐸𝑚𝑎𝑥) of the nanocomposite decreased significantly with larger 

BT nanofiller sizes which suggested that smaller ceramic nanofillers are more 

desirable for achieving higher dielectric strength in the nanocomposite material. This 

may be due to the increased dielectric mismatch-induced stress at the filler-polymer 

interfaces that is exhibited with larger sized particles. In contrast, using smaller particle 

sizes can help reduce the interface area and minimize the dielectric mismatch, thus 

preserving a higher breakdown strength in the composite material [221]. 

Besides the morphological structure, the crystallinity of the embedded filler is also a 

crucial aspect affecting the composite performance. In the realm of energy storage-

based applications and the ongoing progress in their fabrication, generally embedding 

single crystal ceramic particles is preferred over polycrystalline ceramic particles. This 

may be due to the superior performance in terms of coupling coefficient and energy 

density exhibited by single crystal ceramics. Therefore, their incorporation into 

polymer-based composites has been widely investigated. In this context, Christopher 

Bowen et al. [176] have investigated the various properties of a three-component 

composite consisting of a single-crystal/polymer/polymer system with a 1-2-2 

connectivity. The composite structure comprised parallel piped-shaped single-crystal 

(KNNTL:MN) rods embedded within a layered polymer matrix. The polymer matrix 

consisted of two distinct polymers, referred to as Polymer I (polyurethane) and 

Polymer II (polyethylene), whereas polymer I was characterised by a higher stiffness 
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compared to polymer II within the laminar matrix. They have demonstrated that the 

composite material, with a lower proportion of the single crystal (SC), exhibited a 

higher piezoelectric voltage coefficient (g33). This increase was primarily attributed to 

the lower dielectric permittivity of the embedded single crystal. Comparing the values, 

the g33 of the composite material was approximately nine times greater than that of the 

KNNTL:Mn single crystal [176]. This composite is anticipated to be potentially used 

in piezoelectric transducers and sensors.  

The dielectric performance of dielectric-based composites is influenced not only by 

the crystallinity of the ceramic filler but also by the crystallinity of the polymeric 

matrix. In applications requiring high heat resistance for instance, achieving high rates 

of polymeric crystallisation is crucial. This is due to the amorphous state of polymers 

being prone to rapid aging and degradation under ambient conditions. Thus, obtaining 

a high degree of crystallinity is essential to enhance the durability and stability of these 

materials in such demanding environments. However, based on the required 

application, the crystallinity of the polymer may behave differently. As such, a study 

conducted by Eung Soo Kim et al. [222] has analysed the effect of three thermoplastic 

polymers, namely polytetrafluoroethylene (PTFE), polypropylene (PP), and 

polystyrene (PS), on the dielectric constant of a polymer-based composite filled with 

ZnNb2O6 particles. The results revealed that the degree of crystallinity significantly 

influenced the dielectric behavior of the composites. In their research however, the 

composites with amorphous polystyrene (PS) exhibited lower energy dissipation 

compared to those with semi-crystalline polypropylene (PP) and 

polytetrafluoroethylene (PTFE). This distinction can be attributed to the molecular 

structure and mobility of the polymer chains as well as the various behaviour of the 

ZnNb2O6 particles when incorporated within different crystalline polymeric matrices 

[222]. These findings underscore the importance of considering the crystalline nature 

of the polymer matrix during the design of composites to optimise their dielectric 

properties. 

There is nothing as such as an optimal particle size, shape or crystallinity that can be 

incorporated to all dielectric composites to enhance their performance. The geometry 

and the shape of the filler particles as well as the corresponding crystallinity vary 

significantly depending on the specific application and the desired performance. 

Additionally, the desired performance characteristics, such as high dielectric constant, 
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low losses, and improved mechanical strength, does not solely depend on the particles’ 

morphology but rather relies on a combination of multi-factors as explained within 

these subsections.  

2.6.1.4. Effect of Volume Fraction of the Fillers 

The quantity of ceramic volume fraction dispersed within the polymer matrix is 

another crucial factor that significantly influences the overall performance of dielectric 

properties in ceramic-polymer composites [223]. Consequently, in order to thoroughly 

assess the dielectric capabilities of a composite material, the determination of the 

incorporated filler volume fraction assumes a critical role in the morphological 

analysis of the composite material. Generally, the determination of volume fraction 

(Vf) involves analysing microscopic images acquired from the specimen’s cross-

sectional perspectives. This assessment entails measuring the overall area of the 

studied cross-section (A), in addition to the area occupied by filler particles (Af). By 

the formula shown in Equation 2.18 [224], the filler volume fraction can be calculated 

with precision. 

𝑉𝑓 =
𝐴𝑓

𝐴
× 100  (Equation 2.18) 

Understanding the impact of the filler volume fraction on the dielectric constant of 

composite materials is essential for comprehending their overall performance. As 

stated earlier, the dielectric constant is a key parameter that plays a pivotal role in 

evaluating the dielectric behavior of these composite materials. Thus, investigating 

how filler volume fraction influences the dielectric constant is crucial in gaining 

insights into the overall performance of composites in terms of their electrical storage 

properties. To gain insights into this relationship, researchers have explored the 

equation proposed by Yamada et al. in [201]. The Yamada model, as discussed earlier 

in Equation 2.11, establishes the theoretical dielectric constant, which is influenced by 

various factors, including the filler volume fraction (𝜑 = 𝑉𝑓). Equation 2.11 

demonstrated that an increase in the volume fraction of the filler results in a heightened 

impact of the ceramic component on the overall dielectric properties. However, it is 

crucial to recognise that higher volume fractions may not always yield optimal 

outcomes. This consideration is particularly significant within the realm of flexible 

dielectric devices, where a harmonious combination of flexibility and dielectric 
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performance is sought after. In order to optimise the performance of flexible devices, 

careful deliberation must be given to the selection of an appropriate filler volume 

fraction that strikes a delicate balance between dielectric performance and the 

flexibility of the composite material.  

In response to this challenge, a recent study conducted by Meng Cao et al. offered a 

pioneering solution [86] where the researchers explored a novel approach to fabricate 

BaTiO3 ceramics with remarkable characteristics, utilising a combination of a high 

sintering temperature (Ts) and the incorporation of a porogen (to induce pores or voids 

within the material during the processing stages) during the processing stages. By 

employing a high sintering temperature (Ts) and incorporating a porogen, the 

researchers were able to achieve the production of BaTiO3 ceramics characterised by 

exceptional connectivity and significant porosity. The experimental results have 

demonstrated that these composites exhibit significantly higher 𝜀𝑟  values compared to 

conventional 0-3 composites with higher Vf. Moreover, the composites demonstrate 

low dielectric loss and exhibit good frequency and temperature stability of 𝜀𝑟 , 

suggesting their suitability for practical applications. Finite element simulation reveals 

that the enhanced connectivity of BaTiO3 within the composite plays a critical role in 

influencing its dielectric response. Notably, a composite with a Ts of 1300°C and a 

ceramic volume fraction of 38.1% exhibited an impressive dielectric constant 𝜀𝑟  of 

466.8 at a frequency of 1 kHz. This value represented a remarkable nine-fold 

improvement compared to the counterpart composite with a higher Vf of 60.8%.  

Furtherly, Jayendiran and Arockiarajan in [225], conducted an experimental study to 

validate the theoretical model that describes the relationship between filler volume 

fraction and various dielectric properties, including remnant polarisation, saturation 

polarization, and coercive electric field. The investigation focused on a 1-3 

piezoelectric composite composed of PZT fibres embedded within an epoxy matrix. 

The findings of the study revealed that a decrease in the volume fraction of the PZT 

fibres corresponded to a decrease in the ferroelectric properties, specifically remnant 

polarisation and saturation polarisation (as shown in Table 2.1). These results indicate 

a direct correlation between the filler volume fraction and both remnant polarisation 

and saturation polarisation. Notably, the mean values obtained from the experiments 

closely matched the theoretical values for both Pr and Ps. Moreover, it was noted that 

the average polarisation saturation of the composite remarkably increased when 65% 
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PZT fibers were utilised in terms of volume fraction. This effect became more notable 

as higher Vf (80% or 100%) were employed subsequently. With a decrease in filler 

volume, there have been fewer dipoles which resulted to decreased resistance for 

domain orientation caused by those dipoles [226]. Such occurrence has vital 

consequences on the dielectric permittivity of the substance and can be credited to both 

processing methods used [227,228] and the materials’ microstructure [227,229]. 

Table 2.1. Remnant and saturation polarisation of 1-3 ceramic-polymer composites 

in response of varying ceramic filler volume fraction [225]. 

Fibre 

(PZT) 

vol.  

fraction 

(%) 

Remnant 

polarisation 

(c/m2) 

Mean 

Remnant 

polarisation 

(c/m2) 

Saturation 

polarisation (c/m2) 

Mean 

Saturation 

polarisation 

(c/m2) Exp. Theo. Expt. Theo. 

35 0.1 0.1 0.1 0.11 0.1 0.1 

65 0.23 0.2 0.22 0.27 0.25 0.26 

80 0.28 0.28 0.28 0.35 0.34 0.35 

100 0.35 0.36 0.36 0.39 0.37 0.38 

Other crucial characteristics to consider when compromising the dielectric 

performance and the filler volume fraction are the frequency and temperature 

dependencies of the dielectric composite materials. In a study conducted by Khan et 

al. in 2017 [44], the frequency and temperature dependencies of the 𝜀𝑟  and loss tangent 

(tanδ) were investigated for a piezoelectric (dielectric) composite composed of 

randomly distributed barium titanate (BT) ceramic filler particles in a thermoplastic 

polyurethane (TPU) matrix. In this context, the dielectric loss (tanδ) represents the 

amount of electric energy dissipated as heat when a material is subjected to an external 

electric field. The research noted that by increasing the content of BT in the composite, 

both 𝜀𝑟  and tanδ showed proportionate increases for every volume fraction of BT as 

listed in Table 2.2. Herein, the experimental results exhibited a reasonable agreement 

with the theoretical values of the 𝜀𝑟 . The continuous increase in the dielectric constant 

with an increasing volume fraction of the incorporated electro-ceramic material 

contributed to the enhancement of the loss tangent and the electro-mechanical response 

of the material [44]. However, it should be noted that increasing the volume fraction 
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of BT may introduce temperature and frequency dependence in the 𝜀𝑟  and the tanδ 

[44]. While there were no considerable variations in the values of loss tangent reported 

for different volume fractions, it is vital to recognise that factors like polarisation 

hysteresis defects [182,230], dielectric leakages [182,189], environmental conditions, 

and technical methods [51]  can also impact a material's dielectric loss. Therefore, it is 

crucial to consider these aspects as well to comprehensively evaluate the dielectric 

performance and optimise the filler volume fraction in composite materials. 

Table 2.2. Mean dielectric constant and dielectric loss tangent as a function of 

varying BT volume fraction in a BT/PU composite modela [44]. 

BT Volume 

fraction (%) 

Dielectric Constant (εr) Meanb Dielectric 

loss tangent 

(tanδ) 

Expt. Theoretical 

0 7.5 6.25 6.88 0.05 

10 14.37 13.75 14.06 0.05 

20 20.0 20.5 20.25 0.038 

30 31.25 28.75 30 0.04 

a Source of results: Khan et al. [44]; b Mean represents averages between 

experimental and theoretical εr values for each volume fraction. 

To further elaborate on the influence of ceramic volume fraction on the overall 

dielectric performance of the composite material, Kun Yu et al. conducted a study in 

2019 [231], to explore the influence of (K0.475Na0.495Li0.03) NbO3-0.003ZrO2  (KNNL-

Z) on the performance of a hot-pressed (KNNL-Z)/PVDF composite. The researchers 

herein confirmed that incorporating KNNLZ-ceramic powder into the composite 

resulted in an increase in the dielectric permittivity. This improvement may be 

attributed to the higher dielectric permittivity of KNN compared to that of PVDF 

[232]. These findings indicate that while the filler volume fraction plays a significant 

role in determining the dielectric properties of the composite, the specific electro-

mechanical capabilities of the incorporated ceramic material also directly contribute 

to enhancing its dielectric performance. In line with the objective of consistently 

striving to enhance the dielectric performance of composite materials, Zhang et al. 

[233] focused on studying the impact of porosity on the dielectric performance of lead-

free porous 0.5Ba(Ca0.8Zr0.2)O3-0.5(Ba0.7Ca0.3)TiO3 (BCZT) ceramic- based material. 

In their research, they have observed that notably, the increase in porosity resulted in 
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a significant decrease in the piezoelectric performance as such a decrease in the d33 

value, primarily due to a decline in the remnant polarisation. This decrease in remnant 

polarisation can be attributed to the concentration of the electric field in regions with 

lower permittivity, particularly during the poling process  [234,235]. It is important to 

highlight that previous research by Siponkoski et al. has also demonstrated that the 

porous structure of a dielectric composite reduces the contact area between the matrix 

and the electrodes, leading to a decrease in permittivity [236]. 

2.7. Summary 

This chapter has provided an overview of the fundamental principles related to 

dielectric, piezoelectric and ferroelectric concepts. The classification of dielectric 

materials into distinct groups based on their distinctive properties such as ferroelectric, 

pyroelectric and piezoelectric materials has also been exemplified. Furthermore, the 

commonly utilised performance measures to evaluate the characteristics of these 

materials, including the dielectric constant, piezoelectric voltage and charge 

coefficient, P-E loop hysteresis, and energy storage potentials were reviewed. 

Additionally, various ceramic and polymeric dielectric materials along with their 

corresponding crystallographic structure and their respective dielectric properties have 

been demonstrated. In this context, various ceramic synthesis techniques together with 

their corresponding advantages and disadvantages were reviewed, with an emphasis 

on molten salt synthesis technique. The combination of ceramics and polymers 

together to develop dielectric-based ceramic-polymer composites have emerged as a 

promising approach that addressed the challenges exhibited by each individual 

constituent, effectively. To enhance their performance and expand their applicability 

in a wider range of applications, this chapter has provided a comprehensive exploration 

of the various factors that are known to significantly influence the overall performance 

and the dielectric properties of such composites. It is worth noting that there’s nothing 

as such a ceramic-polymer composite with optimum piezoelectric, dielectric, or 

ferroelectric properties. Instead, the enhancement of these properties is contingent 

upon the specific application in which the composite is intended to be used. Hence, 

the presented factors herein have covered a wide range of properties that are relevant 

to diverse applications.
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3. Experimental Work 

The chapter is divided into two main parts: Part I presents the experimentation related 

to the ceramic synthesis process along with the materials and characterisation 

equipment related to this part. Part II presents the experimentation related to the 

composite fabrication, along with the involved materials and the characterisation 

equipment. 

Part I (Powder Synthesis) 

3.1. Molten Salt Synthesis (MSS) 

In this work, molten salt synthesis has been selected to synthesise ceramic powder for 

incorporation in dielectric ceramic-polymer composites. As explained in chapter 2, 

molten salt synthesis (MSS) emerges as a promising synthesis technique for 

synthesising ceramic fillers with controlled size and shape for enhanced dielectric 

applications using low-cost and simple instrumentations [13,14].  

This section is concerned with the synthesis of Na0.5Bi0.5TiO3 (BNT) ceramic powder 

particles along with the equipment used during the synthesis procedure. The synthesis 

of BNT powder can be accomplished through either a two-step or a three-step reaction. 

The two-step method involves synthesising Na0.5Bi4.5Ti4O15 (NBiT) precursor as the 

first step, which is then utilised for the growth of BNT. In contrast, the three-step 

method involves the initial synthesis of Bi4Ti3O12 (BiT), followed by the production 

of NBiT precursor through a reaction of BiT and oxides, and finally the growth of 

BNT using NBiT precursor. The three-step synthesis offers precise control over 

intermediate phases and properties but often yields similar final characteristics to the 

two-step method, such as morphology and grain size  [142,237]. The three-step method 

being more time- consuming than the two-step method, it was decided to focus on the 

two-step method in this thesis. The schematic diagram in Figure 3.1 demonstrates the 

reactions of a two-step and a three-step MSS.  
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Figure 3.1: Schematic diagram showing the steps of a three-step and a two-step 

reaction of the MSS 

3.1.1. Materials Preparation for the NBiT precursor 

To synthesise the precursor Na0.5Bi4.5Ti4O15 (NBiT) powder, commercially available 

bismuth oxide, Bi2O3 (99.99%), titanium oxide, TiO2 (99.7%) and sodium carbonate, 

Na2CO3 (BioXtra, ≥ 99.0%) were used. All the raw materials were purchased from 

Sigma Aldrich UK and have been used without any further treatment. Specific 

characterisation of the starting materials is presented in Table 3.1. 

Table 3.1: Characteristic properties of the starting materials 

Material 
Physical 

State 

Molecular 

Weight 
Density 

Melting 

Point/Range 

Bi2O3 Powder 465.96 g/mol 8.93 g/cm3 at 20 °C 825 °C 

TiO2(anatase) Powder 79.87 g/mol 3.78 g/cm³  1,825 °C 

Na2CO3 Powder 105.99 g/mol 2.53 g/cm³  851 °C 

The raw materials were mixed according to stoichiometric ratios (Equation 3.1). 

Sodium chloride, NaCl, from Fisher Scientific, UK, was added to the mixture in a 1:1 

ratio with the total weight of the starting materials to act as a salt flux. The mixture 

was then ball milled using ethanol (C2H5OH) as a milling medium and zirconia balls 

as grinding medium to attain a homogenous blend [238,239]. A relatively low rotation 

speed was chosen to facilitate the mixing without causing excessive mechanical 

degradation [240].  

2.25Bi2O3 + 0.25 Na2CO3 + 4 TiO2 → Na0.5Bi4.5Ti4O15 + 0.25CO2   (Equation 3.1) 

After mixing, the resultant powder was dried on a hot plate to evaporate the residual 

ethanol, and then transferred into alumina crucibles for subsequent heat treatment 

under varying heating conditions, using a carbolite GWF1100 furnace. A 
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comprehensive description of the designed experiments along with details of the 

selection of the varying heating conditions is explained in Chapter 4.  

To guarantee the purity of the resulting product powder, it was essential to remove any 

remaining salt from the mixture after the heat treatment. This was achieved by washing 

the powder multiple times using warm deionised water at a temperature of 40-50°C. 

The warm deionised water aids in the dissolution of residual salt, which can then be 

removed through the washing process. Using warm water accelerates the rate of 

dissolution of residual salt, resulting in a more effective removal of salt from the 

powder. Deionised water was used to prevent the addition of any new ions that could 

react with the powder and alter its properties. The NBiT precursor was then subjected 

to drying on a hotplate to eliminate any residual moisture. The characterisation 

methods for the obtained NBiT precursor powder are described in section 3.2.  

3.1.2. Materials Preparation for the BNT powder 

The second step of the synthesis reaction is to synthesise final BNT powder particles. 

This was synthesised using optimally synthesised NBiT precursor powder as the 

starting material. In this context, optimally synthesised NBiT precursor refers to the 

precursor powder that has been synthesised using optimised molten salt synthesis 

parameters. Details for the optimally synthesised NBiT precursor are illustrated in 

Chapter 6. To synthesise BNT powder (Na0.5Bi0.5TiO3), the optimally synthesised 

NBiT powder was mixed with Na2CO3 and TiO2 according to Equation 3.2 with 

stoichiometric ratios. NaCl was additionally added as a flux with a weight ratio of 1:1. 

Na0.5Bi4.5Ti4O15 + 2Na2CO3 + TiO2 → 9Na0.5Bi0.5TiO3 + 2CO2                         (Equation 3.2) 

 Herein, the raw materials were subjected to two different mixing techniques, namely 

roller mixing and magnetic stirring. Typically, magnetic stirring is conventionally 

employed to facilitate the mixing of the NBiT precursor with Na2CO3 and TiO2, 

ultimately yielding BNT powder [143,241]. However, in this research the ball milling 

was also investigated as an alternative mixing method to examine its impact on the 

characteristics of the final powder and contrasting its efficacy with the commonly 

employed magnetic stirring. 

Once more, ethanol (≥ 99%) served as the mixing solvent, which was subsequently 

dried and removed using a hotplate at a temperature of 80 ̊C. The dried powders were 
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put in alumina crucibles and calcined at 1100 ̊C for 270 minutes at a heating rate of 

7  ̊C/min (the optimum process setting parameters obtained from DoE and explained 

in details in chapter 5) to transform into BNT. To eliminate the NaCl salt and other 

impurities, the final product powder was thoroughly washed multiple times using hot 

deionised water. 

3.1.3. Equipment 

3.1.3.1. Roller Mixer 

A Stuart SRT6D roller mixer (shown in Figure 3.2) has been used to help ensure that 

the starting powder was thoroughly mixed and homogenised, which is critical to the 

success of the synthesis process. The primary principle of a roller mixer is to provide 

a controlled rocking and rolling action to facilitate complete mixing of samples. The 

gentle yet efficient motion of the rollers ensures thorough dispersion and 

homogenisation of the contents within vials or bottles. By rotating the sample tubes or 

vials at a controlled speed and using zirconia balls to provide gentle agitation, the roller 

mixer helps to break up any clumps or agglomerates of the powder, resulting in a more 

uniform distribution of the starting material. The mixer has a speed range of 5 to 60 

rpm and a built-in timer for up to 90 minutes. The inclusion of a programmable timer 

further enhances the control and reproducibility of the mixing process. 

 

Figure 3.2: Overview of the Stuart SRT6D roller mixer equipment 

In this work, the raw materials were loaded into sample tubes along with Yttria 

Stabilised Zirconia ceramic balls (3 mm), in both the precursor and final powder 

synthesis steps. Ethanol was added to aid the mixing process of the raw materials in 
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the sample tubes. The tubes were then placed on the platform of the roller mixer, and 

the rollers were set to rotate at a speed of 60 rpm for 4 hours. 

3.1.3.2. Hotplate  

A Glassco 900.DNDG.01 magnetic stirrer (Figure 3.3) with digital hotplate has been 

used in this study. The hotplate can heat up to a maximum temperature of 350°C, with 

a heating rate of up to 5°C per minute and a heating accuracy of +/- 1°C. The device 

has a built-in magnetic stirrer that can provide stirring speeds of up to 1500 RPM. It is 

equipped with a digital display for precise temperature control and a timer function for 

convenient monitoring of the reaction time. 

The hotplate was used in this study to facilitate the drying process of the powders, both 

after mixing with ethanol and after washing with deionised water. After the raw 

materials were mixed with zirconia balls and ethanol, the hotplate was set to a 

temperature of 80°C and the mixture was dried for approximately three hours to 

evaporate the ethanol. For drying the washing hot deionised water, the hotplate was 

set to 110°C for almost three hours.  

The magnetic stirrer was utilised in the second step of the synthesis reaction during 

the mixing of the raw materials for the final BNT powder.  

 

Figure 3.3: Overview of the Glassco 900.DNDG.01 magnetic stirrer with digital 

hotplate.  
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3.1.3.3. Furnace  

A carbolite CWF 1100 furnace (Figure 3.4 (a)) was used to perform high-temperature 

heat treatment (calcination) on the synthesised powder particles, with a maximum 

operating temperature of 1100°C and a programmable temperature controller that 

allowed for precise temperature control. Additionally, the programmable controller 

allowed for choosing specific heating rate at which the powder was heated and specific 

holding times at specific temperatures. It features a robust construction with a ceramic 

fibre lining for improved thermal insulation, and a stainless-steel casing for durability 

and resistance to corrosion, with an internal chamber volume of approximately 8 litres. 

To ensure uniform heating, the sample powders were loaded into alumina crucibles 

(with lids on to prevent evaporation and contamination) and placed individually at the 

centre of the furnace chamber. A thermocouple was inserted into the furnace chamber 

alongside the sample to monitor the temperature throughout the heating process to 

ensure accurate temperature control (Figure 3.4 (b)). The powder samples were then 

allowed to cool naturally in the furnace chamber to room temperature, with the furnace 

turned off and the door closed to prevent any external cooling influences. 

 

Figure 3.4: Overview of (a) a carbolite CWF furnace and (b) installed thermocouple 

confirming the internal temperature of the furnace 

3.2. Characterisation Methods 

This section provides an overview of the characterisation methods utilised to assess 

both the properties of the ceramic powder particles synthesised using the molten salt 

method, as well as the microstructure of the composites fabricated using these powder 

particles. A range of techniques, including scanning electron microscopy (SEM), 
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energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and 

mastersizer diffraction instrument. Image processing software, Image J, was used to 

examine the crystal structure, particle size, elemental composition, and morphology of 

the materials. 

3.2.1. Scanning Electron Microscope and Energy Dispersive X-ray 

Spectroscopy 

SEM is a powerful imaging technique that utilised a high-energy electron beam to 

generate high-resolution images of a sample's surface and internal structure and allows 

for the visualisation of fine surface details at the micro and nanoscale. Generally, the 

SEM works by projecting a focused stream of electrons onto a sample's surface and 

scanning it in a raster pattern [242]. The interaction between the electrons in the beam 

and the sample generates different types of signals that provide valuable information 

about the sample's topography and composition. These signals include secondary 

electrons, backscattered electrons, and characteristic X-rays, each carrying unique 

information about the sample's properties. Secondary electrons (SE) are released from 

the sample's surface when the primary electron beam strikes it. The sample's surface 

morphology is revealed by these low-energy electrons, enabling the visualisation of 

microscopic surface details and characteristics. These released electrons are caught 

and measured by secondary electron detectors, which creates an image that depicts the 

topographical features of the material. Backscattered electrons (BSE), in addition to 

SE, are produced as a result of the primary beam's interaction with the sample's atoms. 

Depending on elements like the sample's atomic number and density, these higher-

energy electrons are deflected or scattered back from the surface of the material, hence 

indicating valuable information about the sample's composition and atomic 

arrangement  [243,244]. Additionally, the sample's atoms may be excited by the 

primary electron beam, which will result in the emission of distinctive X-rays. The 

energy of these X-rays is distinctive and depends on the components in the sample. It 

is thus possible to ascertain the elemental content and distribution inside the sample 

by spotting and examining the distinctive X-rays[243,244]. 

In this work, SEM TESCAN MIRA3 (Figure 3.5 (a)) was utilised to investigate the 

morphology, shape, size, and particles properties of both the synthesised NBiT 

precursor and BNT powder. The samples were initially coated with platinum (5nm 

thickness) using a Quorum Q150R rotary pumped coater to produce high-quality 
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pictures (Figure 3.5 (b)). The high-degree magnification helped in examining and 

understanding the microstructure and surface characteristics of the synthesised powder 

particles that were heat-treated using various heating conditions. It was thus powerful 

in giving insights about the impact of the heat-treatment conditions on the particle’s 

properties. 

Additionally, the SEM along with the BSE was used to capture high-resolution images 

of the BNT-Epoxy composites developed in this research and explained in detail in 

section 3.3 of this chapter. The obtained images helped to show the distribution and 

orientation of the ceramic particles within the epoxy matrix, providing information on 

the composite's properties and behaviour under different conditions. Moreover, the 

SEM images can reveal any defects or damage within the composite, which can impact 

its mechanical and electrical properties. Herein, the cross-sections of the composites 

were cut and coated with silver paint (G3691, Agar Scientific). 

 

Figure 3.5: (a) Overview of the TESCAN MIRA3 SEM machine and (b) Quorum 

Q150R rotary pumped coater 

Moreover, to confirm the elemental composition of the developed BNT-Epoxy 

composites and help tracing any impurities, the Energy-dispersive X-ray spectroscopy 

(EDS) was utilised. EDS is a powerful analytical tool that works by detecting the X-

rays emitted by the sample when it is bombarded with a electrons’ beam, which excites 

the sample's atoms and causes them to emit characteristic X-rays. The energy and 

intensity of these X-rays are then used to determine the elemental composition of the 

sample. 

3.2.1.1. Image J 

To analyse and study the microstructure properties of the synthesised powder particles, 

the captured SEM images were transferred to image J (ImageJ v1.54b). It is a powerful 

a b 
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image analysis software that provides a wide range of tools and functions for analysing 

and processing digital images, including measuring distances, areas, and angles, 

performing image segmentation and thresholding, and generating three-dimensional 

(3D) reconstructions.  In this research, ImageJ has been used to measure several 

particles properties such as the area, the thickness, the Feret’s diameter, the circularity, 

and the aspect ratio of the synthesised powder.  

3.2.2. Mastersizer 

To assess the particle size and particle size distribution of the synthesised NBiT 

powder particles and gather valuable data for the design of experiments and analysis 

of the material's physical properties, a mastersizer (Malvern Mastersizer 3000) has 

been used. A schematic of the optical layout of the diffraction instrument is shown in 

Figure 3.6 (a).  

 

Figure 3.6: Schematic showing (a) the optical layout of a mastersizer diffraction 

instrument and (b) light scattering for small and large sized particles. 
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Mastersizer is capable of measuring particles in the size range of a few nanometres up 

to several millimetres. It works by measuring the intensity and angle of light scattered 

by particles as they pass through a sample cell (Figure 3.6 (b)). The data obtained from 

this measurement is then used to calculate the size distribution and average particle 

size of the sample (SOP-editor). Water has been used as a dispersant with the 

synthesised powder particles to achieve a homogenous suspension of particles in the 

dispersant liquid. Dispersing agents or surfactants help to reduce the surface tension 

of the liquid, allowing the particles to separate and remain suspended in the liquid 

medium. This ensures that the particles are uniformly distributed and can be accurately 

measured by the instrument.  

3.2.3. X-ray Diffraction 

X-ray diffraction (XRD) is a non-destructive analytical technique that provides 

information about the crystallographic structure, phase composition, lattice 

parameters, phase purity, and crystalline size of a material. It works by exposing a 

sample to X-rays and observing the resulting diffraction pattern, which is produced 

when the X-rays interact with the arrangement of the atoms in a crystal lattice, causing 

them to scatter in a specific pattern. It is based on the concept of Bragg’s law, which 

relates the angle of incidence of X-rays to the spacing of atomic planes within the 

crystal lattice [237]. Bragg’s law is depicted by the formula in Equation 3.3 [245], 

whereas n is an integer that represents the order of the diffraction peak, λ is the 

wavelength of the X-rays, the spacing between the crystal lattice planes is depicted by 

d and the diffraction angle is represented by θ. Bragg's law states that when an X-ray 

beam interacts with parallel atomic planes within a crystal lattice at a particular angle 

of incidence, constructive interference results. As a result, a diffraction pattern is 

created with peaks that are particular to the crystal's interplanar spacing. The spacing 

between the atoms in the crystal lattice can be calculated by measuring the angles at 

which the diffraction peaks appear, which provides important information about the 

crystal's structure and organisation [245]. Geometric requirements for diffraction 

expressing the Bragg’s law are presented in Figure 3.7.  

nλ=2dhklsinθ (Equation 3.3) 
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Figure 3.7: A schematic showing the geometric criteria for diffraction occurring from 

lattice planes according to Bragg’s law [245] 

In this work, XRD was performed using a Rigaku Smartlab II instrument with Cu-

radiation source, which emits X-rays with a wavelength of 1.54 Å, at room 

temperature. Figure 3.8 (a) and (b) provide an overview image of the Rigaku Smartlab 

instrument showing the external and internal of the machine, respectively. Figure 3.8 

(c ) illustrates a schematic of the five-circle goniometer Rigaku system [246], where 

the sample is manipulated with 3- circles (ω, χ, φ) and the detector is moved with 2-

circles (2θ and 2θχ). 

The sample powder was placed onto a square glass plate sample holder 

(20mmx20mm), spread out evenly and pressed lightly using another glass plate, onto 

the holder to ensure good contact between the holder and the powder and to achieve 

accurate results.  Data for the XRD peaks of the NBiT precursor were collected in the 

2-theta range of 10⁰-80⁰, whilst XRD peaks of the BNT powder were in a 2-theta range 

of 20⁰-80⁰ with the help of Smartlab studio II v4.3.115.0 software. The difference in 

the 2-theta range is based on the anticipation that the BNT powder will not exhibit 

significant XRD peaks at lower angles (before 20 theta) [247,248]. The step size for 

the peak collection was set to 0.01 degrees, and the scanning speed was 10 degree/min, 

to achieve higher resolution and more accurate data. The obtained XRD peaks were 

then identified and analysed using PANalytical’s X’Pert HighScore version 2.1 

software.   
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Figure 3.8: An overview of the (a) Rigaku Smartlab XRD machine and (b) the 

internal components of the instrument and (c) a schematic of the five-circle 

goniometer Rigaku system [246]. 

Part II (Composite Fabrication) 

3.3. Ceramic-Polymer Composite Fabrication 

This section pertains to the fabrication of ceramic-polymer composites, beginning with 

an overview of the fabrication approach and subsequently detailing the fabrication 

procedure. Moreover, the equipment utilised in the fabrication process, such as the 

speed mixer, the doctor blade, and the muffle oven, are also discussed in detail. 

3.3.1. Composite Fabrication through a Novel Mechanical Alignment 

Approach 

In the quest of developing dielectric composites with enhanced performance for energy 

storage purposes, the second aim of this work was to manufacture quasi 1-3 ceramic-

polymer composites with a particle configuration that exhibits the favorable chain-like 

structure [194] utilising a straightforward and economically viable fabrication 

approach. Quasi 1-3 composites, characterised by the alignment of ceramic particles 

within a polymer matrix in a chain-like manner, have been widely acknowledged as 

highly desirable for various dielectric applications. This is due to their superior 

properties compared to 0-3 and 1-3 composites as explained in Chapter 2. The 

attainment of this specific structure can be achieved through various methods, 
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including injection molding [249], freeze-casting [250], and the application of external 

stimuli such as an electric field in the case of dielectrophoresis [193,195] or a magnetic 

field in the case of electromagnetic alignment [251]. However, these techniques may 

be challenging and time-consuming due to the need for meticulous control over the 

alignment process. Additionally, they may be further limited by the requirement for 

specialised experimental setup and equipment such as in the case of dielectrophoresis 

for example. Moreover, the process can be expensive, particularly for large-scale 

production. 

Therefore, in this research, an alternative alignment technique has been employed to 

mechanically align ceramic particles with optimised two-dimensional plate-like 

shapes within a polymeric matrix using a doctor blade and eventually achieve 

fabrication of quasi 1-3 ceramic-polymer composites for dielectric applications.   

The use of a doctor blade in the fabrication of ceramic-polymer composites offers 

several advantages over conventional techniques. Firstly, it is a relatively simple and 

cost-effective method that does not require any specialised experimental setup or 

equipment, making it accessible to a wider range of researchers. Secondly, it allows 

for a high degree of control over the thickness and uniformity of the composite layer, 

which can be crucial for achieving consistent results in large-scale production. Figure 

3.9 (a) illustrates a schematic representation of the mechanical alignment technique, 

which was used to align two-dimensional plate-like shaped ceramic particles within a 

polymeric matrix in the x-direction (Figure 3.9 (b)).  

 

Figure 3.9: (a) Schematic of the doctor blade aligning ceramic particles and (b) 

anticipated chain-like alignment of plate-like ceramic particles within the polymeric 

matrix in the in x-direction 
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Generally, the process commences with the mixing of a ceramic-polymer composite 

material wherein two-dimensional, plate-like ceramic particles are uniformly 

dispersed within a polymeric matrix. Initially, these ceramic particles exhibit a random 

orientation within the matrix. Subsequently, a doctor blade, characterised by its 

slender, rigid structure, is brought into contact with the surface of the composite 

material leading to the exertion of mechanical force. As the doctor blade moves across 

the substrate at a constant speed, facilitating the creation of a smooth and uniform film, 

the particles undergo alignment in one direction. Details of the herein utilised doctor 

blade and how it works is further explained in section 3.3.3.1 of this thesis. 

3.3.2. Composite Preparation 

In this work, ceramic-polymer composites were developed using the optimally 

synthesised BNT ceramic powder and a two-component epoxy system, namely Epo-

Tek 302-3M Epoxy. The Epo-Tek 302-3M Epoxy system is based on diglycidyl ether 

bisphenol-A (DGEBA) resin (Part A) and poly(oxypropyl)-diamine (POPD) 

multifunctional aliphatic amine hardener Part B). The selection of epoxy as the 

polymer matrix in this study was based on its excellent mechanical properties, strong 

adhesion to ceramic fillers, and low dielectric loss [252]. The high mechanical strength 

of epoxy is attributed to its high crosslinking density, which enables it to resist 

deformation and maintain its shape under external stress [253]. Additionally, the high 

adhesion strength of epoxy to ceramic fillers ensures that the ceramic particles are well 

dispersed and uniformly distributed throughout the polymer matrix [254], resulting in 

a homogeneous composite with improved mechanical and electrical properties. The 

low dielectric loss of epoxy [255] is advantageous for dielectric applications as it 

ensures minimal energy dissipation and high energy storage efficiency. This is in 

addition to the simplicity of processing, which includes curing at room temperature. 

Therefore, epoxy was a suitable choice as the polymer matrix for the quasi 1-3 

ceramic-polymer composites, and it is expected to enhance the overall performance of 

the composites. Characteristic properties of Epo-Tek 302-3M are summarised in Table 

3.2. 

 

 

 



Chapter 3 

75 

 

Table 3.2: Characteristic properties of Epo-Tek 302-3M epoxy system 

Property Value 

Color Part A & B (colourless) 

Mix ratio by weight 100:45 

Glass transition temperature ≥ 55 °C 

Density 1.13-1.15 g/cm3 

Viscosity (at room temp) 800 - 1,600 cPs 

Curing schedule 3 hours at 65⁰C or 1 hour at 100⁰C 

Initially, the ceramic powder was first mixed with the epoxy resin (Part A) using a 

high-speed mixer (Pulsar Alginate Mixer). After this initial mixing, the curing agent 

(Part B) is added, and the preparation is mixed again for another 5 minutes. This 

ensures that the ceramic particles are well dispersed throughout the epoxy matrix and 

that the curing agent is evenly distributed.  

The next step involved casting the mixture onto a strong foil paper using a doctor 

blade, while choosing the thickness of the samples. Several composites with various 

ceramic volume fractions ranging from 5% to 35% were fabricated using this method. 

The composites were mixed using a mix by weight ratio using a speed mixer. When 

attempting to fabricate composites with higher ceramic volume fractions, i.e. above 

35%, the mixture became too viscous and laborious to deal with and spread unevenly 

onto the foil paper. Therefore, the ceramic volume fraction was limited to 35% or 

below to ensure the quality and uniformity of the composites. Generally, the composite 

layers of BNT varied ranging from around 3 to approximately 13 layers, with 

corresponding composition percentages falling between 5% and 35%. 

Afterwards, the composites with the foil were then cured at 100⁰C for 1 hours in a 

Memmert oven to ensure proper curing of the epoxy matrix. After curing, the 

composites were cut into circular and square shaped small samples and coated on one 

side with the conductive G3691 Agar Scientific silver paint for the dielectric 

measurements. Furtherly, some of the samples were left uncoated and have undergone 

further treatment, namely poling. This is explained in detail under the poling 

subsection. A schematic showing the composite fabrication procedure is shown in 

Figure 3.10. 
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Figure 3.10: Schematic representing the fabrication of BNT-Epoxy composites using 

the doctor blade 

3.3.3. Equipment 

3.3.3.1. Doctor Blade 

The doctor blade utilised in this study was a CGOLDENWALL KTQ-II film applicator 

(Figure 3.11). It is a high-precision instrument used in various industries to achieve 

uniform and controlled film thickness. The instrument is specifically designed for the 

application of coating solutions onto flat substrates, such as glass or metal plates (in 

this case foil), with a maximum size of 200 x 300 mm. The film applicator operates by 

spreading a coating solution uniformly onto the substrate using a blade with a precise 

gap height that determines the thickness of the resulting film. The blade height can be 

adjusted to the desired thickness, typically ranging from 10 to 500 µm, depending on 

the application. The blade is then moved across the substrate at a constant speed, 
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resulting in a smooth and uniform film formation. In this thesis, the thickness of the 

fabricated composites has been set to 150 µm. However, due to the particle distribution 

in some of the composites as well as retraction of the mixture on the foil during the 

removal of the doctor blade, the thickness was not always the same. To ensure an 

accurate value of the fabricated thickness layer, a micrometre was used to measure the 

thickness of the cured composites.   

 

Figure 3.11: Overview image of the CGOLDENWALL KTQ-II doctor blade 

3.3.3.2. Speed Mixer 

A Pulsar Alginate Mixer MX300 (Figure 3.12) has been used in this research to mix 

ceramic particles with the epoxy resin and hardener. The mixer has a unique vortexing 

mechanism that allows for efficient mixing and dispersion of particles in liquids. The 

high-speed mixing capabilities, with the mixer being capable of reaching speed of up 

to 3000rpm, ensured a thorough mixing of the ceramics and the epoxy.  

 

Figure 3.12: Overview image of (a) exterior and (b) interior of the Pulsar alginate 

MX300 mixer  
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3.3.3.3. Oven  

In this study, a Memmert UNB 400 (by Fisher Scientific) muffle oven (shown in 

Figure 3.13) was used to cure the BNT-epoxy composite samples. This oven has a 

temperature range of up to 400°C with a maximum heating rate of 20°C/minutes. It is 

equipped with a digital temperature controller and a timer, which allows for accurate 

and repeatable curing of the composite samples. It has an internal chamber size of 400 

x 400 x 320 mm, a maximum power consumption of 2500 W and requires a 230 V AC 

power supply. 

During the curing process, the BNT-epoxy composite samples were placed on a heat-

resistant surface and then inserted into the muffle oven. The oven was then heated to 

a temperature of 100°C and held at that temperature for one hour.   

 

Figure 3.13: Overview image of the Memmert UNB 400 muffle oven 

3.4. Electrical Characterisation 

This section aims to provide a comprehensive overview of the electrical 

characterisation process carried out on the BNT-epoxy composite samples using 

various techniques. Initially, the first subsection puts emphasis on the poling process 

of the samples, which is a vital step in the piezoelectric characterisation procedure. 

Following this, the section covers several techniques used for capacitance 

measurements, P-E loop measurements, piezoelectric coefficients measurements.   

3.4.1. Poling Procedure 

To investigate the impact of poling on the mechanically aligned-optimally synthesised 

BNT-Epoxy composites and study the extent to which the poling process enhances the 

piezoelectric properties of these composites, a poling procedure has been carried out. 

Poling is the process of aligning the electric dipoles within a ferroelectric material with 
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the direction of a strong DC electric field. This alignment results in a net polarisation 

within the material, which persists even after the electric field is removed (residual 

polarisation).  

Amongst various contact and contactless poling techniques [256,257], this study 

employed a contactless poling technique, namely corona poling. It entails creating a 

strong electric field between a plate with a grounded surface and an electrode with a 

sharp tip, whereas the sample is placed in between. As the corona electrode generates 

ions, a secondary field develops across the sample, causing the ions to migrate towards 

the surface. The alignment of ferroelectric domains is facilitated by this movement, 

which causes charge redistribution [256]. In this work, corona poling was selected as 

it provides several advantages over other techniques. Generally, corona poling poses 

lower risks of damage to the sample compared to contact poling in an oil bath for 

example, which requires careful control of temperature and pressure. Additionally, the 

ability to pole samples without the need for deposited electrodes or with only one 

electrode [258]. In corona poling higher electric fields can be achieved when compared 

to sandwich contact poling [259]. 

To pole the BNT-Epoxy composites samples, an experimental setup shown in Figure 

3.14 was built up, and an overview schematic of the corona poling setup is depicted in  

 Figure 3.15. Herein, a high voltage power supply (Gamma high Voltage Research 

ES440P-5W), a corona electrode (stainless steel knitting needle), and a grounded 

counter electrode were used. High voltage poling involves simultaneously heating a 

sample and subjecting it to a high voltage, and hence a hotplate was used. This imparts 

an electrostatic charge in the sample and the charge remains even when the high 

voltage and heat are removed.   
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Figure 3.14: Overview of the poling experimental setup 

 

 Figure 3.15: Overview schematic of the corona poling setup 

A voltage of around 17kV DC was applied to the 300-series needle protruding into a 

shielded Teflon - PTFE tube. Two corona polarities, positive and negative, were tested 

during the experimental procedure. Below the tube the BNT-Epoxy composites 

samples were positioned on metal tube and heated on a hotplate to a maximum of 
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80°C. To investigate how the orientation of the applied electric field affects the 

piezoelectric properties of the samples, the samples were placed in two different 

positions. In the first position, the samples were left uncoated (with only foil as the 

bottom electrode) and were placed horizontally (Figure 3.16 (a)): parallel to the metal 

plate and BNT plate-like particles perpendicular to the electric field. In the second 

position, the samples were placed in a vertical position (Figure 3.16 (b)), parallel to 

the electric field. To avoid the flow of the ions towards the foil in this vertical position 

and avoid potential short-circuit, it was attempted to remove/ peel off the foil from the 

samples.  

The metal plate underneath the samples was earthed via an ammeter. During poling 

the current reading will gradually fall until a steady state value is reached, indicating 

that the process is complete. Poling was conducted for two hours. For safety, the entire 

setup has been contained within an interlocked acrylic enclosure, equipped with a 

transparent sliding access door.  

 

Figure 3.16: Overview image of positioning samples (a) horizontally, with a 

schematic displaying electric field direction is perpendicular to the incorporated 

particles in the sample and (b) vertically, with a schematic showing direction of 

electric field parallel to the incorporated particles (c) close-up view of samples in 

parallel position to the electric field 

3.4.2. LCR Meter for Capacitance Measurement 

To ultimately calculate the dielectric constant of the BNT-epoxy composites, the 

measurement of their capacitance was necessary. This was performed using the 
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Waynne Kerr automatic LCR meter shown in Figure 3.17 (a), which offers a frequency 

range of 20 Hz to 1 MHz with a basic accuracy of 0.05% and a resolution of 

0.001(smallest increment that can be detected by the instrument), allowing for precise 

measurements. By using the measured capacitance, the dielectric constant of the BNT-

Epoxy composites was calculated and are discussed in detail in Chapter 7. 

To measure the capacitance, the electrodes connected to the LCR meter were 

positioned on opposite sides of the coated (conductive) BNT-Epoxy composite 

samples as shown in Figure 3.17 (b), and measurements were taken at a frequency of 

1 KHz. Multiple measurements were taken to obtain an average value for the 

capacitance.  

 
Figure 3.17: Overview of (a) Waynne Kerr LCR meter and (b) samples holding 

during measurements 

3.4.3. Ferroelectric Tester for P-E loop hysteresis 

To further investigate and analyse the dielectric properties of the developed BNT-

Epoxy composites, P-E loop hysteresis testing was performed. This testing allows for 

the analysis of crucial ferroelectric properties such as remnant polarisation, coercive 

field, and saturation polarisation of the fabricated composite samples. The coercive 

field value indicates the strength of the electric field required to switch the polarisation 

direction of the material, while the saturation polarisation value indicates the 

maximum polarisation that can be induced in the material [42,56,57]. 

In this work, the P-E loop was measured using the Radiant RT66C-HVi ferroelectric 

test system, illustrated in Figure 3.18 (a). The circular shaped coated samples (shown 

in Figure 3.18 (b)) were mounted onto the sample holder of the RT66C ferroelectric 
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tester, ensuring that they were securely held in place and in electrical contact with the 

electrodes. Next, they were connected to the RT66C ferroelectric tester, which is 

equipped with a built-in high voltage amplifier. This amplifier is designed to generate 

a programmable AC or DC voltage signal with an output voltage range of up to 10 kV. 

Features of the Radiant RT66C-HVi ferroelectric test system is tabulated in Table 3.3. 

To then initiate the measurement, the voltage has been swept from negative to positive 

and then back to negative values. During this voltage sweep, the RT66C ferroelectric 

tester automatically records both the voltage, current signals generated by the BNT-

Epoxy composites and the corresponding polarisation. Measurements were taken at a 

frequency of 0.1kHz and a period of 10 msec. The P-E loops were then constructed 

using the obtained data for the driven voltages and their corresponding polarisation.   

 

Figure 3.18: Overview image of (a) the radiant RT66C-HVi ferroelectric test system 

and (b) the BNT-Epoxy coated and masked samples 

Table 3.3: Features of the Radiant RT66C-HVi ferroelectric test system 

Feature Value 

Voltage test (built-in amplifier) +/- 200 V 

High voltage limit +/- 10kV 

Maximum hysteresis loop frequency 1 kHz 

Minimum hysteresis loop frequency 1/8th Hz 

Minimum hysteresis period 8 seconds 

Peak output current 50 mA 

3.4.4. Piezometer for piezoelectric measurements 

In this study, the PM300 Piezometer developed by Piezotest (shown in Figure 3.19) 

was used to measure the d33 piezoelectric coefficient of the BNT-Epoxy composites. 

The instrument measures the d33 by clamping the sample and applying a relatively low 



Chapter 3 

84 

 

frequency force between 10Hz to 1kHz. The electrical signals produced by the sample 

are then processed and compared to a built-in reference, which provides a direct 

reading of d33. This represents the material property that quantifies the charge 

generated per unit force applied in the direction of polarisation. 

The PM300 PiezoMeter employs the so called "quasi-static" or "Berlincourt" method, 

which involves the application of a quasi-static force to the sample which means that 

the force is applied slowly and without oscillation. In this study, a static force of 10N 

and a dynamic force of 0.25N was applied to the composite samples as commonly 

employed in a similar epoxy-based biphasic ceramic-polymer composite system [195].   

The PM300 PiezoMeter has a wide frequency range of up to 50 kHz and can measure 

piezoelectric signals with amplitudes of up to 10 V. The device also has a high 

sensitivity, with a resolution of 0.1 pC and an accuracy of 1% or better. The d33 

measurements have been take at a frequency of 110 Hz. Measurements were taken for 

both horizontally poled samples, ranging from 5% to 35%, and vertically poled 

samples, ranging from 25% to 35%. 

 

Figure 3.19: Overview image of the PM300 Piezometer by Piezotest 
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4. Implementation of a DOE Approach for 

Optimised Molten Salt Synthesised Two-Dimensional 

Particles 

4.1. Introduction 

This chapter aims to offer significant insights into the utilisation of the DOE in the 

molten salt synthesis process and its effective application to optimise the synthesis 

process of two-dimensional particles based on BNT as a case study. The chapter starts 

by highlighting the significance of implementing DOE in the context of MSS and 

emphasises the existing research gap. To the best of our knowledge, no study has been 

conducted to comprehensively investigate the significance of each MSS parameter, 

assess the combined effect of multiple parameters, identify the most influential 

parameter affecting particle morphology, and propose predictive models for accurately 

depicting the shape and size of the synthesised particles. This research gap limits the 

ability to achieve precise control over the synthesis process and hinders the 

development of optimum conditions for synthesising two-dimensional plate-like 

particles with enhanced electrical performance. Therefore, the chapter addresses this 

research gap by presenting a methodological framework for implementing DOE in 

MSS. Additionally, the literature background related to the assessment of ANOVA 

and regression models are also presented within the chapter. The chapter then proceeds 

by explaining the adopted experimental design approach along with the identification 

of the input and output variables.  

4.2. The Need for DOE in MSS 

As discussed in chapter 2, the dielectric properties of ceramic-polymer composites is 

influenced by various factors, amongst which the morphology of the incorporated 

ceramics is has proven to show a significant impact [212,213]. Thus, tailoring particle 

shape and size of the incorporated ceramic filler presents an avenue for potentially 

achieving enhanced dielectric properties in the resulting composites [91,260]. As such, 

the incorporation of two-dimensional (2D) ceramic particles, such as plate-like 

particles, in dielectric-based composites has been a subject of extensive research and 

development [261]. These particles have proven to exhibit enhanced dielectric 

properties and energy storage capabilities compared to 0D and 1D particles [262,263]. 

As mentioned earlier in chapter 2, one key advantage of such shape compared to 
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spherical-shaped particles for example, is the increased interfacial area between the 

2D particles and the matrix, which allows for more efficient charge transfer.  

It is noteworthy, that one way to control the shape and size of the incorporated powder 

is to manipulate the synthesis parameters within the ceramic synthesis process [11,12]. 

To achieve precise control over the synthesis parameters and understand their impact 

on the ceramic morphology, researchers often employ Design of Experiments (DOE) 

techniques [264–267]. DOE allows for systematic variation of multiple synthesis 

parameters while minimising the number of experiments required. By carefully 

designing a series of experiments based on statistical principles, the intricate parameter 

space can be efficiently explored and the optimal conditions for obtaining desired 

ceramic morphologies can be identified.  

DOE has found extensive application in diverse synthesis techniques, such as its 

utilisation in the hydrothermal synthesis of bismuth titanate (Bi4Ti3O12) [268] 

nanoparticles, where the authors aimed to examine the impact of certain key process 

parameters, namely temperature, reaction time, and pH, on the yield of Bi4Ti3O12 

nanoparticles. Furthermore, the utilisation of DOE has been observed in the 

optimisation of Ni-decorated ZnO nanoparticles through the sol-gel method [269]. In 

this particular investigation, the authors examined the influence of several parameters 

such as dye concentration, catalyst dosage, pH value, and Ni percentage in the Ni-

decorated ZnO structure on the dye degradation process.  

In this context and with the goal of synthesising two-dimensional ferroelectric ceramic 

particles with enhanced electrical performance for a diverse range of dielectric 

applications, this study aims to explore the implementation of the DOE in MSS. The 

first aim of this work to comprehensively investigate and identify the significance level 

of molten salt synthesis parameters and their combined interaction effect on the 

resulting shape and size of synthesised two-dimensional particles, with the ultimate 

objective of establishing predictive models for future MSS synthesis based on BNT as 

a case study.  

In the quest of synthesising two-dimensional ferroelectric particles in a manner that 

maximises their performance in electrical applications, enhancing their applicability 

across a wide range of dielectric applications, this work will investigate the effect of 

the complex synthesis parameters on the powder characteristics. In this work, the DOE 
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was employed to allow for a more comprehensive understanding of the molten salt 

synthesis process and to help identify the optimal synthesis conditions that yield 

desired BNT powder characteristics, which can be used as ceramic filler in dielectric 

ceramic-based composites.  This will effectively reduce the number of experiments 

needed in future MSS of two-dimensional particles, resulting in significant time and 

resource savings as well as providing an avenue for controlling the shape of two-

dimensional plate-like particles using MSS. By employing RSM in MSS, researchers 

can navigate the complex parameter space of MSS, providing valuable insights into 

the optimal conditions required to achieve the desired particle size and shape. Once 

these desired characteristics are achieved, the synthesised particles can be incorporated 

into ceramic-polymer composites, thereby enhancing their overall performance as 

elaborated in chapter 2.  

4.3. Methodological Framework for DOE in MSS 

This section outlines the methodological framework employed for the implementation 

of DOE in the context of MSS of two-dimensional plate-like particles based on the 

BNT as a case study, as follows:  

1. Selection of experimental design and identification of input and output 

variables: 

Initially, the experimental design approach is selected, followed by the selection of 

input and output variables. An experimental plan is prepared based on the chosen 

design approach, and experiments are conducted to collect relevant data. This is 

presented in section 4.4. of this chapter 

2. Data Analysis using ANOVA and Regression Models: 

The next step entails the utilisation of the analysis of variance technique to evaluate 

the significance of the input parameters and their combined interaction effect. ANOVA 

helps determine if the observed differences in the data are due to random variation or 

if there are systematic effects caused by the factors being studied [270]. This analysis 

involves the examination of several indicators to assess the models and determine their 

suitability for the data. These indicators encompass the calculated P-value, obtained 

R2 value, the disparity between the adjusted and predicted R2 values, and the 

significance of the lack of fit. The calculation of these values was performed using the 
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Design Expert software built-in equations. These equations are reported in Appendix 

A. ANOVA results are presented throughout chapter 5.  

Herein, it is worth noting that the P-value is based on an F-distribution and is a relative 

measure of the strength of evidence against the null hypothesis, ranging from 0 to 1 

[271]. The null hypothesis, which presumes that the process parameters have no effect, 

is rejected when the p-value is less than 0.05 (95% confidence level) [272,273]. 

Rejecting the null hypothesis means that the statistical analysis has found evidence of 

a relationship or effect between the variables being studied. Hence, parameters with 

P-values ≤ 0.05 are considered significant and imply that the process parameters being 

tested have a significant effect on the outcome. However, the strength of evidence 

against the null hypothesis can be categorised as following: highly statistically 

significant (P < 0.001), strong evidence (P < 0.01), moderate evidence (P ≤ 0.05), weak 

or poor evidence (P< 0.1) or insignificant (P>0.1) [274]. 

Additionally, the calculation of the coefficient of determination (R2) would quantify 

the extent to which the independent variable of a regression model can account for the 

variability observed in the dependent variable [275]. In essence, the R2 value is 

indicative of the extent to which a statistical model can effectively predict the outcome 

represented by its dependent variable, and generally higher R2 values indicate a better 

fit between the model and the data, whereas lower R2 values suggest that the model 

may not be a good fit. Therefore, assessing the R2 value for each model helps to 

determine the degree of correlation between the model and the data and to evaluate the 

quality of the model's fit. The adjusted R2 value considers the number of variables in 

the model and is a more reliable measure of the model's fit than the R2 value alone. It 

penalises overfitting of the model by adjusting the R2 value for the number of 

parameters in the model, thereby providing a more accurate indication of the model's 

goodness of fit. The difference between the adjusted and predicted R-squared values 

can also provide insight into the model's performance. A large difference between 

these values (>0.2) indicates that the model may not be reliable in predicting future 

observations [276], while a small difference suggests that the model is more accurate 

and can be used to predict future outcomes with more confidence.  

By comparing the variance of the residuals within groups to the variance of the 

residuals between groups, the lack of fit test evaluates the model's fit. The disparities 
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between a dependent variable's observed values and the matching expected values 

from the model are referred to as residuals [277]. A substantial lack of fit test indicates 

that the model does not effectively fit the data and may need to be improved or 

modified, for as by transforming the data [278]. Analysing the results of the lack of fit 

test can therefore help to spot any potential model flaws and provide guidance for 

adjusting the model to increase its accuracy. In general, it is preferable to have a lack 

of fit that is insignificant.  

Furthermore, by normalising the response variable's distribution, evaluating whether 

the data need to be transformed can help to enhance the model's fit [279]. This can be 

done by subjecting the data to mathematical modifications, including logarithmic or 

square root transformations. Common data transformations include logarithmic, 

square root, and reciprocal transformations, which are applied to the data based on the 

results of the initial ANOVA analysis [280,281].  Any problems with the distribution 

of the data can be identified and the necessity for data transformation can be decided 

by looking at the significance of the lack of fit.   

Following a rigorous statistical analysis of the experimental data using ANOVA, a 

mathematical equation is derived to represent the underlying model. This can be 

depicted using a second-order polynomial equation (Equation 4.1) which is commonly 

referred to as a second-order response surface model, whereas the Y presents the 

predicted response variable [282]. Herein, the constant coefficient is expressed by b0, 

the linear coefficient is bi, the pure second order/quadratic effect is bii, the interaction 

coefficient is bij, the design factors are xi/j and the random error term is ∈. The 

developed models representing the morphological characteristics of the two-

dimensional molten salt synthesised particles are presented in chapter 5. These 

equations may be depicted by their coded values as illustrated in Equation 4.2, whereas 

the coded value of the ith independent variable is xi, the uncoded value of the ith 

independent variable is xi, the center point of the independent variable, ith, is 

represented by the uncoded value xi
∗, while the step change value, ∆xi, denotes the 

amount by which it is altered [283]. 

𝑌 =  𝑏0 + ∑ 𝑏𝑖𝑥𝑖 + ∑ 𝑏𝑖𝑖𝑥𝑖
2 + ∑ 𝑏𝑖𝑗𝑥𝑖 𝑥𝑗+ ∈   (Equation 4.1) 

𝑥𝑖 =
𝑥𝑖−𝑥𝑖

∗

∆𝑥𝑖
 (Equation 4.2) 
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3. Analysis of the Effects 

The next step involved providing detailed explanation of why certain factors are 

considered significant while others are not. The effect of the studied synthesis 

parameters on the morphological characteristics as well as on the phase purity and 

crystallinity of the output variables were analysed and presented in chapter 6.  

4. Optimisation and Validation 

Subsequently, an optimisation process was conducted using a multi-objective 

approach, aiming to achieve the larger size and desirable shape of two-dimensional 

BNT particles. The optimisation process has been carried out with the aid of the Design 

Expert software by employing the genetic algorithm, GA. The GA is a bio-inspired 

computing algorithm that used to generate a set of candidate solutions and evaluate 

their fitness based on the objective function [284]. This meta-heuristic computational 

method was initially introduced by John Holland in the 1970s [285] to rapidly find 

nearly optimal solutions. By mimicking the natural selection process, the genetic 

algorithm involves the survival of the fittest individuals in successive generations, 

eventually resulting in a new generation of better individuals and fitter offspring. 

The final step involves model validation, which is crucial to assess the reliability and 

accuracy of the models and their predictions. Validation includes testing the model's 

predictive performance on new, unseen data that was not used during model 

development. The objective is to ensure the model exhibits high predictive accuracy 

and generalises well to novel data. Optimisation and validation results are presented 

within chapter 6.  

A schematic depicting the statistical framework employed during this work to 

synthesise optimum two-dimensional plate-like powder using MSS based on the case 

of BNT is shown in Figure 4.1.  

Design Expert v 7.0.0, a powerful statistical software, was used in this research for 

implementing the experimental design, conducting statistical analyses, and optimising 

the process. The software provided a range of tools and features for designing and 

analysing experiments with multiple factors and levels and helped to visualise and 

optimise their results. 
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Figure 4.1: A schematic showing the methodological framework of the DOE in MSS 

and a detailed outline of chapter 4,5 and 6 

4.4. Experimental Design  

4.4.1. Experimental Design Approach 

In this work, the Response Surface Methodology (RSM) was utilised to investigate the 

influence of the molten salt synthesis parameters on the output characteristics of the 

synthesised powder particles. RSM was preferred over conventional design of 

experiments techniques, such as the factorial design method, due to its numerous 

advantages [286]. Firstly, it enables the estimation of the response surface, which is a 

mathematical model that describes the relationship between the input variables and the 

response variables. This model facilitates the prediction of the response of the system 

for any given combination of input variables, even if the combination has not been 

tested experimentally. Secondly, RSM enables the identification of optimal synthesis 

parameters for achieving the desired response. The regions where the response is 

optimal can be identified, and the optimal input variables for achieving the desired 

response can be determined. This feature of RSM can significantly reduce the number 

of experiments needed to identify the optimal process parameters, thereby saving time 

and resources. Thirdly, RSM is capable of investigating complex nonlinear 

relationships between the input variables and the response variables [287]. In contrast, 

the factorial design method is limited to linear relationships between the input 
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variables and the response variables [288]. As a result, RSM is better suited for 

investigating complex processes with nonlinear relationships between input variables 

and response variables [289]. 

Among various experimental design approaches used in the RSM, such as Box-

Behnken design [290], Plackett-Burman design [291] and D-optimal design [292], the 

central composite design CCD [293,294]is the one that is most commonly used [295]. 

This design allows for the estimation of the coefficients of a quadratic model, making 

it more accurate and reliable. Another advantage of CCD is that it doesn't require a 

three-level factorial experiment for building a second-order quadratic model, unlike 

other designs such as Box-Behnken. Additionally, CCD is more efficient than D-

optimal design when considering the number of experiments required for a given 

model accuracy [295]. 

4.4.2. Selection of Input Parameters of MSS 

As mentioned in section 4.3 of this chapter, the initial stage of the optimisation process 

involves the selection of key process parameters and the determination of their upper 

and lower levels (see Figure 4.1). As previously elaborated in chapter 2, a multitude 

of variables exert influence on every stage of the MSS steps as depicted in the 

accompanying schematic in Figure 2.16. Notably, the synthesis temperature, reaction 

times, and heating rates are the variables with the most significant influence on the 

attainment of the desired synthesised products, specifically pertaining to their 

morphology [135]. Therefore, in this study, three synthesis parameters were chosen as 

the independent input variables namely heating temperature at which the synthesis was 

carried out (referred to as factor A), holding time at the synthesis temperature (referred 

to as factor B) and heating rate to reach the synthesis temperature (referred to as factor 

C). These factors are known to have significant effects on the characteristics of the 

resulting synthesised powder. Each of these factors have been varied over three levels 

representing the upper, medium, and lower bound of each parameter, which are placed 

at one of three equally spaced levels, such as −1, 0, +1. The data representing the upper 

and lower limits of each factor have been selected based on literature [296–298] and 

are presented in Table 4.1. 
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Table 4.1: The range of matrix building parameters. 

Parameter Unit 
Levels 

-1 0 1 

Temperature (Factor A) ⁰C 850 975 1100 

Holding time ( Factor B) min 90 180 270 

Heat rate       (Factor C) ⁰C /min 3 5 7 

4.4.3. Selection of Response Variables for Optimisation 

The selection of response variables is a critical aspect of any experimental design, as 

it determines the information that can be extracted from the study. In this work, five 

response variables were chosen to provide a comprehensive understanding of the 

properties of the molten salt synthesised NBiT precursor and BNT powder and the 

impact of input variables on these properties. The chosen response variables were 

carefully selected to represent different aspects of particle size and shape, including 

the area of particles (denoted as R1), the thickness of the particles (denoted as R2), the 

Feret's diameter of the particles (denoted as R3), the aspect ratio of the particles (AR) 

(denoted as R4), and the overall particle size (denoted as R5). These parameters are 

known to be among the most widely employed descriptors to represent and 

characterise the morphology of two-dimensional ceramic particles [299,300]. Table 

4.2 summarises the selected response variables and their denotations. By selecting 

these response variables, this research aims to gain a better understanding of how the 

molten salt synthesis parameters influence the properties of the synthesised powder 

and to optimise the process to achieve desirable particle characteristics. 

Table 4.2: Summary of selected response variables and their denotaions 

Response Description 

R1 Average area of the particles 

R2 Average thickness of the particles 

R3 Average Feret’s diameter of the particles 

R4 Average aspect ratio of the particles 

R5 Average particles’ size 

The Feret's diameter (R3) is a versatile and widely used measurement parameter that 

provides a simple and efficient way to estimate the size of particles or objects with 

irregular shapes and is calculated by measuring the distance between the two points on 

the particle boundary that are farthest apart [301]. One of the key advantages of the 

Feret's diameter is that it considers the entire object's dimensions, including any 
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protrusions or indentations [302]. This is especially important when characterising 

complex shapes since other measures of size, such as diameter or radius, may not 

provide sufficient information. The aspect ratio, AR (R4) generally denotes the ratio 

between the dimension of the major axis to that of the minor axis and in plate-like 

shaped particles it denotes the ratio between the Feret’s diameter and the thickness of 

the particles [303] and is an important factor in determining the anisotropy of the 

powder particles [304]. The first 4 responses (R1-R4) have been measured using a 

combination of SEM and Image J. To ensure the accuracy and reliability of the 

measurements, 100 particle measurements were taken for each response variable at 

every parametric combination. This high level of replication helps to minimise the 

impact of measurement errors and provides a more robust dataset for analysis. By 

taking multiple measurements, any random variability in the measurements can be 

averaged out, and a more precise estimate of the response variable can be obtained. 

The schematic in Figure 4.2 depicts the dimensions measurements of the first four 

responses. Appendix B includes bar charts depicting the spectrum of particle 

measurements for the first four responses obtained at each of the 17 experimental runs, 

along with their corresponding frequencies. 

 

Figure 4.2: A schematic depicting the carried-out dimensions’ measurements of the 

first responses R1-R4 

With respect to the measurement of the fifth response, particles’ size, this has been 

attained through the utilisation of the Malvern Mastersizer 3000. However, it is worth 

noting that the Mastersizer determines the particle size using the equivalent sphere 

theory. It involves defining the particle size based on the diameter of an equivalent 

sphere that would exhibit the same properties as the actual particle [305]. Additionally, 

it does not provide information about each individual particle in a sample, but rather 

the particle size distribution of the sample as a whole. The particle size distribution 
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represents the range of sizes present in the sample and is reported as a graph showing 

the percentage of particles at each size range.  

4.4.4. Description of the Experimental Design Matrix 

After selecting the input and variables for the optimisation of molten salt synthesis, a 

face-centred central composite design (CCD) was employed. This is commonly used 

when working with a three-factor design each having three different levels [306]. This 

design approach involves the use of both factorial points and star points. Star points 

are additional experimental runs that are strategically added to the design to estimate 

the curvature of the response surface. These points are located at fixed distance away 

from the centre point along each axis, with the distance determined by the value of 

alpha, which was set to 1 in this research. Additionally, the repetition of the centre 

points was selected to be 3 times. This means that the experiment will include 3 

additional runs at the centre of the design, where all three factors are set to their 

midpoints (coded level of 0), which helps in estimating the pure error. This 

experimental design generated a total of 17 parametric combinations of experimental 

runs. Table 4.3 illustrates the breakdown of experimental runs in a face-cantered 

central composite design with an alpha value of 1, three centre point repetitions, and a 

three-level-three factors design.  

Table 4.3: Breakdown of the experimental runs 

Design Component Number of Points/Runs 

Factorial Points 8 

Star Points 6 

Centre Points  3 

Total Experimental Runs 17 

4.4.5. Data Collection  

To assess the significance of the three molten salt synthesis parameters affecting the 

characteristics of the resulting powder and determine which parameter(s) have the 

greatest influence, 17 different combinations of heating conditions were employed to 

synthesise NBiT precursor, and their corresponding resulting responses (R1-R5) were 

recorded, providing a comprehensive dataset for ANOVA and regression statistical 

analysis. These conditions were based on the implemented CCD-RSM design matrix 

as illustrated in Table 4.4. As can be seen, the centre points with a heating temperature 

of 9750C, holding time of 180 minutes and a heating rate of 5⁰C/min, have been 
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repeated three times in S3, S8 and S15. This is to ensure reliability and reproducibility 

of the results. Moreover, the experiments have been performed in a randomised order 

to minimise the impact of any potential biases or confounding factors. This approach 

of using randomised experimental designs with central replicates is commonly 

employed in RSM and is considered a robust method for assessing the significance of 

various factors on the response of interest.   
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Table 4.4: The CCD design matrix for the three variable factors and their 

corresponding average area, average thickness, average Feret’s diameter, average 

aspect ratio of the synthesised particles and the weighted average of particles size  
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S1 850 90 7.000 2.163 0.205 1.968 9.60 69.54777 

S2 850 90 3.000 1.058 0.209 1.367 6.54 8.235012 

S3 975 180 5.000 3.793 0.267 2.455 9.19 8.632701 

S4 1100 180 5.000 120.548 0.770 14.079 18.28 19.33197 

S5 1100 270 3.000 143.853 0.833 15.764 18.92 29.01242 

S6 850 270 7.000 1.500 0.139 0.827 5.95 7.153265 

S7 850 270 3.000 1.688 0.149 1.460 9.80 5.902423 

S8 975 180 5.000 5.105 0.290 2.927 10.09 6.410173 

S9 1100 90 7.000 42.742 0.728 8.647 11.88 17.16043 

S10 975 270 5.000 8.137 0.306 3.953 12.92 6.760201 

S11 1100 270 7.000 168.204 1.442 17.980 12.47 19.36505 

S12 850 180 5.000 1.994 0.184 1.800 9.78 11.56409 

S13 975 180 7.000 7.285 0.265 3.679 13.88 6.72384 

S14 1100 90 3.000 61.626 0.911 10.343 11.35 17.2548 

S15 975 180 5.000 6.549 0.381 3.955 10.38 6.138999 

S16 975 180 3.000 4.244 0.290 2.752 9.49 8.942408 

S17 975 90 5.000 9.595 0.246 3.978 16.17 39.30668 
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4.5. Summary 

This chapter has discussed the need for DOE in MSS and presented a methodological 

framework for its implementation. It highlighted how the employed RSM can be 

utilised to predict and optimise the size and shape of future molten salt synthesised 

particles. The development of these predictive models is anticipated to offer a way to 

tailor the morphology of the particles intended for specific applications. Moreover, the 

chapter has presented the fundamental basics of the RSM, statistical analysis using 

ANOVA, as well as the optimisation process. The chapter then delved into the detailed 

explanation of the selected experimental design approach, along with a demonstration 

of the selected input and output variables. The parametric combination of the carried-

out experiments along with their corresponding responses were also presented within 

this chapter.  
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5. Statistical Analysis Using ANOVA and 

Regression Models Results 

5.1. Introduction 

The primary objective of this chapter is to thoroughly analyse and investigate the 

collected data pertaining to the various responses, using ANOVA and regression 

analysis. The chapter is mainly divided into two main sections that delve deeper into 

the preliminary and enhanced statistical analysis. The first part presents the 

preliminary statistical analysis which constitutes an initial exploration of the data using 

ANOVA and regression modelling techniques prior to data transformation. The 

ANOVA analysis is initially employed to investigate the relevance of the proposed 

responses in characterising the shape and size of the synthesised molten salt powder. 

The statistical significance of the developed response models is evaluated to determine 

which responses (if any) should be excluded from the study. Furthermore, this 

preliminary analysis is essential to determine whether the models should undergo data 

transformation. The data transformation process involves modifying the data 

distribution to meet the assumptions of the statistical tests and modelling techniques 

used in subsequent analyses.  

The second part describes the enhanced statistical analysis, providing a thorough 

ANOVA analysis for each of the selected significant response models after data 

transformation. Additionally, mathematical models were developed utilising 

regression analysis techniques to accurately predict characteristics of the synthesised 

powder. The adequacy of developed models and their performance analysis are 

confirmed by conducting residual analysis as well as comparing actual values with 

predicted ones in both preliminary and enhanced statistical analyses.  

5.2. Preliminary Statistical Analysis (Before Data Transformation) 

This section presents the results of the preliminary initial statistical analysis. 

5.2.1. Preliminary ANOVA and Regression Analysis 

Following the data collection for each of the five responses at each parametric 

combination (presented in 
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Table 4.4 in chapter 4), the data for each of these five responses were analysed using 

ANOVA and regression analysis, leading to the development of five distinct models. 

Each model depicts the impact of the individual factors (MSS parameters) and their 

combined interaction effect on the corresponding response and identifies the most 

significant one (s). As a part of the analysis procedure, the Design Expert software 

recommends the most suitable model for fitting the data by suggesting the order of the 

polynomial before moving to ANOVA step. Herein, at this first step, the results of the 

data analysis indicated that a quadratic fit was appropriate for each of the five 

responses. The appropriateness of the quadratic fit suggests that the variables being 

studied have a nonlinear relationship with the corresponding responses and that the 

quadratic model is better suited for describing this relationship. 

The resulting P-values, R2 values, the adjusted and predicted R2, and the significance 

of the lack of fit for each model (response) are tabulated in Table 5.1. Detailed 

ANOVA tables for the initial model’s analysis are reported in Appendix C. 

Table 5.1:Summary of the five response models’ results 

R
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Model 

R2 
Adj. 

R2 

Pred. 

R2 

Lack of fit 

R
ec

o
m

m
en

d
ed

 

T
ra
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P-

Value 
Significance P-

value 
Significance 

R1 0.0002 significant 0.97 0.93 0.7 0.0061 significant 
Natural 

log 

R2 0.0016 significant 0.95 0.91 0.53 0.1407 
not 

significant 
Sqrt 

R3 
< 

0.0001 
significant 0.98 0.95 0.74 0.2575 

not 

significant 
Sqrt 

R4 0.21 
not 

significant 
0.7 0.33 -0.7 0.0302 

 
significant None 

R5 0.065 
not 

significant 
0.85 0.65 -1.3 0.0143 significant None 

The results in Table 5.1 showed that among the five models depicting five responses, 

only R1, R2, and R3 were statistically significant with P-values of less than 0.001 

[307]. R1 shows a high R2 value of 0.97 (close to 1), indicating a good agreement 

between the experimental data and the model predicted results. However, the 

difference between the predicted and adjusted R2 is more than 0.2, which suggests that 
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there might be overfitting of the model to the training data [308]. This can lead to the 

model performing well on the training data (actual current collected data) but poorly 

on new data. Generally, a difference of less than 0.2, indicate a good agreement 

between the two and further signify the strength of the model [309]. It is also worth 

noting that although R1 has a high R2 value, the lack of fit for this response is yet 

significant. This suggests that while the model can explain a large portion of the 

variability in the response variable R1, it does not fit the data well overall, meaning 

that that the model does not accurately capture the behaviour of the response variable. 

Therefore, while the model may provide a good prediction for certain portions of the 

data, it may not be reliable for predicting the behaviour of the response variable as a 

whole. Thus, a transformation to a natural log based-equation model was suggested by 

the software based on the calculated skewness and lack of normality of the data, to 

address the lack of fit and improve the model's performance [281,310,311]. This 

observation aligns with the findings of S. Foorginezhad et al. [312] during the 

employment of the RSM technique to optimise the operational parameters affecting 

the color removal of cationic dyes, where a data transformation was performed upon a 

significant lack of fit. In a recent study by Raziyeh Ghelich et al. [313], the researchers 

utilised the CCD-based RSM to even examine the influence of various process 

variables such as PVP concentration, applied voltage, flow rate, and boron-to-hafnium 

ratio, among others, on crucial output parameters such as the average diameter, quality, 

and uniformity of the nanofibrous PVP-B-Hf composites. Herein, the lack of fit was 

found to be statistically significant, indicating the need for further refinement in 

representing the relationship between the response and test variables. To address this, 

the authors employed an inverse square root transformation to better capture the 

complex interplay between the response variables and the experimental factors. 

Furthermore, R2 has a P-value of 0.0016 indicating that the model itself is significant. 

The high R2 value of 0.95, suggests that the model's predicted results align well with 

the experimental data. However, the difference between the predicted and the adjusted 

R2 is more than 0.2, which suggests that the model may not generalise well to new data 

or may be overfitting the current data. Therefore, it is important to consider both the 

R2 and the lack of fit in evaluating the performance of a model. In this case, a 

transformation to a square root based model is still needed even if the lack of fit is 

insignificant [314,315], to improve the model's ability to generalise to new data or to 
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avoid overfitting. Similarly, R3 has a significant P-value and also the variation 

between adjusted an predicted R2 was marginally higher than 0.2. Although the lack 

of fit tested for insignificance, a transformation of the data to a square root-based 

model was still suggested to enhance the model's performance. This recommendation 

is supported by the large difference between the predicted and adjusted R2 values, 

which suggests that the current model may not generalise well to new data. 

In opposite to the first three responses, R4 and R5 were not significant, with P-values 

of 0.21 and 0.065, respectively. This suggests that the predicted models for R4 and R5 

does not provide strong evidence that the predictor variables (MSS synthesis 

parameters) have a statistically significant effect on the response variable. R4 had an 

R2 value of 0.7, indicating a moderate correlation between the response variable and 

the model. However, the adjusted and predicted R2 values were lower at 0.33 and -0.7, 

respectively. Additionally, the lack of fit test for R4 shows as significant, which 

indicates that the model does not fit the data well for that particular response variable. 

This could be due to several reasons such as inadequate model specification, incorrect 

assumption of error distribution, or insufficient variation in the data. Since the model 

itself was found to be insignificant, no specific data transformation was suggested for 

R4.  

Similarly, the R5 had an R2 value of 0.85, indicating a moderate correlation between 

the average particles’ size as a response variable and the model-predicted results. As 

observed, the predicted R2 value for R5 is an unusual negative value of -1.3 which 

suggests that the model is performing worse than a constant function that always 

predicts the mean of the data. This indicates that the model is not providing any 

improvement over simply taking the average value of the response variable. A negative 

R2 value is a clear indication that the model is not a good fit for the data and needs to 

be revised or replaced with a different approach. Furthermore, there is a significant 

lack of fit, indicating the inadequacy of fitting to the model and hence no data 

transformation was proposed. 

5.2.2. Preliminary Residuals Analysis 

To gain a more comprehensive understanding of the results and the developed models, 

this section employs various plots, such as predicted versus actual plots and residuals 

versus predicted plots, to assess the performance of the developed models and to 
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identify potential issues with the data. The predicted versus actual plots depict the 

relationship between the actual values and the predicted values for each response 

variable, enabling an assessment of how well the regression model fits the data. 

Additionally, the residuals versus predicted plots complement the predicted versus 

actual plots by identifying whether the model has any consistent bias or deviation in 

the measurements or observations from their true value. Herein, the horizontal axis of 

the plot represents these predicted values, and the vertical axis represents the residuals. 

By analysing these plots, it is possible to identify discrepancies between the predicted 

and actual values, as well as detect any patterns or trends that may be present in the 

data, such as overestimating or underestimating the actual values.  

In this work, the actual vs predicted along with predicted vs residuals plots have been 

constructed for the five responses. The plots for each response are as follows: 

Response 1  

Figure 5.1 (a) shows the actual vs predicted plot for the average area of the particles 

in the 17 experiments. Each point on the plot represents a data point from the 17 

designed experiments. Figure 5.1 (b) offers a closer view of the plot, providing a more 

detailed understanding of the graph, as such the data on the straight line represent the 

model’s predicted values whilst the square point near the line represent the actual 

(experimental) values and the difference between them is the residual. It is evident 

from Figure 5.1 (a), that the actual points are scattered near to the straight line. This 

could suggest that the developed model (in Appendix A) can reasonably describe the 

relationship between the molten salt synthesis parameters and the area of the particles 

[316,317]. However, the negative values of the predicted responses (seen on the plot) 

complement the significant lack of fit that was exhibited during the ANOVA testing. 

Figure 5.1 (c) illustrates a plot of the ascending predicted response values versus their 

corresponding residuals. The data points are roughly equally distributed on both sides 

of the zero residual, indicating that the model is not biased and is not systematically 

over- or under-predicting the response variable. The negative values of the residuals 

indicate that the predicted values are larger than the actual values. Additionally, the 

data points are randomly scattered around the zero residual which suggests a consistent 

variance across all experiments.  The residual vs. predicted response plot presents a 

scenario where the residuals exhibit a random dispersion, suggesting a consistent 
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variance across all experiments [318,319]. However, it was suggested previously that 

the data transformation would develop a better performing model.  

 
Figure 5.1: (a) The predicted vs actual plot for R1, (b) close-up view of the predicted 

vs actual plot providing a detailed explanation of the data presented and (c) the 

residuals vs predicted plot for R1; before data transformation 

Response 2 

The predicted versus actual plot of the second response model (in Figure 5.2 (a)), 

which portrays the average thickness of the particles, exhibits a pattern akin to that of 

the first response model. Specifically, the data points in both models are dispersed near 

the straight line, suggesting a high degree of concordance between the predicted and 

actual values [320]. Figure 5.2 (b) displays the predicted versus residual plot of the 

second response model, which further illuminates the model's performance. The plot 

reveals that the data points are distributed across both sides of the zero residual line, 

but the residual values tend to be greater for higher data points (e.g., above 0.75). This 
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phenomenon suggests that the model's predictions may have a greater degree of error 

or deviation for higher particle thicknesses. This observation may warrant further 

investigation into the bias in the model's design, such as data transformation. 

 

Figure 5.2: Plot of the (a) actual vs predicted and (b) residuals vs predicted for R2 

before data transformation. 

Response 3 

Similarly, the actual vs predicted plot depicting the third response (Figure 5.3) displays 

a favourable distribution of data points near the line of best fit. Figure 5.3 demonstrates 

the predicted vs residuals plot. As can be observed, there’s a random scattering of data 

points on both sides of the zero residual line which indicates again that the model is 

making unbiased predictions. It is evident that the highest residuals are depicted at 

lower values. This suggests that the model is overestimating the values in this range. 

Hence, data transformation is needed. 
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Figure 5.3: Plot of the (a) actual vs predicted and (b) residuals vs predicted for R3 

before data transformation. 

Response 4 

In contrast to the favourable performance of the developed models in predicting the 

first three responses, the data points on the predicted vs actual plot of the fourth 

response (Figure 5.4) display a noticeable deviation from the line of best fit. 

Specifically, the data points are not distributed near the line, indicating that the model's 

predictions for the fourth response are less accurate than those for the earlier responses. 

This complements the fact that the model was tested as insignificant during the 

ANOVA analysis. Figure 5.4 (b) illustrates the scatter of the data points of the residuals 

against their corresponding predicted values. 

 
Figure 5.4:Plot of the (a) actual vs predicted and (b) residuals vs predicted for R4 

before data transformation. 
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Response 5 

Moreover, the actual versus predicted plot for the fifth response (Figure 5.5) exhibits 

a greater degree of randomness in the distribution of the data points, in contrast to the 

first three responses, suggesting inadequacy of the model [321]. Additionally, the 

residuals vs predicted plot (in Figure 5.5 (b)) shows higher degree of residuals for more 

data points, compared to the degree of residuals of the first three responses.  

 
Figure 5.5: Plot of the (a) actual vs predicted and (b) residuals vs predicted for R5 

before data transformation. 

5.2.3. Preliminary Statistical Analysis Conclusions (Refining Responses) 

The ANOVA results obtained in the previous subsection have confirmed the 

significance of responses R1, R2, and R3 within the study. These responses have been 

found to be influential in determining the characteristics of the synthesised NBiT 

powder particles, and the developed models have adequately captured the underlying 

relationships between the molten salt synthesis parameters and the corresponding 

responses. Consequently, the models’ significant p-values indicate a statistically 

significant relationship between the dependent variable and at least one independent 

variable in the model. Moreover, as highlighted in the previous subsection, the current 

developed models are suggested to undergo data transformation to enhance the 

performance of the models. Hence, the next section will illustrate the ANOVA and 

regression analysis results of the models after transformation. 

On the other hand, the lack of significance of R4 and R5 suggests that the null 

hypothesis cannot be rejected. This implies that there is insufficient evidence to 

support the hypothesis, which presumes that the molten salt synthesis parameters have 

a significant effect on the studied output response. In simpler terms, the response 
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models representing the AR and particle size of the synthesised particles do not 

provide a complete description of the relationship between the synthesis parameters 

and the studied output. Therefore, it can be inferred that these response models are not 

suitable for comprehensively characterising the properties of the synthesised powder 

or the impact of the synthesis parameters on the output.  

Indeed, the shape of the synthesised particles may be quantitively measured using the 

AR of the particles and has been extensively used to describe particle morphology. 

However, a definite connection between the synthesis parameters and the AR remains 

unclear. By referring to Table 4.4 in chapter 4, it can be observed that at a temperature 

of 1100°C, for instance, the AR ranges from a high of 18.92 (S2) to a low of 11.35 

(S14). Additionally, higher AR values were also observed at relatively lower 

temperatures, such as 16.17 at 975°C (S17).   

The lack of significance of R4 in the response model could be attributed to the limited 

ability of the AR of a particle to fully characterise its size and shape as a function of 

synthesis temperature, holding time and heating rate. It may also be attributed to the 

findings that the models of the second and third responses, namely thickness and 

diameter were significant and could effectively capture the relationship between the 

synthesis parameters and the corresponding variables. Hence, any modifications in the 

synthesis parameters would alternate the responding thickness and diameter. Since the 

AR is the ratio of edge length to thickness, thus the AR may remain unchanged if 

thickness and diameter changed as a result of changing synthesis parameters. In other 

words, while modifications in the synthesis parameters have a clear impact on 

thickness and diameter (significant models), the AR is determined by the relationship 

between these two variables. Therefore, if changes in thickness and diameter occur 

simultaneously and in a manner that maintains a consistent ratio between them, the AR 

will remain relatively constant despite variations in the synthesis parameters.  

Even in cases where changes in thickness and diameter do not occur in a consistent 

manner, it is possible that their individual effects on the AR may still not be significant 

and thus the AR may not be sensitive enough to directly reflect changes of the herein 

studied synthesis parameters.  

In the case of R5, insignificance of the model depicting the particle size based on the 

impact of various synthesis parameters could be attributed to the limitations of the 
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measurement technique used to collect the data. Specifically, the use of a mastersizer 

to measure particle size may not provide an accurate representation of the actual size 

of the synthesised particles. As the mastersizer employs the concept of the nearest 

sphere to estimate the particle size, an actual numerical value for the size of the 

particles may not be provided. As a result, the data collected from the mastersizer may 

not be an adequate representation of the true size of the particles, and therefore, may 

not be insufficient to fully depict the impact of the synthesis parameters on the particle 

size. Additionally, the use of mastersizer may be further limited by the potential 

formation of particle agglomerates during synthesis. In such cases, the mastersizer may 

misinterpret these agglomerates as single, larger particles, leading to inaccurate 

measurements of particle size.  

As a result, the scope of this research will solely focus on optimising the first three 

response variables, while excluding R4 and R5 from further analysis. 

5.3. Enhanced Statistical Analysis (After Data Transformation) 

5.3.1. ANOVA for Area of the Particles (R1) 

The dataset pertaining to the first response model was subjected to additional data 

processing through natural logarithmic data transformation (using the Design Expert 

software), as recommended during the preliminary ANOVA analysis. Subsequently, 

the transformed model was subjected once more to ANOVA to assess its significance 

and determine the variables that exert the most significant influence on the area of 

NBiT particles. The ANOVA results for R1 are presented in Table 5.2. The F-values 

in the table indicate the significance of the effect of the respective variables and their 

interactions on the considered response. (The more the F-value exceeds 1, the larger 

are the effects on the response). F-value is calculated using the sum of squares (SS) 

and mean square values [322]. The (df) is the degree of freedom and represents how 

many values are free to vary or be chosen without violating any constraints or 

restrictions imposed by the data or the statistical model and is taken into account when 

calculating the P-value [323]. It is worth noting that the table presents only the results 

for the significant model terms, those factors with insignificant impact, i.e., P-values 

> 0.05, have been eliminated from the model as commonly done in RSM [324–326]. 
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Table 5.2: ANOVA for particles average area 

Source SS df MS F-Value P-value  

Model 44.41 4 11.1 96.13 < 0.0001 significant 

Factor A 41.27 1 41.27 357.37 < 0.0001  

Factor B 0.46 1 0.46 4.02 0.0681  

AB 0.56 1 0.56 4.85 0.048  

A2 2.11 1 2.11 18.3 0.0011  

Residual 1.39 12 0.12    

Lack of Fit 1.24 10 0.12 1.65 0.435 not significant 

Pure Error 0.15 2 0.075    

Cor Total 45.79 16     

     R2 0.9697 

     Adj R2 0.9597 

     Pred R2 0.9396 

     
Adeq. 

Precision 
24.917 

The results indicate that the model is significant overall, as indicated by a very small 

p-value of less than 0.0001 and an F-value of 96.13. This means that at least one of the 

molten salt synthesis parameters predictors in the model is significant in explaining 

the variability in the R1. Additionally, the lack of fit with a p-value of more than 0.05 

also confirms the fitting of the data into the proposed model. The insignificant lack of 

fit indicates that the regression model does adequately describe the functional 

relationship between the affecting (experimental synthesis parameters) factors and the 

area of the synthesised particles.  

Based on the obtained values in Table 5.2 it is evident that the synthesis temperature 

(factor A) is the most significant factor affecting the average area of the particles with 

a p-value of less than 0.001 and the highest F-value. Holding time (factor B) with a p-

value >0.05 and yet less than 0.1, shows weak evidence against the null hypothesis, 

however it has not been eliminated from the model as its corresponding interaction 

with term A is less than 0.05. The interaction between the temperature and the holding 

time (factor AB) shows a significant effect on the area of the particles with p-value 

less than 0.05. Consequently, it has been concluded that although the holding time 

factor individually (separately) does not have a significant effect on the average area 

of the particles, but the simultaneous effect of the time and temperature shows 

significant effect on the process output. The main effect of the heat rate (factor C) and 

the effect of its combined interaction with the two other factor, i.e., AC and BC showed 
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insignificant effects with p-value >0.1 and have been hence eliminated from the model. 

Finally, the A2 term has a significant effect on the response variable, with an F-value 

of 18.3 (p = 0.0011), that the quadratic effect of A-Temperature is significant and that 

the relationship between the A-Temperature and the area of the NBiT is not linear. 

The obtained R2 value is 0.97 which is close to 1, indicates an excellent agreement 

between the experimental data and the model predicted results. Further, the difference 

between the predicted and the adjusted R2 is less than 0.2 which shows that there is a 

fair agreement between the two and hence signifying the strength of the model. 

The model has then been formulated as a function of the affecting factors, in this case 

the synthesis temperature, the holding time at that synthesis temperature and their 

interaction. Equation 5.1 presents the (predicted) average area of the particles as a 

function of the heating temperature (A) and the holding time (B). The coefficients of 

the varying factors in the equation are denoted by their coded values according to 

Equation 4.2 of chapter 4. Once more, it is evident from the developed equation that 

factor A imposes the largest impact on the area of the particles, whilst factor B has the 

least impact. The positive sign in this equation indicates the interdependency of the 

factors on the output response, so it can be concluded that more heating temperature 

and more holding time would result in larger particles area. Details of how the factors 

and their interaction affect the resulting response, along with corresponding contour 

and 3D plots are further explained in Chapter 6. 

Ln Area = +1.80 + 2.03xA + 0.22xB +0.26xAxB + 0.72xA2 (Equation 5.1) 

5.3.2. ANOVA for Thickness of the Particles (R2) 

The model of the second response, representing the average thickness of the particles 

and its relationship with the various process parameters, was subjected to ANOVA. 

Table 5.3 below presents the ANOVA results for the second response. In this model, 

factors (model terms) such as B, C, B2, C2, BC and AC have been excluded due to their 

insignificance with P-value of >0.1. As can be seen, the model F-value of 52.5 implies 

that model is significant. The insignificant lack of fit implies that the proposed model 

fit the experimental data and that the independent process parameters have 

considerable effects on the output response. Results reveal that the second response is 

also most significantly impacted by the synthesis temperature. Similar to R1, herein 
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the (main effect) of each the holding time and the heating rate have no impact on the 

average thickness of the particles. Yet, the combined interaction effect between the 

holding time and the heating temperature tends to have significant effect on the 

average thickness of the particles with a P-value of 0.027. The resulting R2 

corresponding to this model is 0.946, indicating a fair agreement between the 

experimental data and the predicted results. As opposed to the observation made for 

R2 prior to data transformation (see Table 5.1), it is evident that after data 

transformation (see Table 5.3), the difference between predicted and adjusted R2 for 

R2 is less than 0.2, highlighting the model’s strength.  

Table 5.3:ANOVA for average thickness of the particles 

Source SS df MS 
F-

Value 
P-value  

Model 0.87 4 0.22 52.50 < 0.0001 significant 

Factor A  0.73 1 0.73 176.72 < 0.0001  

AB 0.026 1 0.026 6.34 0.0270  

A2 0.093 1 0.093 22.57 0.0005  

Residual 0.050 12 4.1 E-003    

Lack of Fit 0.044 10 4.4E-003 1.56 0.4526 not significant 

Pure Error 5.6E-003 2 2.8E-003    

Cor Total 0.92 16     

     R2 0.9459 

     Adj R2 0.9279 

     Pred R2 0.8541 

     
Adeq. 

Precision 
21.510 

The relationship between the model factors and the resulting average thickness of the 

particles is formulated in Equation 5.2. The developed model equation indicates that 

the synthesis temperature and holding time at that temperature work synergistically to 

affect the average thickness of particles, with a positive correlation. Additionally, it is 

evident from the equation that the synthesis temperature has a more significant 

influence on average particle thickness than the holding time and the heating rate 

individually.  

Sqrt (Thickness) = +0.54 + 0.27xA + 0.057 xAxB + 0.15xA2 (Equation 5.2) 
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5.3.3. ANOVA for Feret’s Diameter of the Particles (R3) 

The ANOVA results for the average Feret’s diameter of the particles are presented in 

Table 5.4. The model is statistically significant with a p-value of less than 0.0001. 

Based on the obtained results presented in the table, it can be inferred that both factor 

A and factor B along with their simultaneous interaction effect have an impact on the 

Feret's diameter of particles; however, they demonstrate different levels of 

significance. Notably, the synthesis temperature appears to exert the most significant 

effect on the Feret’s diameter of the synthesised particles, compared to the main effect 

of the holding time and heating rate. It can be inferred that while the holding time 

exhibits moderate evidence of statistical significance with a p-value of less than 0.05, 

the simultaneous interaction effect of the synthesis temperature and the holding time, 

demonstrates a higher level of statistical significance in influencing the average Feret's 

diameter output and hence concludes that the combined interaction effect (AB) is the 

second most significant factor affecting the resulting Feret’s diameter. Insignificant 

model terms, i.e., the main effect of factor C, the combined effect of AC and BC have 

been eliminated from this model due to their insignificant impact, which were obtained 

using the Design expert software.  The lack of fit for R3 was found to be insignificant, 

which indicates that the model is a good fit for the data, and that the model adequately 

describes the relationship between the response variable and the independent variables.  

Table 5.4: ANOVA for average Feret's diameter of the particles 

Source SS df MS F-Value P-value  

Model 17.05 4 4.26 112.79 < 0.0001 significant 

Factor A 14.61 1 14.61 386.63 < 0.0001  

Factor B 0.25 1 0.25 6.72 0.0236  

AB 0.79 1 0.79 20.81 0.0007  

A2 1.40 1 1.40 37.00 < 0.0001  

Residual 0.45 12 0.038    

Lack of Fit 0.36 10 0.036 0.79 0.6780 not significant 

Pure Error 0.092 2 0.046    

     R2 0.9741 

     Adj R2 0.9655 

     Pred R2 0.9461 

     
Adeq. 

Precision 
28.879 

Additionally, the model’s corresponding R2 is 0.974, hence implying an excellent 

agreement between the experimental data and the predicted resulting output. The 
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adjusted and predicted R2 differences are less than 0.2, indicating the robustness of 

this model. 

Based on the regression analysis, the equation that describes the model is illustrated in 

Equation 5.3. The Feret’s diameter is expressed in terms of the heating temperature, 

the holding time and their combined simultaneous effect. Factor A with the largest 

coded coefficient imposes the most significant influence on the Feret’s diameter, 

whilst the simultaneous effect of both factors A and B together show the second largest 

significance level on this model.  

Sqrt (Feret's diameter) = +1.83+ 1.21xA + 0.16xB + 0.31xAxB + 

0.58xA2 
(Equation 5.3) 

5.3.4. Enhanced Residuals Analysis 

The plots in Figure 5.6 illustrate the actual vs predicted plots for the three response 

models following (after) data transformation. It is apparent that the observed points on 

all three plots are distributed close to the diagonal regressed line representing predicted 

data, signifying that each of the developed models can adequately depict how synthesis 

parameters influence various responses examined in this study, thereby indicating 

successful model development. Furthermore, in contrast to the actual versus predicted 

plot for R1 prior to data transformation (Figure 5.1), where negative values were 

observed for the predicted values, the current analysis of R1model after data 

transformation reveals that all the predicted values are presented as positive values, 

indicating logical outcomes. The actual vs predicted plots are commonly utilised in 

conjunction with optimisation using RSM. The herein developed plots exhibit strong 

concordance with actual versus predicted plots for optimisation of other synthesis 

processes such as in sol-gel synthesis [327,328] and in hydrothermal synthesis 

[329,330], thereby substantiating the agreement between the actual and predicted 

outcomes. 
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Figure 5.6: The predicted vs actual plot for (a) R1, (b) R2 and (c) R3. 

5.4. Summary 

This chapter provided a thorough analysis of the influence of individual parameters 

involved in molten salt synthesis (factor A, B and C) and their combined interaction 

effect on the properties of the synthesised NBiT particles (R1-R5). The ANOVA 

technique has been employed to establish statistical significance for both the main 

effects and the simultaneous interaction effect of the synthesis parameters, while also 

identifying the most crucial one(s) for optimum particle’s synthesis. A preliminary 

ANOVA analysis revealed that the AR (R4) and particle size (R5) models were 

insignificant, indicating that they were not sufficient in elucidating the effect of the 

synthesis parameters on the output response and have been excluded from this 

research. Furthermore, during the analysis, a data transformation was suggested for the 

first three responses. After the data transformation of the first three responses, the 

transformed models were subjected to the ANOVA again resulting in enhanced 

ANOVA analysis. The obtained R2 values for the area (R1), the thickness (R2), and 

the Feret’s diameter (R3) were 0.97, 0.95, and 0.97, respectively. The R2 values being 
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close to 1 indicated a strong agreement between the experimental data and the model’s 

predicted output. The differences between the adjusted and predicted R2 values were 

less than 0.2 for all three responses, further signifying the robustness of the developed 

models. The ANOVA analysis revealed that the synthesis temperature was the most 

significant factor affecting the three responses depicting the size and shape of molten 

salt synthesised powder. The main effect of the holding time was found to be moderate 

to poor on particle area, significant on Feret's diameter, and entirely insignificant on 

particle thickness. The heating rate has proven to be insignificant on all three models. 

Interestingly the combined effect of the synthesis temperature and the holding time 

emerged as the second most influential factor impacting all three responses. The 

insights gained from this chapter shed light on how DOE can be effectively employed 

to optimise molten salt synthesis processes, anticipate output characteristics of 

synthesised powder, and enhance its applicability. Chapter 6 provides a detailed 

account of the underlying reasons why certain factors have been deemed significant, 

while others have not.  
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6. Investigation of the Effects of MSS 

Parameters: Analysis, Optimisation and Validation 

6.1. Introduction 

This chapter focuses on ANOVA findings and associated models for determining the 

shape and size of particles synthesised via the molten salt method. To establish a 

thorough comprehension of the ANOVA results pertaining to the influence of 

synthesis parameters on the morphology of synthesised powder, this chapter explains 

detailed analysis of the underlying reasons and mechanisms governing the impact of 

these parameters on particle morphology. The chapter initially analyses the 

significance of these parameters on the phase purity of the synthesised powder by 

investigating the obtained XRD patterns. Further, the chapter elaborates on the effect 

of each parameter on the area, thickness, and Feret’s diameter of the NBiT powder, 

thereby emphasising the importance of considering these parameters to control the 

size, shape, and purity of future two-dimensional plate-like particles’ synthesis based 

on BNT as an example. The chapter concludes with an optimisation analysis that 

presents the obtained optimum synthesis parameters to achieve optimally synthesised 

BNT powder. Furthermore, the validation of the models used for the optimisation is 

presented, demonstrating that all three models were successfully validated, and the 

actual results matched reasonably well with the predicted ones.  

6.2. Synthesis Parameters Effects on Crystal Phase Composition 

The validation of phase purity within the molten salt synthesised samples represents 

an integral component of the analysis process, alongside the presentation of ANOVA 

results. By assessing the X-ray diffraction patterns of the 17 samples, any possible 

multi-phase compositions can be identified. This is essential, as the presence of 

multiple phases could be indicative of suboptimal synthesis conditions or insignificant 

synthesis parameters. Figure 6.1 illustrates the XRD pattern of 17 different synthesised 

NBiT precursor samples arranged in ascending order of synthesis temperature, with a 

closer view of the 109 diffraction peaks. The XRD analysis reveals that the peaks in 

the diffraction pattern of the 17 samples synthesised using various synthesis conditions 

are consistent with the tetragonal phase of Na0.5Bi4.5Ti4O15, as documented in the PDF 

card no. 01-074-1319. The absence of any additional peaks in the pattern indicates the 

presence of a single-phase material. This observation can be attributed to the structural 

homogeneity of the samples and is a clear indication of successful phase pure NBiT 
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precursor synthesis. The crystal structure of the matching tetragonal Na0.5Bi4.5Ti4O15 

belongs to space group 14/mmm, with lattice parameters a (Å): 3.84, b (Å): 3.84, and 

c (Å): 40.75.  

 

Figure 6.1: (a) X-ray diffraction (XRD) pattern of 17 NBiT precursor samples 

arranged in ascending order of synthesis temperature, and (b) a closer view of the 

109 diffraction peaks 

A clear trend between the synthesis temperature and the broadening and intensity of 

the peaks is observed in Figure 6.1 (a), whereas an increase in the synthesis 

temperature from 850°C to 1100°C generally resulted in higher intensity and narrow 

diffraction peaks. Since peak intensity in an XRD pattern corresponds to the number 

of atoms in the crystal that contribute to that diffraction angle, a higher peak intensity 
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indicates a larger volume of the material in that specific crystallographic orientation 

[331]. As the temperature increases, there is an increase in the mobility of atoms within 

the crystal structure leading to a higher rate of nucleation and crystal growth. This 

results in larger, well-defined crystals with fewer defects and disorder. When these 

crystals are subjected to XRD, the atoms within the crystal lattice scatter the X-rays, 

producing a distinct pattern of diffraction peaks. Hence, when the temperature is 

increased, more atoms contribute to the diffraction peaks, resulting in higher peak 

intensities and indicating a higher degree of crystallinity. Additionally, the narrower 

peaks observed in the XRD pattern synthesised at relatively higher temperatures, i.e., 

975oC and 1100oC suggest that the crystal size is larger. This is because the broadening 

of the peaks has been proven to be inversely proportional to the size of the crystallites, 

according to the Scherrer’s equation [331,332]. On the other hand, the XRD pattern 

for the samples synthesised at 850oC did not exhibit any discernible diffraction peaks. 

This observation can be interpreted in two ways: the material may consist of ultrafine 

particles, or it may be in an amorphous phase. In other words, the lack of diffraction 

peaks suggests that the material has no long-range order, which could be due to the 

small size of the particles or their amorphous nature. This finding highlights the 

importance of carefully controlling the synthesis temperature to obtain materials with 

the desired crystalline structure and properties.  

It is also noteworthy that those sample synthesised at the same temperature of 1100oC, 

yet with varying holding time and heating rate such as S9 [1100oC; 90 min; 7oC/min], 

S14 [1100oC;90min; 3oC/min], S4 [1100oC; 180min; 5oC/min], S5 [1100oC;270 min, 

3oC/min] and S11 [1100oC; 270 min; 7oC/min] , did not exhibit any significant 

difference in peak intensity and broadening as can be observed in the relevant XRD 

pattern in Figure 6.1. This comparable peak broadening behavior further implies that 

the crystallite size distribution was similar even though the holding time and heating 

were altered while maintaining a constant synthesis temperature as the peak 

broadening is generally dictated by the crystallite size [333]. The insignificant 

influence of the holding time on the XRD pattern of the material highlights the 

dominant role played by the synthesis temperature in determining the particle size and 

crystallinity of the synthesised material. 

The XRD pattern analysis of 17 samples revealed the dominance of the (109) peak, 

observed in all synthesised samples as presented in Figure 6.1 (b), suggesting that the 



Chapter 6 
 

120 

 

crystallographic plane parallel to 101 has been prominent in all samples. The bulk 

intensities observed at 006,008, 0010 and 002 suggest that the particles have a higher 

degree of orientation (preferred orientation) parallel to the 001 plane. Interestingly, a 

noticeable shift to the lower 2 theta was observed in the peaks of samples synthesised 

at a temperature of 850°C, namely S1, S2, S6, S7, and S12. Conversely, samples 

synthesised at higher temperatures of 975°C and 1100°C exhibited the (109) peak at a 

2θ of 30.5 degrees, whereas the same peak occurred at a 2θ of 30.19 degrees for 

samples synthesized at 850°C. This shift in peak position towards the left can be 

attributed to the change in the lattice parameter and crystal size of the material. The 

lattice parameter decreases as the synthesis temperature decreases, resulting in a 

contraction of the crystal structure, causing the shift towards the left as observed in 

similar BaTiO3 [334] and other perovskites [335]. Furthermore, the shift in the peak 

position can also indicate the presence of a strain in the crystal structure due to defects 

or impurities, affecting the atomic spacing and consequently shifting the peak position 

towards the left. This again emphasises the impact of the synthesis temperature in 

comparison to holding times and heating rates in molten salt synthesis.  

6.3. Synthesis Parameters Effects on Particles Morphology 

Following the ANOVA and determination of the most significant factors, this section 

endeavors to provide an in-depth explanation and further analysis of the impact of the 

synthesis parameters on each response. In this regard, comprehensive 3D and contour 

plots have been generated to visually represent the findings of the ANOVA and 

regression models. These would facilitate identifying the significance of the combined 

interaction effect of the synthesis parameters at different points.  

6.3.1. MSS Parameters Effects on Particles’ Area (R1) 

Based on the ANOVA results (chapter 5) for the model of the average particles’ area 

(R1), the synthesis temperature, factor A, is the most significant factor affecting the 

area of the synthesised powder. Holding time and heating rate have proven to be poorly 

significant and insignificant, respectively. This is in contrast to other findings that have 

suggested through trial-and-error experimentation that the heating rate significantly 

affected the morphology of anisotropic plate-like perovskite Sr3Ti2O7 particles, which 

were synthesised using the MSS [132]. Further, a study by Yongke Yan has suggested 

that a higher heating rate of 10oC/min destroyed the plate-like structure of the molten 



Chapter 6 
 

121 

 

salt synthesised Bi2.5Na3.5Nb5O18 and thus reduced the heating rate to 1oC/min, which 

indeed indicate a longer time to the synthesis reaction [133].  

 Interestingly, the simultaneous effect of both factors, heating temperature and holding 

time has proven to have the second most significant impact on the area. The developed 

model equation for R1 (Equation 5.1 of chapter 5) has indicated that the effect of the 

synthesis temperature and the interaction effect of both factors (AB) is synergistic. 

Specifically, higher synthesis temperatures lead to larger area of the synthesised 

particles, further amplified by prolonged heating. The underlying mechanism 

responsible for this phenomenon is the Ostwald ripening exhibited during MSS, which 

is affected by changes in temperature [13].  This phenomenon also explains the 

simultaneous effect of the synthesis temperature and the holding time on the area of 

the synthesised particles. Due to the effect of higher temperature on the interfacial 

energy, the growth rate is promoted [134].  Additionally, the growth rate is further 

enhanced by larger diffusion coefficients and solubility, which facilitate the 

transportation of material within the molten salt [13]. The main effect of the individual 

factors of the synthesis temperature and the holding time is demonstrated in Figure 

6.2. As can be seen, the increase in temperature has resulted in an exponential increase 

of the corresponding area, whilst the poorly significant impact of the holding time has 

slightly affected the area by demonstrating a gentle upward curve as time increases. 

To aid in the interpretation of the results, the figure includes dotted lines that represent 

the 95% confidence band on the mean prediction of particle thickness at any given 

synthesis temperature. This provides a measure of the precision and accuracy of the 

predicted values and serves as a useful tool for evaluating the reliability of the observed 

trend. 



Chapter 6 
 

122 

 

 

Figure 6.2: Main effect of (a) factor A- Temperature and (b) factor B-Holding time 

on the area of the synthesised particles along with the 95% confidence band 

The combined interaction effect showing the simultaneous impact of the synthesis 

temperature and the holding time on the resulting area is depicted via the contour plot 

and the 3D plot in Figure 6.3 (a) and Figure 6.3 (b), respectively. The plot displays a 

color scale ranging from blue, indicating small area, to yellow/orange, indicating larger 

areas. A notable increase in the area is observed in Figure 6.3 (a) as the duration of the 

holding time exceeds approximately 200 minutes, surpassing an area of 100 µm2. At a 

temperature of approximately 1050°C and a holding time of around 265 minutes, the 

area of the particles is predicted to be approximately 118 µm2. However, at lower 

holding times of app. 90 minutes, the area growth observed with increasing synthesis 

temperature is relatively moderate in comparison to that at higher holding times. This 

implies that a longer duration of heating facilitates a more substantial effect on particle 

size increase due to varying temperatures. This trend is also observed in 3D plot. Since 

the heat rate has proven to be insignificant, it was kept constant during the generation 

of these plots.  
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Figure 6.3: Schematic showing (a) contour and (b) 3D plot for the combined effect of 

the synthesis temperature and holding time on the area of the particles 

The above observations are further complemented by the SEM micrographs in Figure 

6.4 which illustrate the effect of three varying temperatures at constant holding time, 

850⁰C, 975⁰C and 1100⁰C on the average area of the synthesised particles, ranging 

from 1.9 um2 to 3.8 um2 to 120.5 um2, respectively. At relatively lower temperatures, 

i.e., 850⁰C, smaller spherical-shaped particles are apparent (as illustrated in Figure 6.4 

(a). Typically, particle aggregation takes place during the reaction stage of molten salt 

synthesis where supersaturation levels are high and nuclei production is rapid, which 

leads to an increased tendency for particles aggregation [123]. As temperature rises 

beyond 975⁰C with a constant holding time, there is significant expansion observed in 

the area covered by these particles as shown in both Figure 6.4 (b) and (c). An example 

of how the area of lower temperature synthesised agglomerated particles was measured 

is provided in Figure 6.5. Furthermore, Figure 6.6 provides evidence of the 

insignificance of the holding time on the area, as demonstrated by SEM micrographs 

synthesised at constant temperature but with varying durations of holding time. 

Notably, the SEM images depict comparable particles’ area despite differences in 

duration. 
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Figure 6.4: SEM micrograph showing the area and Feret’s diameter of the NBiT 

particles synthesised at varying temperature and constant holding time (a) S12 [ 

temp:850⁰C/holding time:180 mins], (b) S3[temp: 975⁰C/holding time:180 mins] 

and (c) S4 [temp: 1100⁰C/ holding time: 180 mins] 

 

Figure 6.5: Close-up SEM micrograph of S12 showing an example of how the area 

was measured for agglomerated samples synthesised at 850⁰C 
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Figure 6.6: SEM micrograph of (a) S14 [ 90 min], (b) S4 [180 min] and (c) S5 [270 

min] showing the impact of varying holding times and constant temperature 

(1100⁰C) on the area and Feret’s diameter of the particles 

6.3.2. MSS Parameters Effects on Particles’ Thickness (R2) 

The ANOVA results for R2, the average thickness of the synthesised particles revealed 

that the most dominant factor affecting particle thickness is the synthesis temperature. 

Specifically, the developed model equation depicted that an increase in synthesis 

temperature leads to an exponential increase in the average thickness of the synthesised 

particles. This trend is presented is Figure 6.7, elucidating the main effect of the 

synthesis temperature on the thickness of the synthesised particles.  
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Figure 6.7: Main Effect of synthesis temperature on the thickness of the particles 

along with the 95% confidence interval (dotted lines) 

During the molten salt synthesis, the synthesis temperature does not only affect the 

surface area of the synthesised particles as elaborated earlier, but it also has a 

significant impact on the thickness of the product particles. The thickness of the 

particles is mainly determined during the initial stage of particle formation, the 

reaction stage. During this stage, the dissolution rate of the reactants mainly dictated 

the shape and formation of the particles. Therefore, the higher solubility of Na2CO3 

(with a solubility of approximately 212.5 g/l as per the SDS by Sigma Aldrich) leads 

to faster dissolution and diffusion in the molten salt compared to Bi2O3 and TiO2. The 

increase in the product layer thickness is thus due to higher solubility particles which 

diffuse from the molten salt/product interface to the product/lower solubility reactant 

interface [13]. Since dissolution and diffusion rates depend on temperature, higher 

temperature increases reactant solubility, concentration, collision likelihood, and 

diffusion rate, resulting in thicker product particles [118]. 

In addition to the role of the synthesis temperature on the solubility and dissolution of 

the particles, the interplay between the synthesis temperature the duration of the 

holding time also plays a significant role in the formation of the particle’s thickness. 

Due to the aforementioned Ostwald ripening effect, the precipitation of smaller solid 

particles’ grains onto larger ones also results in an increase of the particles’ thickness. 

The simultaneous impact of the combined interaction effect of temperature and 
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holding time can be depicted using the contour and 3D plot in Figure 6.8. It is observed 

that the thickness of the particles underwent a significant increase, rising from 

approximately 0.35 um to over 1 um, representing an increase of almost 200%, when 

the synthesis temperature was increased from 980⁰C to approximately 1070⁰C at a 

holding time of greater than 220 minutes. However, it is noteworthy that the effect of 

temperature on particle thickness is not as significant at lower holding times, 

specifically those below 180 minutes. This suggests that the rate of thickness growth 

may be limited by the available reaction time at lower holding times, thereby 

diminishing the impact of temperature on particle size and morphology.  

 

Figure 6.8: Schematic showing (a) contour and (b) 3D plot for the combined effect of 

the synthesis temperature and holding time on the thickness of the particles 

SEM micrographs in Figure 6.9  further illustrate the impact of the synthesis 

temperature on the thickness of the particles at constant holding times. The thickness 

of the NBiT aggregated particles synthesised at 850⁰C, as well as larger NBiT particles 

obtained at synthesis temperatures of 975⁰C and 1100⁰C, are depicted in Figure 6.9  

(a), Figure 6.9  (b), and Figure 6.9  (c), respectively. The arrows in the SEM images in 

Figure 6.9  , illustrate an example of how the thickness was measured during this study. 
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Figure 6.9: SEM micrograph showing sample thickness of NBiT particles 

synthesised at varying temperatures and constant holding time for (a) S12, (b) S3 and 

(c) S4 

6.3.3. MSS Parameters Effects on Particles’ Feret’s Diameter (R3) 

While the area of particles in R1 has been observed to be mostly affected by synthesis 

temperature, this does not necessarily imply a corresponding impact on the Feret's 

diameter. As the Feret's diameter depicts the maximum distance between two tangents; 

it is not directly related to changes in particle area. Therefore, this section aims to 

investigate and analyse the effects observed in the ANOVA presented in Chapter 4. 

The ANOVA results revealed that once more the synthesis temperature proves to be 

the most significant factor affecting the size and shape of the particles, specifically the 

resulting Feret’s diameter. It is noteworthy that in the present model, holding time was 

also found to be significant, albeit with less significance than the main effect of 

synthesis temperature and the combined effect of temperature and holding time. The 

main effect of synthesis temperature and that of the holding time are depicted in Figure 
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6.10 (a) and (b), respectively. As observed, there is an exponential growth in the 

Feret’s diameter with increasing synthesis, at a constant time of 270 minutes. Further, 

there’s an increasing non-linear upward trend seen with increasing holding times at a 

constant temperature of 1100⁰C.  

 
Figure 6.10: Main Effect of (a) Synthesis Temperature and (b) Holding Time on the 

Feret's diameter of the particles 

In molten salt synthesis, higher temperature not only affects the area of the particles 

but also their shape, as indicated by the Feret's diameter. This is because at higher 

temperatures, the nucleation and growth of particles are enhanced due to the increased 

mobility and reactivity of the reactants. This can result in anisotropic growth, where 

growth is faster in certain directions than others. This can be observed in the formation 

of plate-like particles, where growth occurs faster in the plane of the plate than 

perpendicular [336] to it and thus increasing the Feret’s diameter. This is 

complemented by further change in the reaction kinetics exhibited at higher 

temperatures. At elevated temperatures, the reaction can become more kinetically 

favorable for the formation of specific crystal phases or morphologies, leading to 

changes in particle shape and size which thus can enhance the anisotropic growth. This 

behavior is similar to the observed anisotropic growth behaviour of plate-like 

Bi4Ti3O12 structure which was synthesised in molten salt flux [337]. However, the 

findings of this study suggest that edge nucleation requires a high degree of 

supersaturation, resulting in minimal changes in particle thickness and the dominance 

of epitaxial growth as the primary process [337]. The impact of the varying synthesis 

temperature on the Feret’s diameter can be observed in Figure 6.4 as well. The Figure 

6.4 reveals that at the same holding time, and a higher synthesis temperature of 1100⁰C 
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the particles tend to have a flattened, elongated plate-like shapes with a larger aspect 

ratio compared to cubic-shaped particles observed at a temperature of 975⁰C. The clear 

shape transition from aggregated small spherical-shaped particles to cubic-like shaped 

particles to plate-like shaped particles that is exhibited with increasing temperature is 

driven by the thermal expansion of the particles.   

It is also worth noting that the interaction between temperature and holding time can 

further complicate the relationship between temperature and Feret's diameter. For 

example, a higher synthesis temperature combined with a longer holding time results 

in more pronounced changes in the reaction kinetics and thermodynamics, leading to 

even larger changes in particles shape and thus Feret’s diameter. The combined 

interaction effect of synthesis temperature and holding time is depicted in Figure 6.11. 

The contour plot reveals that the Feret's diameter of the particles significantly increases 

with higher holding times, i.e., more than 180 minutes and higher temperatures, i.e., 

more than1050oC compared to those obtained at lower holding times and temperatures. 

 

Figure 6.11: Schematic showing (a) contour and (b) 3D plot for the combined effect 

of the synthesis temperature and holding time on the Feret’s diameter of the particles 

The simultaneous effect of the synthesis temperature and the holding time can be also 

observed in Figure 6.12, which depicts SEM micrographs of two samples synthesised 

at lower synthesis temperature and lower holding time, and the other sample at higher 

temperature and higher holding time. Herein, the tendency of plate-like growth at 

higher temperatures is again clearly observed. This aligns well with the observation 

that the XRD peak intensities parallel to the {00l} family such as 006, 008,0010 and 

002, were clearly enhanced with temperature increase (see Figure 6.1), suggesting a 

preferred orientation along the 001 direction. These findings suggest that the synthesis 
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conditions, particularly temperature and holding time, can be optimised to tailor the 

size and shape of particles for specific applications. 

 

Figure 6.12: SEM micrograph of (a) S2 - temp:850oC/holding time:90 mins and (b) 

S11- temp 1100oC/holding time:270 mins 

6.4. Optimisation 

In this study, a multi-objective optimisation was performed to maximise the three 

responses: the average particle area, average Feret's diameter, and the thickness of the 

particles. The optimal conditions constraints have been listed in the Table 6.1. The 

three response model equations presented in Equation 5.1, Equation 5.2 and Equation 

5.3 of chapter 5 have been solved simultaneously.  

Table 6.1: Constraints for optimal conditions 

Name Goal Lower Limit Upper Limit 

Temperature (°C) is in range 850 1100 

Holding Time is in range 90 270 

Heat Rate is in range 3 7 

Area maximise 1.058 168.204 

Thickness maximise 0.138774 1.44197 

Feret's dia maximise 0.827 17.9804 

Based on utilising the GA, the software offers multiple solutions for optimal 

conditions. The contour plot in Figure 6.13 displays the desired regions for optimum 

synthesis settings. As can be seen, regions with higher desirability (above 82%) 

correspond to higher temperatures (i.e., 1100 ⁰C) and higher holding time (above 180 

minutes). For obtaining the optimum synthesis conditions the solution with the highest 

desirability, in this case 97.5%, has been chosen. This solution suggests that the 

optimum values of the synthesis temperature and the holding time at that specific 
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temperature would be 1100 ⁰C and 270 min, respectively. The selection of the heating 

rate does not significantly alter the size or the shape of the synthesised particles, as it 

is negligible (insignificant factor).  

 

Figure 6.13: Contour plot of desirability for optimum synthesis conditions. 

At the optimum synthesis conditions, the predicted average particle area is 153.29 µm2, 

the average thickness is 1.27 µm and the average Feret’s diameter is 16.78 µm. These 

optimum setting conditions and their corresponding optimum responses are tabulated 

in Table 6.2. 

Table 6.2: Optimum process setting parameters along with their corresponding 

actual(experimental) and predicted results. 

Factor A: 

Temp. 

(⁰C) 

Factor B: 

Time 

(min) 

Factor C:  

Heat Rate 

(⁰C/min) 

Area (µm2) 
Thickness 

(µm) 

Feret’s 

diameter (µm) 

Actual Pred. Actual Pred. Actual Pred. 

1099.76 269.80 6.99 156.56 153.29 1.46 1.27 17.18 16.78 

6.5. Validation  

To validate the developed models, BNT powder was synthesised using the obtained 

optimum settings of parameters utilising the optimally synthesised two-dimensional 

NBiT precursor.  
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6.5.1. Phase Purity Validation 

To ensure the phase purity of the optimally synthesised BNT particles, XRD analysis 

was conducted on both samples mixed with magnetic stirring and roller mixer. The 

XRD pattern of the synthesised BNT particles was compared to the rhombohedral 

BNT phase in JCPDS card number 00-046-0001, with lattice parameters of a (Å): 

5.5530, b (Å): 6.6750, and c (Å): 5.5200. The XRD patterns of both magnetic stirring 

mixed BNT (referred to as MS) and roller mixer mixed BNT (referred to as RM) are 

shown in Figure 6.14. The analysis confirmed the achievement of single-phase BNT 

as all diffraction peaks of the synthesised BNT were consistent with the rhombohedral 

BNT phase for both MS and RM samples. The well-defined and sharp peaks observed 

in the XRD pattern of both MS and RM mixed BNT confirm the high crystallinity of 

the synthesised BNT powder particles. This high degree of crystallinity is desirable for 

BNT powder particles as it leads to an enhancement of their mechanical and electrical 

properties. Specifically, the high crystallinity of BNT particles improves their 

piezoelectric, ferroelectric, and pyroelectric properties, which are essential for their 

use in various applications, including energy harvesting, actuation, sensing, and 

biomedical imaging. Considering the XRD pattern analysis, which revealed no 

noticeable difference between the BNT powder particles mixed via magnetic stirring 

(MS) and roller mixer (RM), it is evident that the choice of mixing method is not a 

critical factor in achieving the desired phase purity and high crystallinity of the 

synthesised BNT powder particles. Overall, the successful synthesis of high-quality 

BNT particles with good phase purity and high crystallinity using the optimised 

parameters obtained from the GA-based optimisation approach was confirmed by the 

XRD analysis.  
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Figure 6.14: XRD pattern of final BNT powder prepared at optimum condition using 

molten salt synthesis technique. 

6.5.2. Morphology Validation 

After confirming the phase purity of the optimally synthesised BNT powder particles 

and validating the synthesis of single-phase BNT using the GA-based optimisation 

approach, the subsequent step was to validate the developed models that predicted the 

morphology of the molten salt synthesised powder (presented in chapter 5). To achieve 

this goal, a comprehensive analysis of the morphology of the optimally synthesised 

BNT powder was performed using a combination of SEM and ImageJ. This analysis 

involved a comparison of the actual average area, thickness, and Feret’s diameter of 

the optimum BNT powder with the models’ predicted results. The influence of the 

mixing techniques, namely MS and RM on the morphology of the final (BNT) powder 

was also investigated. Furthermore, the analysis aimed to examine whether MS could 

effectively preserve the particles' morphology as was intended.  

Figure 6.15 shows SEM micrograph of (a) MS mixed BNT and (b) RM mixed BNT. 

While no significant difference was observed in the XRD pattern of the two employed 

mixing methods, intriguingly, the synthesised BNT exhibited distinct morphologies 

when different mixing techniques were utilised. MS mixed BNT showed spherical-

shaped particles with relatively smaller area compared to RM mixed BNT particles 

which showed plate-like morphology with larger particles area. Conventionally, plate-

like particles are preferred over spherical particles for dielectric applications, owing to 
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their larger surface area and high aspect ratio, which offer better charge storage and 

improved electrical insulation properties. The variation in morphology of the 

synthesised BNT particles can be attributed to the difference in mixing mechanisms 

employed by the two techniques. Magnetic Stirring (MS) involves the application of a 

magnetic field to rotate the stir bar and mix the reactants, while Roller Mixing (RM) 

relies on the rolling action of the vessel to induce mixing. During MS, the stirring 

action creates turbulence in the reaction mixture, leading to the formation of droplets, 

which subsequently solidify to form spherical particles. On the other hand, RM induces 

shear forces in the mixture, causing the formation of plate-like particles due to the 

preferential growth along the crystallographic plane. Although, the main purpose of 

utilising magnetic stirring in this step was to attempt preserve the original shape of the 

NBiT precursor and prevent any damage to its morphology, it was concluded that the 

preservation of the plate-like morphology of the NBiT precursor in the final BNT 

powder requires the use of a roller mixer during synthesis.  

 

Figure 6.15: SEM micrograph of final BNT powder mixed using (a) magnetic 

stirring and (b) roller mixer 

In Table 6.2, the experimental BNT responses are compared with their predicted values 

under optimum synthesis conditions. The experimental values were obtained using the 

RM mixed BNT. The results show a close agreement between the predicted and actual 

values for the three different responses. The high degree of correspondence between 

the predicted and actual values is indicative of the robustness of the predictive models 

developed in this research. 
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At the optimum synthesis conditions, the predicted average particle area is 153.29 µm2, 

the average thickness is 1.27 µm and the average Feret’s diameter is 16.78 µm. These 

optimum setting conditions and their corresponding optimum responses are tabulated 

in Table 6.2. 

Table 6.2The SEM micrographs of the optimally synthesised BNT powder particles, 

presented in Figure 6.16, illustrate that the final product particles retain the 

morphology of the precursor, which is one of the essential requirements for achieving 

platelike particles. The majority of the BNT particles, like the NBiT precursor 

particles, had plate-like shapes with an average area of 156.56 µm2, an average 

thickness of 1.467 µm, and an average measured Feret’s diameter of 17.18 µm.  

 

Figure 6.16: SEM micrograph of optimally synthesised BNT powder particles 

showing (a) average thickness and (b) average particles area. 

The results obtained from the implementation of the statistical DOE approach, as 

validated in  Table 6.2 and Figure 6.16 demonstrate the viability of using RSM in 

conjunction with the statistical design of experiments to optimise molten salt synthesis 

parameters and investigate the significance of both the main and combined interactive 

effects of the process parameters. This approach offers an effective means of 

predicting the physical properties of materials based on their individual characteristics, 

which has significant implications for the field of ceramic-based dielectric composites.  

Table 6.3 presents a comparison of the thickness and Feret’s diameter of the herein 

synthesised two-dimensional BNT plate-like particles with those of other molten-salt 

synthesised plate-like particles reported in literature. It was observed that the molten 

salt-synthesised two-dimensional BNT plate-like particles of obtained in this study 
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exhibit comparatively larger thickness and Feret's diameter when compared to the 

corresponding dimensions reported in previous studies for similar plate-like two-

dimensional particles. The table further includes the reported particle size dimensions. 

Traditionally, the morphology of synthesised particles is commonly characterised and 

reported using the parameter 'size'. Yet, since the particle size is commonly measured 

using the equivalent sphere approach [338], the exact dimensions, or specific 

characteristics that the term 'size' refers to are not explicitly specified, leading to 

ambiguity and a lack of precise dimension definition. Moreover, this method may not 

always be suitable when dealing with non-uniformly shaped particles, such as those 

that have a plate-like morphology. In contrast, the present study addresses this 

ambiguity by developing a predictive model that establishes a relationship between the 

synthesis parameters and the area of the particles. By focusing on the area 

measurement, this work offers a more precise and quantifiable characterisation of the 

particle morphology.  

The findings of this study may serve as a useful guide for future research into the 

synthesis of two-dimensional plate-like particles and may contribute to the 

development of novel materials with tailored properties. 

Table 6.3: Comparison of various molten salt synthesised plate-like particles 

* Calculated average based on reported maximum and minimum values 

Material 
Area 

(µm2) 

Size 

(µm) 

Avg. 

Thickness 

(µm) 

Avg. F. 

diameter 

(µm) 

Ref. 

Bi4.5Na0.5Ti4O15   0.95* 9* [339] 

BaTiO3  3–8  0.35*  [340] 

BaTiO3   0.75* 10.5* [341] 

Bi 2.5 Na 3.5 Nb5O18 (BNN5)  15 0.5  [133] 

Bi4Ti3O12   0.4  [337] 

Bi4Ti3O12   0.2 3 [342] 

BNT   0.88* 15* [297] 

BaBi4Ti4O15   0.3 10 [343] 

BaTiO3  5–10 0.5  [141] 

Na0.5K0.5NbO3   1.25* 15* [344] 

BNT 156.56   1.5 17.18 This Work 



Chapter 6 
 

138 

 

6.6. Summary 

This chapter discussed the effects of molten synthesis parameters obtained from 

ANOVA results on the morphology and phase purity of the synthesised particles. The 

phase purity of the 17 NBiT samples synthesised under different conditions was 

confirmed by the XRD analysis. The peak intensities were more pronounced at higher 

synthesis temperature with a higher degree of orientation parallel to the 00l plane. The 

holding time did not significantly influence the XRD pattern, with synthesis 

temperature being the main determinant of particle size and crystallinity. The ANOVA 

outcomes for R1, which identified the synthesis temperature as the most significant 

factor affecting the area of the synthesised particles, followed by the combined effect 

of synthesis temperature, and holding time, was attributed to the Ostwald ripening 

phenomenon, which is influenced by factors such as temperature, diffusion coefficient, 

and solubility. The ANOVA outcomes for R2 and R3 were further explained by the 

solution-diffusion mechanism, as well as the observed behaviour of the XRD peaks. 

Based on the extensive ANOVA analysis, the heating rate showed no significant 

impact on the three responses under investigation, contradicting the findings of some 

other reported studies. The NBiT precursor was mixed using two different techniques, 

namely roller mixer and magnetic stirring to obtain BNT. XRD analysis of the final 

product revealed the attainment of single-phase BNT with high crystallinity for both 

mixing techniques, although the morphology of the synthesised BNT was found to be 

influenced by the method of mixing, with the use of a roller mixer preserving the plate-

like morphology of the NBiT precursor in the final BNT powder. Furthermore, the 

chapter presented the results of the conducted multi-objective optimisation. The 

predictive models were validated and large plate-like BNT particles with an average 

area of 156.56 µm2, an average thickness of 1.46 µm, and an average Feret's diameter 

of 17.18 µm, were obtained at optimum conditions of 1100 ⁰C and 270 minutes. 

Notably, thickness and Feret’s diameter of the herein synthesised particles surpassed 

those of others reported in literature for similar two-dimensional plate-like particles.  
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7. Optimised Synthesis and Mechanical 

Alignment:  Key Factors in Tailoring the Properties of 

BNT-Epoxy Composites 

7.1. Introduction 

As previously illustrated in Chapter 2 of this dissertation, the effectiveness of ceramic-

polymer composites depends upon several influencing factors, including filler shape, 

size, and particle alignment within the polymer matrix. Chapter 6 has highlighted the 

optimal synthesis of BNT ceramic particles through the implementation of the RSM-

based DOE approach in molten salt synthesis, with the objective of enhancing the 

dielectric performance when incorporating these fillers in ceramic-polymer dielectric 

composites. This chapter aims to examine the influence of incorporating these 

optimally synthesised ceramic fillers and aligning them in a quasi 1-3 structure within 

the composites utilising an easy and cost-effective mechanical technique, on the 

subsequent dielectric and piezoelectric performance of the composites. This chapter 

starts by conducting a comprehensive examination of the microstructure of BNT-

Epoxy composites fabricated using both optimally synthesised and non-optimally 

synthesised BNT particles to validate the significance of employing optimally 

synthesised BNT particles in influencing the microstructure of the developed 

composites. Within this context, composites having varying BNT volume % content 

were fabricated ranging from 5% to 35%. The chapter further demonstrates the results 

of the elemental analysis conducted utilising the EDX.  

As the second aim of this thesis was to fabricate high-performance dielectric quasi 1-

3 composites with properties comparable to state-of-the-art ceramic-polymer 

composites, the following sections of this chapter present an in-depth analysis of the 

obtained dielectric, piezoelectric, and ferroelectric performance of the composites. 

Moreover, the obtained ferroelectric hysteresis loops are presented and analysed, along 

with the results of the obtained discharge energy density of the developed composites. 

The last section of this chapter demonstrates a comprehensive comparative analysis 

between the dielectric properties and energy density values of the herein developed 

composites and those of state-of-the-art similar composites reported in literature.  
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7.2. Microstructure and Elemental Analysis 

7.2.1. Effect of Non-Optimally synthesised BNT-Epoxy Composites 

Prior to the fabrication of BNT-Epoxy composites using the optimally synthesised 

BNT powder, this section presents a comprehensive overview of the fabrication of 

BNT-Epoxy composites utilising non-optimally synthesised BNT powder.   

In order to synthesise BNT particles according to experimental trial and error data from 

literature [142], the precursor NBiT was heated at a rate of 5oC/min to 1100oC and 

maintained at this temperature for 90 minutes. The transformation process into BNT 

involved heating the precursor to 950oC for another 90 minutes while maintaining all 

mixing techniques previously mentioned in Chapter 3 constant, leading to the 

morphology obtained in Figure 7.1 for the product BNT powder. Figure 7.1 (a) and (b) 

demonstrate SEM images of the same non-optimally synthesised BNT powder at 

higher and lower magnification, respectively. In contrast to the optimally synthesised 

plate-like BNT particles illustrated in Figure 6.15 (b) in Chapter 6, the final BNT 

powder synthesised under these non-optimal conditions did not preserve the 

morphology of the precursor and exhibited particles with irregular sizes and shapes, 

including rectangular, plate-like, and spherical particles.  

 
Figure 7.1: SEM image of BNT powder synthesised at non-optimal conditions at (a) 

higher magnification and (b) lower magnification. 

Subsequently, the non-optimally synthesised BNT powder was incorporated into an 

epoxy matrix, and BNT-epoxy composites were fabricated with varying BNT volume 

fractions (ranging from 5% to 35%) using the mechanical alignment technique 

discussed in Chapter 3. The resulting composite microstructures were examined by 

SEM, as illustrated in Figure 7.2. It was observed that increasing the BNT volume 

fraction resulted in the formation of more densely packed composites. At 25% and 

above some of the incorporated BNT particles demonstrated a weak particle alignment 
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in a chain-like structure, as highlighted in the figure. However, a well-structured 1-3 

composite cannot be determined in the x-direction. Furthermore, the BNT particles 

exhibit an uneven distribution within the epoxy matrix, with some areas lacking BNT 

particles. The irregular shape and inhomogeneous size of non-optimally synthesised 

BNT particles complicates reorientation during the mechanical alignment using the 

doctor blade. Moreover, as the particles has comparatively smaller thickness than that 

of the composite, the particles tend not to be distributed while moving the doctor blade. 

Due to the varying size of the non-optimally synthesised BNT powder, smaller-sized 

particles tend to agglomerate at higher BNT volume content as observed in the 35% 

BNT -Epoxy composite (Figure 7.2). This may be ascribed to the attractive Van-der-

Waals forces that become more pronounced at higher filler volume fractions as a result 

of the reduced interparticle distance and the increased surface area to volume ratio of 

smaller sized particles [345,346]. The agglomeration of particles within a polymeric 

composite system has proven to adversely affect the mechanical properties of the 

composites, in which agglomerations are anticipated to weaken the overall mechanical 

properties due to stress concentrations and regions of localised stress [347]. 

Furthermore, these agglomerations may decrease the overall dielectric performance of 

the composites, as they can disrupt the required dispersion or alignment of the 

particles. Therefore, controlling, and minimising particle agglomeration is crucial for 

maintaining the mechanical integrity and dielectric performance of the composites and 

thus highlighting the importance of optimal synthesis conditions and particle 

morphology in the development of high-performance BNT-based dielectric 

composites. 

 
Figure 7.2: SEM overview of BNT-Epoxy composites at varying BNT volume 

content fabricated using non-optimally synthesised BNT powder 
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7.2.2. Effect of Optimally Synthesised BNT on The Alignment Of BNT-

Epoxy Composites 

This section investigates the use of optimally synthesised BNT ceramic powder in 

fabricating BNT-Epoxy composites with a doctor blade. A broad overview of the 

BNT-Epoxy composites fabricated using optimally synthesised BNT powder for 

different BNT volume fractions in the composite, ranging from 5% to 35%, is depicted 

in Figure 7.3.  

 
Figure 7.3: SEM overview of BNT-Epoxy composites at varying BNT volume 

content fabricated using optimally synthesised BNT powder. 

A higher magnification SEM images of the 5% and 10% BNT volume fraction in the 

composite is presented in Figure 7.4. The BNT particles in both the 5% and 10% BNT-

Epoxy composites had a poor alignment along the direction of blade, with noticeable 

BNT free regions, indicating that the alignment was dependent on the concentration of 

ceramic particles in the composite. The poor alignment may be attributed to the low 

concentration of particles within a unit volume, as such the presence of more free space 

surrounding the particles provides them with greater freedom to change their direction 

when subjected to the doctor blade during the fabrication process.  This is anticipated 
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to have an adverse impact on the dielectric characterisation of the fabricated BNT-

Epoxy composites, as presented in later sections. 

 

Figure 7.4: SEM image of (a) 5% BNT-Epoxy and (b) 10%BNT-Epoxy composites 

Figure 7.5 shows SEM images of epoxy composite with (a): 15% and (b) 20% BNT 

particles. It was observed that increasing the BNT volume fraction in the composite 

matrix can lead to a higher degree of alignment of the ceramic particles within the 

matrix compared to 5% and 10% BNT-Epoxy composites. With BNT volume fractions 

of 15% (Figure 7.5 (a)) an improvement in the alignment is observed, with 20% 

(Figure 7.5 (b)) composite behaving slightly better. However, it is crucial to note that 

increasing the ceramic volume fraction within the composite matrix may also lead to 

increased stiffness and reduced flexibility, which could hinder its application in certain 

contexts. This is because higher ceramic filler content, requires higher stress for 

deformation [348]. As such, a balance between achieving optimal particle alignment 

and preserving the required mechanical properties of the composite must be carefully 

considered.  

Figure 7.6 shows the 25% and 30% BNT-Epoxy composites. Again, it is observed that 

the level of particle homogeneity distribution in the fabricated composites increases 

with an increase in ceramic volume fraction. When the BNT ceramic volume fraction 

is at 25%, a higher degree of particle alignment is observed in comparison to those 

composites with volume fractions of 20% and lower. Further analysis through the 

zoomed-in SEM micrograph (Figure 7.6 (b) and (d)) reveals that the composite 

displays plate-like particles arranged in parallel orientation, with each layer stacked on 
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top of another. It may be thus inferred that the utilisation of mechanical alignment with 

a volume fraction equal to or greater than 25% has the potential to produce structured 

1-3 BNT-Epoxy composites.  

 
Figure 7.5: SEM image of (a) 15% BNT-Epoxy and (b) 20%BNT-Epoxy composites 

 
Figure 7.6: SEM image of (a) 25% BNT-Epoxy , (b) higher magnification of 

25%BNT-Epoxy, (c) 30%BNT-Epoxy and (d) higher magnification of 30%BNT-

Epoxy showing close-up view of particles alignment within the composite 



Chapter 7 

145 

 

BNT-Epoxy composites with 35% volume fractions are shown in the SEM 

micrographs of Figure 7.7 which reveals the highest alignment of the plate-like BNT 

particles within the polymer matrix investigated in this research. At a higher 

magnification Figure 7.7 (b), it is evident that the BNT particles are in a chain-like 

structure horizontal alignment in x-direction, stacked parallel on top of each other, 

within the epoxy matrix. The BNT particles’ alignment using a doctor blade seems to 

be precise and consistent throughout the composite material with reduced inter-particle 

distance. In contrast, the composites with 40% BNT volume fraction were found to be 

more challenging to fabricate due to the high viscosity of the composite mixture, 

making it difficult to obtain uniform thickness using the doctor blade technique. 

Additionally, the high filler content led to a stiff and brittle composite, which lacked 

the flexibility needed for practical applications. Therefore, this study has focused on 

BNT-Epoxy composites encompassing various ceramic volume fractions up to 35% 

BNT in the composite, at which optimal BNT platelike particles’ alignment was 

observed. BNT-Epoxy composites with 35% BNT, offer a balance between ease of 

fabrication and desired material properties. 

 

Figure 7.7: SEM image of (a) 35% BNT-Epoxy and (b) higher magnification of 

35%BNT-Epoxy close-up view of particles alignment within the composite 

7.2.3. EDX Analysis of BNT-Epoxy Composites 

Figure 7.8 (a) shows the energy spectrum surface scan area of the fabricated 25% BNT-

Epoxy thin film composite. The figure illustrates that the film cross-section surface is 

relatively homogenous with embedded plate-like BNT particles, which are aligned in 

chain-like structure parallel to each other. Additionally, the figure shows a high degree 

of coverage by the embedded plate-like particles, with fewer empty sections on the 
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surface of the film. Figure 7.8 (b) displays the total map of all elements, whereas Figure 

7.8 (c)-(h) represent the distribution of individual elements, including Bi, Na, Ti, C, 

O, and Al, respectively. The Bi, Na, Ti and O elements are sourced from the 

Bi0.5Na0.5TiO3, while C is derived from the Epoxy matrix and Al from the aluminum 

foil on which the composite was deposited. Locations, where plate-like particles are 

present in the composite film, are Bi, Na, and Ti. These elements are found to be 

aggregated at the particle locations and display a corresponding distribution with each 

other. In contrast, the locations where no particles exist show an absence of these 

elements, and instead, the carbon content indicative of the epoxy matrix is observed. 

Notably, the oxygen element is found to be present throughout the sample, including 

the areas where particles are absent, and its distribution is complementary to the 

distribution of Na, Bi, and Ti. 

The X-ray energy spectrum content, as illustrated in Figure 7.8. (a) and displayed in 

Figure 7.9 exhibits primary peaks corresponding to Bi, Na, Ti, and O, indicating the 

synthesis of pure BNT using the optimum synthesis conditions. The weight % of the 

observed elements are also included in Figure 7.9. Notably, the presence of Aluminum 

in the sample substrate may contribute to the detection of Al peaks in the spectrum, as 

the X-ray excitation can penetrate the sample, exciting Al atoms in the substrate. 

Furthermore, the detection of C peaks in the spectrum may be attributed to Epoxy 

matrix, which contains C atoms, while small peaks for Pt, are from the platinum 

coating on the composite film. Notably, the acceleration voltage was set to 15 kV, 

which was sufficiently high to penetrate through the film material and allowed for the 

detection of the Pt peaks in the substrate. The analysis of the EDX figures further 

suggests the horizontally aligned plate-like particles in the composite material 

comprise the dielectric component, which is BNT, while the remaining portion 

consists of the Epoxy matrix.  
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Figure 7.8: (a) Energy spectrum scan surface area of 25%BNT-Epoxy composites, 

(b) EDX map of total elements, (c) Bi element, (d) Na element, (e) Ti element, (f) C 

element, (g) O element and (h) Al element 

 
Figure 7.9: EDX energy spectrum content with weight% of the obtained elements 
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7.3. Dielectric Performance of BNT-Epoxy Composites 

To assess the dielectric performance of the composites highlight the correlation 

between the optimisation of the synthesis process for the ceramic fillers, the 

employment of a mechanical alignment fabrication technique, and their impact on the 

electrical properties of the fabricated composite, the dielectric constant has been 

assessed as a function of the varying BNT volume fraction as shown in Figure 7.10, 

alongside the theoretical dependencies of Yamada and Bowen’s models. It was 

observed that an increasing BNT content resulted in an increased value of the 

corresponding dielectric constant. At a BNT content of 35%, the dielectric constant 

reached a maximum value of 52, indicating a significant enhancement. At higher BNT 

ceramic loading fractions, the shielding provided by the polymer matrix may not be 

adequate for the complete coverage of individual ceramic particles [349]. 

Consequently, the contribution of the ceramic phase to the dielectric constant of the 

composite becomes more pronounced at higher volume fractions. This is consistent 

with literature in which dielectric constant had a direct relation with the volume 

fraction [350,351].  

The best fit for Yamada’s model (presented in Equation 2.11) was achieved at n=7 

indicating elongated particles [352]. A low value of n implies that the filler particles 

are almost spherical, whereas a high value of n suggests that the filler particles are 

mostly non-spherically formed [353]. The dielectric constant of the BNT powder and 

the utilised Epotek Epoxy system are provided in Table 7.1.  

Table 7.1: Dielectric and piezoelectric properties BNT and Epoxy 

Material 𝛆 at 1 KHz 𝐝𝟑𝟑 (pC/N) Y(GPa) 

BNT 302.6 [354] 80 16.7 [355] 

(EpoTek) Epoxy 5.53 - 1.7 

The fitted Yamada model was found to predict lower dielectric values than those 

observed experimentally for the developed 1-3 BNT-Epoxy composites. This finding 

is consistent with the expectation that 1-3 composites would exhibit enhanced 

dielectric behavior due to the alignment and enhanced connectivity of the ceramic 

particles in the composite structure. Additionally, the experimental data obtained for 

the structured BNT-Epoxy composites have been further analysed and compared with 

Bowen's model, where the interparticle distance was varied between 3μm to 5μm. The 



Chapter 7 

149 

 

findings reveal that the experimental values are in good agreement with Bowen's 

model, particularly for an interparticle distance of equivalent to 4μm for a volume % 

of BNT above 25%. This was consistent with the interparticle distance measured using 

ImageJ from the SEM images of the 25% composite. This suggests that the developed 

composites may possess a desirable interparticle distance that could potentially lead to 

improved dielectric properties. The utilisation of the mechanical alignment to 

homogeneously distribute and align the particles, along with the size of the herein 

optimally synthesised two-dimensional particles may have contributed to the obtained 

interparticle distance.   

 

Figure 7.10: Variation of the dielectric constant with varying BNT volume content, 

along with Yamada and Bowens model comparison 

7.4. Piezoelectric Performance of BNT-Epoxy Composites 

To gain a comprehensive understanding of the characteristics of the fabricated BNT-

Epoxy composites, this section presents an investigation of the relevant piezoelectric 

characteristics.  

Since, the piezoelectric properties of poled samples are known to be influenced not 

only by the strength of the poling field but also by the poling orientation and the 

direction of the applied electric field [206],it is therefore crucial to determine the 

appropriate polarity and direction of the applied electric field to achieve effective 

poling of fabricated BNT-Epoxy composite samples. The samples were poled in two 

different positions, with the electric field applied perpendicular to the aligned particles 
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in one position (designated as horizontally poled), and parallel to the aligned particles 

in the other (designated as vertically poled), using a 17kV DC voltage as shown in 

Figure 3.16 in chapter 3. It was aimed to determine which of these orientations would 

lead to the most effective poling of the samples and thus improved values of the 

resulting d33 coefficients.  

The poling process has been designated to last for a duration of 120 minutes for each 

sample during this study. Additionally, to investigate any variations in the d33 values, 

certain samples were subjected to both negative and positive polarity during the 

experimentation process. 

7.4.1. Piezoelectric Charge Coefficient d33 Properties 

The piezoelectric charge coefficient, d33, has been measured for both, the parallel and 

perpendicular, and positive and negative poled BNT-Epoxy composites at a static force 

of 10N and a dynamic force of 0.25 N at a frequency of 110 DC. No significant 

difference in the d33 values of the positively and negatively poled samples was 

observed and hence the results presented herein are based on the measurements of the 

positively poled samples (positive polarity employed during corona poling).  

Figure 7.11 demonstrates the relationship between the volume percentage of 

incorporated BNT and the corresponding d33 values for perpendicular (horizontally) 

and parallel (vertically) poled samples. Due to the difficulty in removing the foil from 

the samples at lower volume fractions, which often resulted in sample breakdown, 

vertical poling of samples was only possible for volume fractions equal to or greater 

than 25%. A clear trend of the increase in the d33 values is observed with an increase 

in the BNT volume fraction. This indicates that the piezoelectric properties of the 

composite material are directly influenced by the amount of BNT which is consistent 

with the findings of the Yamada model. The experimental data was fitted to Yamada's 

model for both horizontally and vertically poled composites assuming same 

depolarisation factor n=7 as in the fitting of the dielectric constant model. Moreover, 

the best fit of the experimental data to the model predictions (presented in Equation 

2.13 of chapter 2) resulted in α values of 0.1 and 0.2 for horizontally and vertically 

poled samples, respectively (seen in Figure 7.11). These findings suggest a higher 

poling efficiency for parallel (vertically) poled composites compared to the 

perpendicular (horizontally) poled samples. The obtained results indicate a notable 
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difference in the piezoelectric response of the vertically and horizontally poled 

samples, particularly at higher volume fractions (i.e., above 30%). The vertically poled 

samples exhibited higher d33 values compared to the horizontally poled ones. A 

maximum value of 4.5 pC/N was obtained at 35% in the vertically poled composites. 

These findings are consistent with previous studies [206], which suggested that the 

direction of poling plays a critical role in determining the piezoelectric response of the 

material. Therefore, it can be inferred that poling of the mechanically aligned and 

optimally synthesised BNT-Epoxy composite samples in a parallel direction to the 

electric field is a more effective method for enhancing their piezoelectric properties, 

particularly at higher volume fractions. 

 
Figure 7.11: Variation of the piezoelectric charge coefficient (d33) with varying BNT 

volume content 

7.4.2. Piezoelectric Voltage Coefficient g33 Properties 

Figure 7.12 shows the variation of the g33 values with the corresponding BNT volume 

fraction which was calculated using Equation 2.8 presented in Chapter 2 and given the 

data for the d33 of the horizontally poled sample. It is clearly observed that an increase 

in the BNT volume content in the polymer results in a gradual increase in the respective 

g33 coefficient. A maximum value of 3.5 mV.m/N was observed at 35%. It is suggested 

that the increase in the g33 coefficient may be attributed to the simultaneous increase 

in both the d33 coefficient and the dielectric constant. However, it may be primarily 
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driven by the significant increase in the corresponding dielectric constant as it 

exhibited a substantial rise with increased ceramic volume fraction compared to the 

d33 rise that was exhibited in the horizontally poled samples. This may further suggest 

that the influence of the dielectric constant on the g33 coefficient is more dominant in 

the herein developed composite system.  

 

Figure 7.12: Variation of the piezoelectric voltage coefficient (g33) with varying BNT 

volume content 

7.5. Ferroelectric Performance of BNT-Epoxy Composites 

This section delves deeper into assessing the ferroelectric and energy storage potential 

of the developed BNT-Epoxy composites. 

7.5.1. P-E loop Hysteresis Analysis 

The P-E loops for the varying BNT volume fractions-Epoxy composites have been 

investigated at various applied electric fields in the range of 65kV/cm – 200kV/cm at 

room temperature, and the obtained P-E loops for 5%-35% are shown in Figure 7.13 

respectively. The ferroelectric nature of the developed quasi 1-3 BNT-Epoxy 

composites has been confirmed through the acquired hysteresis loops. As observed, 

the composites exhibit increased polarisation degrees as a function of increasing the 

applied electric field. This is due to the increased reorientation of dipoles within the 

BNT ceramic particles that are exhibited with increasing electric field strength. The 

experimentally obtained P-E loops of the composites show similar loop shapes 

comparable to the ideal loop shape form of the Rayleigh model [356], which presumes 
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that the polarisation response of a ferroelectric material is directly proportional to the 

power of the applied electric field [356].  

 

Figure 7.13: P-E hysteresis loops of BNT-Epoxy composites with varying BNT 

volume content 
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It is further observed that the fabricated composite samples did not exhibit fully 

saturated P-E loops at high electric fields (Figure 7.13). This may be attributed to the 

presence of oxygen vacancies and current leakage in the incorporated synthesised BNT 

ceramic particles [357]. The oxygen vacancies arise from the volatilisation of Bi and 

Na elements during the high-temperature molten salt synthesis, resulting in lowered 

breakdown strength and reduction of Ti4+ at the B site to Ti3+, thereby increasing the 

level of leakage and limiting the ferroelectric properties [357].  

Figure 7.14 depicts the P-E loop for various BNT ceramic volume fractions at an 

applied electric field of 120kV/cm. It is worth noting that the estimation of the 

maximum applied electric field was challenging due to the samples breaking down at 

various electric fields and hence a common, relatively high, applied electric field was 

selected for the comparison of the hysteresis behavior. All hysteresis loops exhibit a 

narrow shape, suggesting minimal energy dissipation characterised by the enclosed 

area within the loops. The observed trend (in Figure 7.14 (b)) reveals that an increase 

in the volume fraction of the BNT ceramic filler from 5% to 35% leads to a significant 

rise in the composite material's saturation polarisation (Ps), reaching a maximum 

saturation polarisation of Ps= 0.39 µC/cm2 at 35% BNT. Upon closer examination of 

the polarisation (Ps) plot, it became apparent that there is a gradual rise in Ps until a 

notable and sudden increase is observed at the 25% BNT content. Subsequently, the 

curve continues to exhibit a linear increase. This behavior can be attributed to the 

alignment of a substantial portion of particles, which became evident at the 25% 

threshold. Undoubtedly, the alignment of the particles in one direction facilitates the 

reorientation of the dipoles. Meanwhile, the polarisation Pr plot continues to grow non-

monotonously as the BNT volume content increases, reaching a maximum of 

approximately 0.55 µC/cm2 at 35%. The coercive electric field, Ec, required to reduce 

the polarisation of the fabricated composites to zero after being polarised, also 

increases with increasing BNT content. This is indeed due to the increased ferroelectric 

domains within the BNT particles, which would require the increased electric field to 

overcome the material’s internal resistance to change polarisation. 
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Figure 7.14: (a) Variation of BNT volume content impact on P-E hysteresis at 

120kV/cm electric field, and (b) corresponding Ps, Pr, Ec values along with 

corresponding alignment schematic. 

The attained Ec of the fabricated BNT-Epoxy composites containing 35% is 25.5 

kV/cm. This value surpasses values obtained in lead-based ceramic-polymer counter 

composites as shown in Table 7.2. The higher Ec obtained in PVDF based composites 

is due to the inherent ferroelectric properties of the PVDF itself. Overall, the relatively 

high obtained Ec values indicate their relatively reduced leakage current and their 

enhanced energy storage density. The energy storage potential of the fabricated 

composites is further illustrated in the next section.  
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Table 7.2: Coercive electric field (Ec) of BNT and various composite systems 

System Ec(kV/cm) Ref 

BNT 73  [358] 

0.6PZT/PVDF 7.82 [359] 

PZT/PDMS 6.6 [360] 

0.4 BCZT/PVDF 35.22  [361] 

BFO/PVDF 42.52 [362] 

7.5.2. Energy Storage Potential 

The energy storage potential of the fabricated composites has been investigated by 

measuring the discharged energy density of the developed BNT-Epoxy composites 

utilising Equation 2.10 presented in Chapter 2, whereas Emax is the maximum applied 

electric field to the composite until breakdown. Due to the presence of extrinsic defects 

such as dust particles and air bubbles within the composite matrix which introduced 

heterogeneity in the observed breakdown electric fields, the true breakdown electric 

field could not be detected and hence was selected in this study as 1267 kV/cm based 

on a similar composite system [363]. Table 7.3 presents the obtained discharge energy 

density at varying BNT volume content.  

Table 7.3: Discharge energy density (Ue) of the BNT-Epoxy composites at varying 

BNT volume content 

Vol. % of BNT Ue (J/cm3) 

5 0.54 

10 0.88 

15 1.26 

20 1.89 

25 2.47 

30 3.14 

35 3.7 

The impact of the volume fraction of BNT particles on the discharged energy density 

in the BNT-Epoxy composites is clear, as illustrated by the increase in the obtained Ue 

with increasing volume content, presented in Table 7.3. At a BNT volume fraction of 

35%, the mechanically aligned BNT-Epoxy composites exhibited a notable maximum 

energy density potential, reaching Ue=3.7 J/cm3. This value was almost 6 times higher 

than the value obtained for the composites containing 5%. This enhancement may be 

attributed to the improved connectivity of the two-dimensional BNT particles at higher 

volume fractions, which indeed facilitated efficient charge transfer and thus enabled 
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more effective storage and release of energy. However, it is worth noting that 

increasing the ceramic filler volume fraction may lead to the formation of defective 

voids and other imperfections due to the increased local electric field because as a 

result of the mismatch between the dielectric constant of the ceramic filler and that of 

the polymer [364]. Therefore, in order to achieve higher energy storage density, it is 

always relevant to enhance the breakdown strength of the composites. 

The energy density potential of the BNT-Epoxy composite has been compared with 

that of different ceramic-polymer composites, and the results are presented in the 

subsequent section for analysis. 

7.6. Prospects of BNT-Epoxy Composites in Energy Storage Systems and 

Comparison with state-of-the-art composites  

In this study, a remarkable dielectric constant (ε) of 52.1 was achieved by 

incorporating a 35% volume fraction of two-dimensional BNT ceramic particles in the 

Epoxy-based composites. This was compared to values reported in literature to 

establish a benchmark for evaluating the performance and potential applications of the 

herein developed composites as presented in Table 7.4. It is evident that the ε of the 

herein developed BNT-Epoxy composites surpassed the value of those reported in 

literature for other BNT-polymer based composites. Notably, in [365] and [366], lower 

percentages of BNT were incorporated into BNT-PVDF composites, i.e., 30%, 

resulting in a dielectric constant of 14.5 and 31.7, respectively. However, in this study, 

with a slightly higher BNT content of 35% (only 5% extra BNT), the dielectric 

constant value increased significantly by 258.62% and 63.08% compared to those of 

the BNT-PVDF composites, respectively. The herein achieved ε also demonstrated 

superior performance when compared to other epoxy-based systems, including a 

comparable value of ε = 51 achieved in a doped BTO-Epoxy composite system in 

[367], at relatively lower volume fraction (25%), yet through the utilisation of doping 

and solid-state reaction, which typically necessitates a longer processing time and 

involves multiple steps. In contrast, the ε of this study was achieved through a simpler 

and shorter ceramic synthesis process and without the need for doping. Consequently, 

while achieving the desired ε in this study required a higher ceramic filler percentage 

(35%) to achieve a comparable dielectric constant of 52, the preparation process, 

particularly that of the incorporated ceramic fillers, offered a more cost-effective and 
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straightforward approach. Obviously, the ε obtained in this study also surpassed those 

of other two-phase ceramic-polymer composites with comparatively lower 

incorporated BNT content, as demonstrated in the last section of the table. A 

comparison of the ε between composites aligned through DEP, such as the ZnO/PDMS 

composite prepared in [368] and the PZT/poled CBT composite prepared in [196], or 

via magnetic alignment, as demonstrated in BN/Fe3O4/PEN prepared in [369], reveals 

a notable enhancement of approximately 3.5 times greater for the proposed mechanical 

alignment technique. Remarkably, this superior dielectric performance was achieved 

in the ZnO/PDMS composite [368] with an even lower filler content. These findings 

suggest that the proposed mechanical alignment method to obtain quasi 1-3 composites 

allowed for the achievement of higher dielectric performance compared to that of other 

alignment techniques. This comparative analysis further highlighted the significant 

influence of particle size and shape, indicating that even with a lower volume 

percentage of particles, a higher dielectric constant can be achieved. 

Table 7.4: Comparison of the obtained dielectric constant with various ceramic-

polymer systems reported in literature 

Ceramic-Polymer System 
Fabrication Process 

φ of 

filler 

(%) 

ε at 1 

kHz 
REF 

Filler Matrix 

Bi0.5Na0.5TiO3 (BNT)   - 302.6 [354] 

 Epoxy  - 5.53 
This 

work 

BNT-based two-phase system 

BNT PTFE* Mould pressing 80% 15 [370] 

BNT PVDF 
Solution casting + 

Hot pressing 
30% 14.5 [365] 

BNT PVDF 
Injection moulding 

(0-3) 
30% 31.7 [366] 

Bi0.49Na0.49Ba0.02TiO3 

(BNBT) 
PVDF Solution casting 50% 22.5 [371] 

Epoxy-based two-phase system 

BTO NP Epoxy Comma roll-coater 50% 40 [372] 

BTO Epoxy 
Casting through film 

applicator 
25% 13.27 [373] 

BTO 

(doped with Ca and 

Zr) 

Epoxy Solution mixing 25% 51 [367] 

Al2O3-AgNPs Epoxy Solution casting 70% 9.55 [374] 
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Table 7.4: Comparison of the obtained dielectric constant with various ceramic-polymer 

systems reported in literature (continued) 

Ceramic-Polymer System 
Fabrication Process 

φ of 

filler 

(%) 

ε at 1 

kHz 
REF 

Filler Matrix 

Ba0.85Ca0.15Zr0.1Ti0.9O3 Epoxy Solution casting 30% 24.16 [375] 

Other two-phase based systems 

BaNd2Ti4O12 LCP * Hot pressing 60% 7.2 [214] 

PZT (NW) PVDF 
Alignment through 

uniaxial stretching 
40% 45 [376] 

BTO PEI* 
Film casting + 

thermal imidisation 
50% 37 [377] 

BTO TPU* Conventional mixing 30% 31 [44] 

BN PI* 
In-situ 

polymerisation 
20% 3.75 [378] 

Ba0.6Sr0.4TiO3 PMMA* Inkjet technology 50% 55 [379] 

TiO2-HfO2 PVDF Solution casting 10% 12.56 [380] 

CaCu3Ti4O12 (CCTO) TPU* Solvent casting 40% 56 [381] 

BaTiO3-Ag, PVDF 
Coaxial 

electrospinning 
15% 19.4 [382] 

Ba0.6Sr0.4TiO3 PEEK* Cold pressing 40% 23 [383] 

Cu doped PbTiO3 PMMA Solution casting 5% 22.5 [384] 

Pb (Zr0.52Ti0.48) O3 PVDF Solution casting 20% 25 [385] 

BTO PDMS Mixing + moulding 15% 10.97 [386] 

Co doped – TiO3 
Silicone 

Rubber 

Mechanical mixing + 

hot pressing 
50wt% 5.06 [387] 

Ba0.6Sr0.4TiO3 PVDF Solution casting 40% 33.8 [388] 

ZnO PDMS Dielectrophoresis 44% 15.5 [368] 

PZT Poled CBT* 
high-temperature 

Dielectrophoresis 
20% 15 [196] 

BN/Fe3O4 PEN* Magnetic Alignment 30% 12.5 [369] 

PZT LCT/PA Hot pressing 50% 42 [389] 

PZT PDMS Hot pressing 50% 37 [390] 

Ca0.55Nd0.3TiO3 PTFE* Cold compression 70% 17.5 [391] 

This Work 

BNT Epoxy 
Mechanical 

Alignment 
35% 52 

This 

Work 

* LCP: liquid crystalline polymer; * PEI: polyetherimide;  

* TPU: thermoplastic polyurethane; * PI: polyamide; 

* PMMA: poly (methyl methacrylate); * PEEK: polyether ether ketone; 

*CBT: cyclic butylene terephthalate; *PTFE: poly(tetrafluoroethylene) 
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Table 7.5 compares the discharged energy density attained in the current study to that 

of state-of-the-art composites reported in recent years, together with the accompanying 

breakdown electric field values. A maximum discharge energy density value of 

approximately 3.7 J/cm3 was achieved at a breakdown electric field of Emax = 

1267kV/cm, which is nearly eleven times higher than pure molten salt synthesised 

BNT and almost four times higher than pure epoxy. Although another BNT-based 

system, i.e. BNT/PA composite prepared in [363] exhibited the same breakdown 

electric field, however the herein achieved energy density is almost three times higher 

than that of the BNT/PA system. Significantly, in the context of a comparable 

breakdown field of 1243 kV/cm, the achieved discharged energy density of this study 

surpasses that of a BTO-Epoxy system [373] by a considerable margin. The BTO-

Epoxy system exhibits a Ue value of 0.34 [373], whereas the energy density attained 

in this study reaches 3.7, representing an approximately tenfold increase. The 

enhanced energy density performance of the developed BNT-Epoxy composites is 

further evidenced by the comparison with other two-phase based systems such as in 

the case of a K0.5Na0. 5NbO3 –0.15 SrTiO3/PVDF composite prepared in [392], where 

a higher breakdown electric field of 1500kV/cm resulted in an even three time lower 

energy density value, although higher breakdown electric field are anticipated to result 

in higher energy density values. This further proves that the attained dielectric constant 

of this study significantly affects the corresponding discharge energy density.  

Table 7.5: Comparison of the obtained energy density with various ceramic-polymer 

systems reported in literature 

Ceramic-Polymer System Fabrication 

Process 

Emax 

(kV/cm) 

U in 

(J/cm3) 
Ref. 

Filler Matrix 

Bi0.5Na0.5TiO3 (BNT)   
150 from 

[393] 

0.31 

(calc.) 
[393] 

 Epoxy  

2016 

from 

[394] 

0.99 

(calc.) 
[394] 

BNT-based two-phase system 

BNT 

(MSS platelets) 
PA * 

In-situ 

polymerisation 
1267 1.24 [363] 

BNT PVDF 
Solution casting 

+ hot pressing 
2080 2.58 [365] 

Epoxy-based two-phase system 

BaTiO3(BTO) Epoxy Free casting 60 0.196 [395] 
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Table 7.5: Comparison of the obtained energy density with various ceramic-polymer 

systems reported in literature (continued) 

Ceramic-Polymer System Fabrication 

Process 

Emax 

(kV/cm) 

U in 

(J/cm3) 
Ref. 

Filler Matrix 

BTO Epoxy 

Capillary force 

+ vacuum 

defoaming 

100 0.11 [396] 

BTO Epoxy 
Casting through 

film applicator 
1243 0.34 [373] 

Al2O3-AgNPs Epoxy Solution casting 200 0.01 [374] 

3D-BTO Epoxy 
Freeze drying + 

Epoxy Injection 
100 0.02 [397] 

Ba0.85Ca0.15Zr0.1Ti0.9O3 Epoxy Solution casting 1460 2.28 [375] 

Other two-phase based systems 

BTO @ SiO2 PVDF Solution casting 1450 1.08 [398] 

PZT (NW) PVDF 

Alignment 

through uniaxial 

stretching 

150 1.28 [376] 

BTO PEI 

film casting and 

thermal 

imidization 

1.5 1.28 [377] 

BTO PVDF 

Mixing + 

quenching in 

ice-water bath 

2250 3.24 [399] 

Ba0.95Ca0.05Zr0.15Ti0.85O

3 (BCZT) 
PVDF 

Solution casting 

method 
679 2 [163] 

K0.5Na0. 5NbO3 – 

0.15 SrTiO3 
PVDF Solution casting 1500 1.34 [392] 

BTO TPU * 
Conventional 

mixing 
1500 3.1 [44] 

Graphene PVDF 

Drop casting + 

compression 

moulding 

275 3.1 [400] 

CaCu3Ti4O12 (CCTO) TPU * 
Solvent casting 

method. 
810 0.8 [381] 

This Work 

BNT Epoxy 
Mechanical 

Alignment 
1267 3.7 

This 

Work 

With a dielectric constant of 52 and a discharge energy density of 3.7 J/cm³, the 

developed BNT-Epoxy composites hold promise for various dielectric applications. 

Due to its high dielectric constant, it has the potential to enhance the performance of 

capacitors, enabling them to store more electrical energy. Additionally, the significant 

energy discharge density suggests that these BNT-Epoxy composites can effectively 

release stored energy when needed, making it suitable for applications in energy 

storage systems, power electronics, and pulsed power devices. The figures presented 

in Figure 7.15 below provide additional visual insights (based on the provided data in 
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Table 7.4 and Table 7.5) into the comparison between the dielectric constant and 

discharge energy density achieved in this study and those of the state-of-the-art two-

phase ceramic-polymer composite system. 

 

Figure 7.15: A schematic showing visual comparison of (a) dielectric constant and 

(b) discharge energy density achieved in this study and those of the state-of-the-art 

bi-phasic composite system. 
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7.7. Summary 

In this chapter, the results of the fabricated BNT-Epoxy composites are presented. 

These composites were prepared by using optimally synthesised two-dimensional 

BNT particles as fillers and implementing a mechanical alignment approach to develop 

quasi 1-3 structures. A comprehensive microstructure analysis revealed that 

composites fabricated with non-optimally synthesised powder exhibited poor 

alignment, with areas of agglomerations at higher volume fractions compared to 

composites fabricated with optimally synthesised powder which demonstrated 

successful chain-like alignment at higher volume fractions (above 25%), with an 

optimum alignment observed at 35%. This further confirmed the impact of filler size 

on the alignment and validated the effectiveness of mechanical alignment in achieving 

a chain-like structure of two-dimensional plate-like particles. This chapter has also 

evaluated the dielectric, piezoelectric, and ferroelectric performance of the 

composites. A maximum ε of 52 was obtained at a 35% BNT volume content in the 

composite. The poling direction has proven to significantly affect the d33 of the 

composites, in which composites poled in a parallel direction to the applied electric 

field showed higher d33 values compared to those poled in a perpendicular direction, 

with a maximum of 4.5 pC/N obtained at 35%BNT volume content. At this volume 

content the corresponding g33 value achieved a maximum of 3.5 mV.m/N. 

Additionally, the ferroelectric nature of the quasi 1-3 BNT-Epoxy composites was 

confirmed through the obtained hysteresis loops, showing increased saturation 

polarisation with increasing applied electric field. Under a maximum breakdown 

electric field of 1267 kV/cm, a maximum discharge energy density of 3.7 J/cm3 was 

achieved at 35% BNT volume content. The herein attained dielectric constant and 

discharge energy density surpassed values reported in literature for other BNT-based, 

Epoxy-based and other two-phase based ceramic-polymer composites. The dielectric 

constant achieved in this study, notably surpassed that of reported dielectrophoretically 

aligned composites, highlighting the superior effectiveness of the proposed 

mechanical alignment approach with an enhancement of nearly 3.5 times greater.
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8. Conclusions  

This study has successfully developed and optimised predictive mathematical models 

that provide a comprehensive depiction of the intricate shape and precise size of two-

dimensional plate-like ceramic particles synthesised using molten salt synthesis. 

Furthermore, this research has explored the use of an alternative mechanical alignment 

method, which effectively resulted in a higher dielectric constant and increased 

discharge energy density for quasi-1-3 ceramic-polymer composites when compared 

to the current state-of-the-art composites. A schematic showing a summary of the 

herein obtained contribution to knowledge is depicted in Figure 8.1.  

 

Figure 8.1: A schematic showing a summary of the contribution to knowledge. 

The herein developed models consider the variable molten salt synthesis parameters 

and their simultaneous influence on the resulting particle characteristics, based on the 

synthesis of BNT as a case study. The main (individual) effect of three molten salt 

synthesis parameters, namely synthesis temperature, holding time, and heating rate, as 

well as the combined interaction (simultaneous) effects of these parameters on the 

morphology of the synthesised powder particles were systematically examined with 

the aid of the central composite design based RSM. In this context, the particle’s 

morphology of the synthesised particles was initially depicted by five different 

responses, area, thickness, Feret’s diameter, particle size and aspect ratio.  

Based on the comprehensive statistical ANOVA analysis, the particle size and AR 

responses have deemed to be insignificant models with significant lack of fit and P-

values of 0.21 and 0.052, respectively, suggesting that the response models for the 

particle size and AR of the synthesised particles do not fully capture the relationship 

between the synthesis parameters and the studied output. In fact, the parameter ‘size’ 
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lacks a clear and explicit definition of the exact dimensions or specific characteristics 

of the particles, especially when depicting irregular two-dimensional shaped particles. 

Data transformation for the first three responses was performed after analysing the 

ANOVA results. After which, three successful predictive mathematical models for the 

area (R1), thickness (R2) and Feret’s diameter (R3) of the synthesised particles were 

developed as a function of the affecting interplay of the molten salt synthesis 

parameters. With an R2 value of 0.97, 0.95, and 0.97 for R1, R2 and R3, respectively, 

these models suggested a strong correlation between the experimental data and the 

predicted outcomes of the models, thus signifying the reliability of the analysis. 

 Analysis of the ANOVA results further indicated that the main effect of the synthesis 

temperature was the factor with the most significant impact (P-value <0.0001) on the 

response variables in the MSS process, out of the three synthesis parameters under 

investigation. The main effect of both holding time and heating rate had no significant 

effect on the response variables. Interestingly, the combined effect of the interaction 

between synthesis temperature and holding time was identified as the second most 

significant factor affecting the morphology of the synthesised particles. These findings 

imply that holding time and heating rate may be neglected in regulating the response 

variables in future MSS experiments, with a focus instead on the synthesis temperature 

and its interaction with holding time. The predictive models were simultaneously 

solved, and the optimum synthesis parameters based on the GA-based multi-objective 

optimisation were obtained at a synthesis temperature of 1100⁰C, and a holding time 

of 270 minutes at a heating rate of 7oC/min, at which the particles are anticipated to 

have an average area of 152.671 µm2, average thickness of 1.21 µm and an average 

Feret’s diameter of 16.75 µm. Models have been validated based on the synthesis of 

the two-dimensional plate-like BNT powder and the actual results were BNT particles 

with an area of 156.56 µm2, an average thickness of 1.467 µm and an average 

measured Feret’s diameter of 17.18 µm. The good agreement between the predicted 

and actual results further confirmed the accuracy of the developed models. The herein 

synthesised BNT powder showed larger area, thickness and Feret’s diameter compared 

to other molten salt synthesised two-dimensional ceramic particles.  

By utilising a mechanical alignment approach, the optimally synthesised BNT powder 

was imbedded and aligned in a chain-like structure within a polymeric Epoxy matrix 

to achieve various quasi 1-3 ceramic-polymer composites with varying BNT volume 
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content. Optimally synthesised BNT particles exhibited a higher degree of alignment 

in the x-direction compared to non-optimal particles, indicating the importance of 

optimal shape and size in the alignment process. At 35% BNT content in the Epoxy 

matrix, perfectly chain-like aligned particles were successfully obtained. The 

evaluation of dielectric performance showed that the developed composites achieved 

a maximum dielectric constant of 52 at a BNT volume content of 35%, which was in 

good agreement with the Bowen’s model for structured 1-3 composites. This value 

significantly surpassed the dielectric constants reported for other BNT-based, Epoxy-

based, and two-phase based ceramic-polymer composite systems with almost 3.5 times 

higher and with even with a lower utilised ceramic volume content. This may be 

attributed to the larger particle size of the incorporated ceramic fillers as well as the 

efficacy of the proposed mechanical alignment technique. The piezoelectric 

performance was also assessed, and it was found that the d33 was primarily affected by 

the poling direction. Composites that were poled in parallel direction to the electric 

field, demonstrated higher d33 values compared to those poled in a perpendicular 

direction, particularly at higher volume fractions. A maximum d33 value of 4.5 pC/N 

was achieved at a 35% BNT volume content. In can be thus concluded, that parallel 

poling is more efficient in improving the piezoelectric characteristics of the 

mechanically aligned and optimally synthesised BNT-Epoxy composites. In the 

context of the piezoelectric voltage coefficient, g33, an increasing trend with the 

increase of BNT volume content was observed, with a maximum of 3.5 mV.m/N at 

35% BNT. The increasing trend of the g33 values was believed to be due to the 

substantial increase in the corresponding dielectric constant which was exhibited with 

increasing BNT volume content. 

Ferroelectric properties of the developed composites were evaluated through 

performed P-E loops, confirming their ferroelectric nature. Composites with 25% BNT 

volume content and higher, exhibited a significant increase in their corresponding Ps 

and Pr with increasing BNT volume content, which was primarily attributed to the 

improved particle alignment observed at BNT volume fractions of 25% and above. At 

35% the composites showed values of 0.39 µC/cm2 and 0.55 µC/cm2 for the Ps and Pr, 

respectively. The energy storage performance capabilities of the developed composites 

demonstrated promising results. Specifically, at a BNT volume content of 35%, the 

composites achieved a maximum discharge energy density of 3.7 J/cm3 under a 
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maximum breakdown electric field of 1267 kV/cm. This value also outperformed other 

energy storage capabilities of various two-phase ceramic-polymer composite systems. 

This study has provided valuable insights into the synthesis of two-dimensional 

ceramic particles with large plate-like shapes, with a means of providing predictive 

mathematical models that can facilitate easier control and prediction of the size and 

shape of future molten-salt synthesised particles. The highly obtained dielectric 

properties and energy storage capabilities observed in this study shed light on the effect 

of the mechanical alignment technique. The composites developed in this study show 

promising potential for capacitators, energy storage devices, microwave and RF 

devices.
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9. Recommendations for Future Work 

Proposed recommendations for future work are as follows: 

• The herein developed predicted models studied the influence of three molten 

salt synthesis parameters that were known to mainly affect the molten salt 

synthesis of desired products (refer to Figure 2.15). However, expanding the 

investigation to include additional synthesis parameters, such as the salt 

species, salt purity, and molar ratio between the salt and the precursor, 

alongside the parameters already studied in this work, may provide a more 

comprehensive understanding of the molten salt synthesis process. This 

broader exploration of parameters has the potential to lead to further 

optimisation and development of predictive models that capture the 

morphology of synthesised particles as a function of all affecting synthesis 

parameters.  

• Further, the developed models were validated and tested by utilising the two-

dimensionally plate-like shaped BNT powder. To further validate these models 

and signify their robustness, these models may be tested on other various two-

dimensional perovskite materials.  

• The efficacy of the proposed mechanical alignment method involving the use 

of a doctor blade has not been assessed on rods. It remains unclear whether the 

alignment of rods using a doctor blade will yield comparable results to the 

alignment achieved with BNT plate-like particles or not. Therefore, the 

mechanical alignment of rod-like shaped particles may be investigated in the 

future. The P-E loop of the herein synthesised pure BNT may be also measured.  

• During this study, the effect of poling direction on the resulting piezoelectric 

performance of the developed composites, i.e., the d33, has been investigated. 

The temperature was held constant during the poling procedure and was 

selected based on common poling temperatures for similar systems. In future 

studies it may be worthwhile to further investigate the effect of the poling 

temperature alongside the effect of the poling direction on the resulting 

piezoelectric performance. Moreover, to achieve enhanced piezoelectric 

performance of the developed composites, the utilisation of interdigitated 

electrodes may be an alternative. This may involve masking the composites 

with interdigitated electrodes during the poling procedure. 
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Appendix A 

DOE – ANOVA Tests 

The parameters resulting from applying an ANOVA test for a general RSM design 

with n replicates is described briefly in this appendix. The table below shows the 

general form of an ANOVA analysis for a 2𝑘 factorial design. 

Source of 

Variation 
SS dF MS Fo 

K
 m

a
in

 e
ff

ec
ts

 

A SSA a-1 MSA =

SSA

a − 1
 MSA

MSE
 

B SSB b-1 MS𝐁 =

SS𝐁

b − 1
 MSB

MSE
 

…
. …

.

. 

…
.

. 

…
.

.  

K SSK k-1 MS𝐁 =

SS𝐊

k − 1
 MSK

MSE
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ct
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n

 AB SSAB (a-1)(b-1) MS𝐀𝐁 =

SS𝐀𝐁

(a − 1)(b − 1)
 MSAB

MSE
 

AC SSAC (a-1)(c-1) MS𝐀𝐁 =

SS𝐀𝐂

(a − 1)(c − 1)
 MSAC
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…
.
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…
.
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…
.
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…
.

.  

JK SSJK (j-1)(k-1) MS𝐉𝐊 =
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(j − 1)(k − 1)
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ABC…
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SSABC

….K 

(a-1)(b-1)(c-

1)....(k-1) 

MS𝐀𝐁𝐂. . . 𝐊

=

SSABC … . K

(a − 1)(b − 1)(c − 1). . . . (k − 1)
 

MSABC … K

MSE
 

ERROR SSE 2𝑘(𝑛 − 1) MS𝐄 =

SSE

2𝑘(𝑛 − 1)
  

TOTAL SST 𝑛2𝑘 − 1 MS𝐓 =

SST

𝑛2𝑘 − 1
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The parameters used for an ANOVA test found in the previous table are described as 

follows: 

▪ There are a levels of factor A, b levels of factor B, c levels of factor C and so on, 

arranged in a factorial order, whereas n represents the number of replicates of the 

complete experiment. 

𝒊 = 𝟏, 𝟐, … . , 𝒂 

j = 𝟏, 𝟐, … . , 𝒃 

𝒌 = 𝟏, 𝟐, … . , 𝒄 

▪ Degree of freedom (dF) is calculated for each main factor by subtracting the levels 

by one, and for the combination of factors as the product of the degree of freedoms 

of the corresponding main factors.  

▪ Sum of Squares (SS) is a measure of variation or deviation of a factor from the 

mean. In order to calculate the sum of squares, the average of experiments 

replications for each effect must be calculated. The formula below presents 

generally the grand average ( �̄�….) calculated upon the grand total (𝑦⋯). The 

average is calculated for each of the corresponding ith, jth and  

𝒚… = ∑ ∑ ∑ 𝒚𝒊𝒋𝒌
𝒄
𝒌=𝟏

𝒃
𝒋=𝟏

𝒂
𝒊=𝟏     𝒚̄

⋯
=

 𝒚⋯

𝒂𝒃𝒌
 

▪ Once the averages are calculated, the variance of these averages are required. The 

case presented in this theses considers a three factor analysis of variance and thus 

the sum of squares for the main effects, in this case, a are computed from the totals 

of the factors A(𝒚𝒊…) , B(𝒚.𝒋..) , 𝑪(𝒚..𝒌.) as shown in the equation below.  

𝑺𝑺𝑨 =
𝟏

𝒃𝒄𝒏
∑ 𝒚𝟐

𝒊...

𝒂

𝒊=𝟏

−
𝒚𝟐

...

𝒂𝒃𝒄𝒏
 

𝑺𝑺𝑩 =
𝟏

𝒃𝒄𝒏
∑ 𝒚𝟐

.𝒋..

𝒃

𝒋=𝟏

−
𝒚𝟐

...

𝒂𝒃𝒄𝒏
 

𝑺𝑺𝑪 =
𝟏

𝒂𝒃𝒏
∑ 𝒚𝟐

..𝒌.

𝒄

𝒌=𝟏

−
𝒚𝟐

...

𝒂𝒃𝒄𝒏
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▪ For the computation of the two-factor interaction sums of squares, the totals for 

the A x B, A x C and B x C cells are needed. The formula for one of the interacted 

effect is shown below:   

𝑺𝑺𝑨𝑩 =
𝟏

𝒄𝒏
∑ ∑ 𝒚𝟐

𝒊𝒋..

𝒃

𝒋=𝟏

−
𝒚𝟐

…

𝒂𝒃𝒄𝒏

𝒂

𝒊=𝟏

− 𝑺𝑺𝑨 − 𝑺𝑺𝑩 

            =  𝑺𝑺𝑺𝒖𝒃𝒕𝒐𝒕𝒂𝒍(𝑨𝑩) − 𝑺𝑺𝑨 − 𝑺𝑺𝑩 

▪ The total of the sum of squares is: 

𝑺𝑺𝑻 = ∑ ∑ ∑ ∑ 𝒚𝟐
𝒊𝒋𝒌𝒍

𝒏

𝒍=𝟏

−
𝒚𝟐

…

𝒂𝒃𝒄𝒏

𝒄

𝒌=𝟏

𝒃

𝒋=𝟏

𝒂

𝒊=𝟏

 

▪ The error sum of squares is computed by subtracting the sum of squares for each 

main effect and interaction from the total sum of squares. 

▪ Mean Square (MS) is mean of the SS stated above and is calculated by dividing 

the SS by the dF and calculated for all factors and their interactions. 

▪ Fo is the means by which the significance of a factor is decided. Fo is the ratio of 

that part of the sum of squares attributed to a factor to that attributed to the error. 

That error is already assumed as a normal variable. Therefore, as Fo tends to unity 

or near to unity, that variation of the response due to that factor could be 

considered as random and hence the effect is not significant. 

▪ The P-Value is based on an F-distribution. If this value is less than 0.0001, then 

the factor has a significant effect on the response, otherwise less than 0.05 is 

considered marginally significant.  
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Appendix B 

• Distribution plots depicting the variation in the measured area of the particles 

across the 17 samples:  
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• Distribution plots depicting the variation in the measured thickness of the 

particles across the 17 samples:  
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• Distribution plots depicting the variation in the measured Feret’s diameter of 

the particles across the 17 samples:  
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Appendix C 

This Appendix presents the detailed ANOVA outcomes during the initial statistical 

analysis stage which was before the data transformation. 

• ANOVA results for the average area of the particles (R1): 

ANOVA for Response Surface Quadratic Model 
 

Analysis of variance table [Partial sum of squares - Type III] 
 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 47438.2 9 5270.911 23.80571 0.0002 significant 

A-Temperature 27938.66 1 27938.66 126.183 < 0.0001  

B-Holding 

Time 
4251.778 1 4251.778 19.20286 0.0032  

C-Heat Rate 8.883728 1 8.883728 0.040123 0.8469  

AB 5393.572 1 5393.572 24.35969 0.0017  

AC 2.588214 1 2.588214 0.011689 0.9169  

BC 219.8951 1 219.8951 0.993141 0.3522  

A2 6994.471 1 6994.471 31.59004 0.0008  

B2 4.603942 1 4.603942 0.020793 0.8894  

C2 52.16174 1 52.16174 0.235585 0.6422  

Residual 1549.896 7 221.4138    

Lack of Fit 1546.096 5 309.2192 162.7181 0.0061 significant 

Pure Error 3.800672 2 1.900336    

Cor Total 48988.1 16     

 

 

 

Model: 

Area = 8.022056 + 52.85704 * A + 20.61984 * B + 0.942535 * C + 25.96529 * A * B 

+ 0.568794 * A * C + 5.242794 * B * C + 51.09415 * A^2 - 1.31087 * B^2 - 4.41235 

* C^2 

 

 

 

 

R-Squared 0.968362 

Adj R-Squared 0.927684 

Pred R-

Squared 

0.7 



 

211 

 

• ANOVA results for the average thickness of the particles (R2): 

ANOVA for Response Surface Quadratic Model  

Analysis of variance table [Partial sum of squares - Type III]  

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 1.96079 9 0.217866 12.28485 0.0016 significant 

A-Temperature 1.442156 1 1.442156 81.31931 < 0.0001  

B-Holding 

Time 
0.032594 1 0.032594 1.837882 0.2173  

C-Heat Rate 0.014987 1 0.014987 0.845098 0.3885  

AB 0.072721 1 0.072721 4.100564 0.0825  

AC 0.024189 1 0.024189 1.363943 0.2811  

BC 0.077047 1 0.077047 4.34445 0.0756  

A2 0.144453 1 0.144453 8.145343 0.0245  

B2 0.002613 1 0.002613 0.147346 0.7125  

C2 0.002799 1 0.002799 0.157813 0.7030  

Residual 0.124141 7 0.017734    

Lack of Fit 0.116837 5 0.023367 6.398515 0.1407 
not 

significant 

Pure Error 0.007304 2 0.003652    

Cor Total 2.084931 16     

 

 

 

 

Model: 

Thickness = 0.273910594 + 0.379757352 * A + 0.057091063 * B + 0.038713538 * C 

+ 0.095342411 * A * B + 0.054987308 * A * C + 0.098136766 * B * C + 0.232197635 

* A^2 + 0.031230032 * B^2 + 0.032320196 * C^2 

 

 

 

 

 

R-Squared 0.940458 

Adj R-Squared 0.91 

Pred R-Squared 0.5321 
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• ANOVA results for the average Feret’s diameter of the particles (R3): 

        ANOVA for Response Surface Quadratic Model 
 

Analysis of variance table [Partial sum of squares - Type III] 
 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 471.6929 9 52.41032 35.01067 < 0.0001 significant 

A-Temperature 352.7334 1 352.7334 235.6298 < 0.0001  

B-Holding 

Time 
18.71792 1 18.71792 12.50378 0.0095  

C-Heat Rate 0.200325 1 0.200325 0.133819 0.7253  

AB 31.21433 1 31.21433 20.85152 0.0026  

AC 0.038138 1 0.038138 0.025477 0.8777  

BC 0.896703 1 0.896703 0.599008 0.4643  

A2 47.16447 1 47.16447 31.50639 0.0008  

B2 0.131662 1 0.131662 0.087951 0.7754  

C2 0.747867 1 0.747867 0.499584 0.5025  

Residual 10.47887 7 1.496981    

Lack of Fit 9.302346 5 1.860469 3.162658 0.2575 
not 

significant 

Pure Error 1.176523 2 0.588261    

Cor Total 482.1718 16     

R-Squared 0.978267 

Adj R-Squared 0.950325 

Pred R-Squared 0.739844 

 

 

 

Model: 

Feret's dia = 3.473189071 + 5.939136275 * A + 1.368134405 * B + 0.141536275 * C 

+ 1.975295343 * A * B + 0.069045343 * A * C + 0.334795343 * B * C + 4.195669126 

* A^2 + 0.221678472 * B^2 - 0.528330874 * C^2 
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• ANOVA results for the average aspect ratio of the particles (R4): 

ANOVA for Response Surface Quadratic Model  

Analysis of variance table [Partial sum of squares - Type III]  

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 147.8024 9 16.42249 1.88157 0.2084 
not 

significant 

A-

Temperature 
97.64149 1 97.64149 11.18705 0.0123  

B-Holding 

Time 
2.025535 1 2.025535 0.232071 0.6447  

C-Heat Rate 0.540722 1 0.540722 0.061952 0.8106  

AB 9.108541 1 9.108541 1.043591 0.3410  

AC 3.297739 1 3.297739 0.377831 0.5582  

BC 24.03688 1 24.03688 2.753972 0.1410  

A2 0.279504 1 0.279504 0.032023 0.8630  

B2 1.877081 1 1.877081 0.215062 0.6569  

C2 10.76098 1 10.76098 1.232916 0.3035  

Residual 61.09655 7 8.728079    

Lack of Fit 60.35145 5 12.07029 32.3989 0.0302 significant 

Pure Error 0.745105 2 0.372552    

Cor Total 208.899 16     

 

 

 

 

 

Model: 

AR = 12.06894324 + 3.124763759 * A + 0.450059489 * B - 0.232534256 * C + 

1.06703682 * A * B - 0.642041535 * A * C - 1.73338119 * B * C + 0.322988751 * 

A^2 + 0.837018933 * B^2 - 2.004101688 * C^2 

 

 

 

 

R-Squared 0.707531 

Adj R-Squared 0.331499 

Pred R-Squared -0.71035 
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• ANOVA results for the particle size (R5): 

ANOVA for Response Surface Quadratic Model  

Analysis of variance table [Partial sum of squares - Type III]  

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 3665.18 9 407.2423 4.379368 0.064 

not 

significant 

A-

Temperature  0.007723 1 0.007723 8.31E-05 0.9930  
B-Holding 

Time 694.0781 1 694.0781 7.46392 0.0293  

C-Heat Rate  256.0693 1 256.0693 2.753697 0.1410  

AB 774.0013 1 774.0013 8.323392 0.0235  

AC 653.508 1 653.508 7.027641 0.0329  

BC 605.7795 1 605.7795 6.514381 0.0380  
A2 48.41024 1 48.41024 0.52059 0.4940  
B2 375.3463 1 375.3463 4.036369 0.0845  
C2 30.32301 1 30.32301 0.326085 0.5858  

Residual 650.9377 7 92.99109    

Lack of Fit 647.1937 5 129.4387 69.14636 0.0143 significant 

Pure Error 3.743907 2 1.871953    

Cor Total 4316.118 16     
 

 

 

Model: 

Particle size = 9.424444214 - 0.027790435 * A - 8.331134959 * B + 5.06032866 * C 

+ 9.836166038 * A * B - 9.03816902 * A * C - 8.70186371 * B * C + 4.250718745 * 

A^2 + 11.83613364 * B^2 - 3.364185128 * C^2 

 

 

 

 

 

 

R-Squared 0.849184 

Adj R-Squared 0.655279 

Pred R-Squared -1.33761 


