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Abstract 

 

Silicon carbide (SiC) is a technologically important ceramic material prized for its high thermal conductivity, wide 

bandgap, chemical inertness, and excellent high-temperature stability, properties that make it attractive for 

applications ranging from printed electronics and biomedical imaging to thermally stable abrasive and composite 

systems. This thesis investigates the synthesis, characterisation, and functional application of SiC nanoparticles 

(NPs) and SiC-based composites, addressing gaps in the understanding of how processing parameters govern 

nanoparticle properties and how these particles can subsequently be exploited to enhance the thermal performance 

of macroscale composite materials. 

The first phase of this work focused on the fabrication of SiC NPs via pulsed laser ablation in liquid (PLAL), a 

green, single-step, top-down synthesis route. A systematic investigation of laser fluence, scanning speed, pulse 

repetition rate, and ablation time was carried out to determine their influence on ablation efficiency and the resulting 

nanoparticle characteristics. Optimised processing conditions (15 min ablation time, 0.5 m/s scanning speed, 7.5 

J/cm² fluence) yielded a maximum mass productivity of 1.196 mg·h⁻¹W⁻¹, with X-ray diffraction confirming the 

crystalline 3C-SiC phase and a direct correlation established between ablated mass and colloidal concentration, 

while increasing particle size was linked to a reduction in optical band gap. Building on this, the colloidal properties 

of the synthesised NPs were further tailored for inkjet-printing applications: nanoparticle size (89–155 nm), 

concentration, and morphology were shown to depend on laser power, scanning speed, and pulse repetition rate, 

while post-synthesis viscosity modulation using acetone, isopropyl alcohol, and glycerol enabled colloid viscosities 

compatible with commercial inkjet printheads (up to 10.95 mPa·s). 

The second phase of the thesis translated these ceramic-particle insights to a macroscale engineering application, 

investigating the thermal conductivity of epoxy-matrix abrasive composites reinforced with SiC and aluminium 

oxide (Al₂O₃) particles. Using thermal conductivity measurements, infrared thermal imaging, SEM, analytical 

modelling, and finite element analysis, the effects of particle type, size, loading, and hybrid filler ratio on heat 
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transfer were systematically evaluated. Hybrid SiC–Al₂O₃ composites outperformed Al₂O₃-only systems, with SiC-

rich hybrids (9:1 SiC:Al₂O₃) achieving a maximum thermal conductivity of ~2.78 W/mK, attributed to enhanced 

phonon transport, stronger covalent bonding, and improved particle dispersion relative to Al₂O₃. Larger particle 

sizes and higher filler loadings further improved conductivity, whereas nano-sized fillers exhibited reduced 

performance at high loadings due to agglomeration and interfacial thermal resistance. Improved thermal 

conductivity correlated with greater thermal stability and extended operational lifetime under grinding conditions, 

with analytical and FEA models capturing the dominant experimental trends. 

Collectively, this thesis demonstrates a coherent pathway from laser-based nanoparticle synthesis and property 

optimisation to the practical deployment of ceramic fillers in thermally engineered composite materials, providing 

process-informed design principles for SiC-based nanomaterials and hybrid ceramic-reinforced composites for 

high-performance, thermally demanding industrial applications. 
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1 Chapter 1 

 Introduction 
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Pulsed laser ablation in liquid (PLAL) is a method of synthesising nanoparticles (NPs), which involves a 

laser irradiation of a target that is submerged in a liquid medium to produce NPs based on the material of 

the target[1]. There has been increasing interest in the implementation of PLAL in recent years to generate 

colloids for various applications. The PLAL process is operated within a relatively straightforward system 

which is kept at room temperature[2]. The technique has been used for synthesising different metallic NPs 

including magnesium[3], [4], carbon[5], gold[6], silver[7], silicon[8] and ceramic NPs including silicon 

carbide[9], titanium oxide[10], silver oxide[11]. PLAL has variety of advantages over other NPs production 

methods due to the low cost of equipment for atmospheric ablation, the simplicity of the method which does 

not require a special environment such as vacuum, and the ability to alter the properties and morphology of 

the NPs by changing the laser parameters and liquid media[12], [13]. Parameters in PLAL include laser 

fluence, pulse repetition rate (PRR), scanning speed, ablation time, and liquid media. These affect the 

physical or chemical properties of produced NPs. Moreover, Silicon carbide SiC is promising wide band 

gap semiconducting material which exhibits superior and attractive properties such as high breakdown field 

strength, high chemical stability, high thermal conductivity, outstanding resistance to oxidation and 

corrosion, and extreme hardness. SiC NPs have been used widely in various applications that require high 

temperature and high frequency such as light emitting diodes and UV detectors. In addition, SiC has 

excellent high-temperature properties such as oxidation resistance, high thermal conductivity, low thermal 

expansion coefficient, so that it can be used as raw material for advanced refractories, functional ceramics, and 

abrasives[14], [15]. There are several ways to produce the SiC NPs, where PLAL has significantly emerged 

in the past years due to its benefits rather than other methods. For instance, Castelleto and coworkers[16] 

fabricated 4H-SiC NPs using ultra-short pulsed laser ablation for biomedical imaging applications, whereas 

Yamada et al.[17] studied the resulting sizes, shapes and crystal structure of produced SiC NPs using PLAL. 

Few data have been reported on the laser ablation of SiC NPs, which requires further investigation to 

understand the correlation of the PLAL parameters and SiC NPs properties[18], [19], [20]. Applications of 

oxide NPs in thermal insulation materials can be limited by their low thermal reliabilities at high temperature, 

however SiC NPs are considered as thermal insulation materials due to the good corrosion resistance of SiC in 
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high temperatures, which can retain its initial morphology even at a temperature as high as 1800 °C, and also 

the superior high-temperature phase reliability up to 2000 °C without phase transformation. Hence, it can 

be used for heat isolation applications where the thermal conductivity properties are crucial for the life time 

of the tools including for discs or solutions for grinding or polishing applications. Normally, these discs have 

a backing material on which the abrasive particles are placed and bonded using an adhesive. These backing 

materials are commonly based on cottons or polymers where the grit size of the particles on the grinding 

discs are printed on them using an ink-jet printing process. However, it has not been reported before that the 

printed layer is used as a heat isolation layer. In this work SiC particles within a colloid were produced via 

PLAL and investigated as a potential thermal barrier for the backing material of grinding disks to provide 

improved lifetime and robustness, as well as for use as a grinding or polishing medium to enhance the 

efficacy of finish grinding operations. In this study, the influence of the PLAL parameters on the produced 

SiC NPs were also investigated 

 

1.1 Aims and Objectives 

1.1.1 Aims 

The aim of this study was to establish a coherent, process-informed pathway from the laser-based synthesis 

of silicon carbide (SiC) nanoparticles to their functional application as thermally conductive fillers in 

ceramic-reinforced epoxy composites for abrasive disc backing materials. This required first developing a 

mechanistic understanding of how pulsed laser ablation in liquid (PLAL) processing parameters govern 

nanoparticle formation and properties, and then translating this understanding into the design of hybrid 

SiC–Al₂O₃ filled composites capable of improving the thermal management, stability, and operational 

lifetime of abrasive discs 
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1.1.2 Objectives 

To achieve this aim, the thesis pursued the following specific objectives: 

1. To systematically investigate the influence of PLAL processing parameters — laser fluence, 

scanning speed, pulse repetition rate, and ablation time — on the ablation efficiency, yield, size 

distribution, crystal structure, and optical properties of SiC nanoparticles, and to identify 

optimised processing conditions for maximising nanoparticle productivity. 

2. To characterise the synthesised SiC nanoparticles and their colloids using XRD, EDX, 

FESEM/STEM, DLS, UV-Vis spectroscopy, and FTIR, and to tailor colloidal viscosity through 

post-synthesis solvent modulation (acetone, isopropyl alcohol, glycerol) to meet the rheological 

requirements of inkjet-printing applications. 

3. To apply a statistical design-of-experiments approach to the PLAL process in batch mode, in 

order to improve process scalability and support consistent, reproducible nanoparticle 

production. 

4. To evaluate the effect of particle type (SiC vs. Al₂O₃), particle size, filler loading, and hybrid 

SiC:Al₂O₃ ratio on the thermal conductivity of epoxy-matrix composites, using thermal 

conductivity measurement, infrared thermal imaging, and SEM-based microstructural analysis. 

5. To develop and validate analytical (Maxwell-Eucken) and finite element analysis (FEA) models 

of composite thermal conductivity against experimental data, and to relate the resulting thermal 

performance improvements to the thermal stability and expected operational lifetime of abrasive 

discs under grinding conditions. 
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2 Chapter 2 

Literature 

Survey 
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2.1 Abrasives 

Abrasive discs are frequently employed in metalworking workshops for cutting slabs and rods. These tools also 

are used for polishing, surface finishing, and grinding the materials[21].These tools are versatile, allowing for 

cutting, shaping, deburring, preparing welding blanks, and polishing surfaces. For professionals like 

machinists and technicians, the cost and lifespan of these discs are crucial factors in daily operations. The 

most influential variables affecting their performance are (a) the type and size of the abrasive and (b) the 

binder used in the disc. There are two main types of abrasive discs for manual machines: (a) those with a 

metal body that use diamond abrasives, typically for cutting masonry, marble, and ceramics, and 

(b) those that use aluminium oxide (Al2O3) or silicon carbide (Si3N4) as abrasive materials, primarily for 

cutting metals[22]. Abrasive discs are commonly based on a grinder material and a backing material which 

are bonded together by a glue. This glue could be any polymeric material including Nylon 6, Nylon 66 or 

other materials. In addition, paper, cloth, plastic films, vulcanised fibre, foam or a combination of paper and 

cloth are used as backing for coated abrasives. The backing gives the abrasive very specific grip and adhesion, 

stretch, tear resistance, tensile strength, flexibility and stability properties. These materials are not thermally 

conductive and due to high heat dissipation in the backing material, there is high possibility of degradation 

and failure of the disc. On the other hand, , ceramic composite materials have been used widely for different 

applications, including biomedical[23], [24], aerospace[25], military[26], automotive[27], and high-

temperature industries[28]. Utilising reinforced materials in the backing disc and enhancing the thermal 

conductivity of the backing material through the use of reinforced composites represent innovative approaches to 

mitigating failure and extending the lifespan of the disc. This strategy introduces a novel backing material 

solution. 

 

2.2 Silicon Carbide Reinforced Material 

Silicon carbide (SiC) is a IV–IV compound material with unique physical and chemical properties. The strong 
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chemical bonding between Si and C atoms gives this material very high hardness, chemical inertness, and 

high thermal conductivity. As a semiconductor, SiC exhibits a wide bandgap, high critical electric field 

strength, and high saturation drift velocity. 

Both n- and p-type control across a wide doping range is relatively easy in SiC; this makes SiC exceptional 

among wide bandgap semiconductors. The ability of SiC to form silicon dioxide (SiO2) as a native oxide 

is an important advantage for device fabrication. Because of these properties, SiC is a promising 

semiconductor for high-power and high-temperature electronics; subsequent chapters will describe in detail 

the fundamentals of SiC technologies, its properties, growth, characterisation, device fabrication, and device 

characteristics. The physical and chemical stability of SiC, however, has made crystal growth of SiC 

extremely difficult, and severely hampered development of SiC semiconductor devices and their electronic 

applications. The existence of various SiC structures with different stacking sequences (otherwise known as 

polytypism) has also hampered growth of electronic-grade SiC crystals. Reinforced materials employed within 

a ceramic polymer matrix can be categorised based on various attributes. The incorporation of ceramic 

materials into the matrix is influenced by factors such as particle size, shape, and manufacturing method. For 

example, research indicates that the thermal conductivity of a ceramic polymer matrix, when reinforced with 

silicon carbide, tends to increase with larger particle sizes. Furthermore, the shape of the particles 

significantly impacts the thermal conductivity of the matrix; spherical particles have demonstrated superior 

thermal conductivity compared to non-spherical counterparts. Since its successful synthesis by Shuaib et 

al.[29], the investigation into silicon carbide (SiC) has continued unabated. As a ceramic material, SiC 

inherits the exceptional characteristics of structural ceramics, including corrosion resistance, wear 

resistance, high strength, and hardness[14]. Furthermore, SiC exhibits outstanding high-temperature 

properties such as oxidation resistance, high thermal conductivity, and a low thermal expansion coefficient, 

making it an ideal material for advanced refractories, functional ceramics, and abrasives. In recent years, with 

the growth of the electronics industry, SiC has gained increasing prominence due to its wide bandgap. 

With its impressive attributes such as high critical breakdown voltage and carrier saturation drift velocity, 

SiC emerges as a promising third-generation semiconductor material, particularly in high-frequency 



  

Pre-examination copy June 2026 
 10 

 

semiconductor devices.SiC is a representative covalent compound. According to the C–Si phase diagram 

presented by Olesinski et al.[30] (Fig. 2.1), there is no solid solution between silicon (Si) and carbon (C), 

and the atomic ratio of Si to C in SiC is 1:1. Both Si and C atoms are tetravalent, with four valence electrons 

in their outermost shell. They undergo sp3 hybridisation, sharing an sp3 hybrid orbital to form a covalent 

tetrahedral structure. Each Si atom is surrounded by four adjacent C atoms, and conversely, each C atom 

is surrounded by four Si atoms. The bond energy between Si and C is notably high, approximately 4.6 

eV[31], imparting exceptional properties to SiC, such as remarkable chemical stability, excellent heat 

resistance, high strength, low thermal expansion coefficient, and a wide band gap. From a crystallographic 

perspective, SiC exhibits a prototypical polymorphic structure[32]. Its crystal structure comprises a double-

layered arrangement of densely packed Si and C atoms. The diatomic C–Si layer manifests various crystal 

types based on different stacking sequences within a given period[33], [34]. To date, approximately 250 

crystal types of SiC have been identified, yet only a select few have undergone detailed investigation[35]. In 

1947, Ramsdell systematically classified the various SiC types. Each SiC type was denoted as nX, where X 

represents a Bravais lattice, encompassing cubic (C), hexagonal (H), and rhombic (R) structures. The ”n” 

signifies the number of diatomic layers present in a single period within this lattice arrangement. Among 

the identified structures, cubic 3C, hexagonal 4H and 6H, as well asRhombohedral R configurations are 

the most prevalent in SiC. Notably, SiC possesses only one cubic type, referred to as β-SiC. 
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Figure 2.1Phase diagram of silicon carbide [56] 

 

 

2.3 Synthesis methods of SiC NPs 

In recent times, the synthesis of SiC NPs has garnered significant attention, leading to the proposal of various 

synthesis methods. These methods can be categorised into three primary types: solid phase processes, liquid 

phase processes, and vapor phase processes (as shown in Table 2.1). NPs produced through different synthesis 

techniques exhibit distinct characteristics. This section delves into the principles and the latest advancements 

associated with each synthesis method in detail. 
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Table 2.1 Synthesis methods of SiC NPs 

 

Categories Synthesis Methods Refs 

Solid phase process High Energy Ball milling [36], [37], [38] 

Solid phase process Chemical etching [39], [40], [41] 

Solid phase process Combustion synthesis [42], [43], [44] 

Solid phase process Carbothermic reduction [45], [46] 

Liquid phase process Sol-gel [47], [48], [49] 

Vapor phase process Pulsed laser ablation in liquid [17], [50], [51], [52] 

Vapor phase process Chemical vapor synthesis [53], [54], [55] 

 

 

2.3.1 High Energy Ball-Milling 
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Figure 2.2 Stacking sequences of double-layers of 3C-, 4H-, 6H- and 15R–SiC[29] 

 

 

Physical milling is a common top-down synthesis technique in material preparation, adept at breaking solid 

materials into smaller particles. This method relies on the intense local impact generated by the high-speed 

rotation of high-energy ball milling to disrupt lattice bonds and crush large particles into NPs. In the 

synthesis of SiC NPs, the initial material may consist of either micro-sized SiC particles or bulk SiC. Rao et 

al. conducted a study in which micro-sized SiC particles were fragmented into SiC NPs using high-energy 

ball milling, with a focus on exploring the influence of milling time on the resulting product [51]. 

Characterisation of the products’ crystal structure and chemical composition was performed using X-ray 

diffractometer (XRD) analysis. The variation in displacement of SiC (111) XRD peaks at different milling 

times, revealed a decrease in peak intensity and an increase in peak broadening with prolonged milling time. 

This indicated a reduction in crystallinity due to high-energy milling. According to calculations using the 

Pseudo-Voigt function, the crystallinity of SiC decreased from 74% to 49% after 50 hours of milling. 

Additionally, Scherer’s equation calculations showed a decrease in the average crystallite size of the 

products from 108.36 nm to 26.34 nm. 
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2.3.2 Mechanical Alloying 

Mechanical alloying represents a distinct approach from physical milling, harnessing the energy generated 

through high-energy ball milling to instigate diffusion reactions among reactants, leading to the synthesis 

of targeted products. As advancements in technology and supporting equipment persist, the range of products 

attainable through this method has significantly diversified, encompassing intermetallic compounds, 

amorphous alloys, various carbides, silicides, nitrides, and hydrides. During the high-energy ball milling 

process, particles undergo progressive refinement through the impacts and extrusions induced by high-energy 

balls, facilitating the amalgamation of newly exposed surfaces. Moreover, this method promotes the 

generation of high-density crystal defects within particles. Consequently, under the impetus of free energy, 

atoms located at the crystal surfaces and grain boundaries diffuse, engendering the formation of novel phases. 

Ultimately, as reactants are depleted, the synthesis concludes. In the specific case of synthesizing SiC NPs, Si 

and C particles serve as the raw materials, as depicted in Figure 2.1, which illustrates the Si-C phase 

diagram[56]. The employment of balls in the milling process typically yields a broad distribution of particle 

sizes within the product. Noteworthy is the presence of micron-sized particles within the product composition, 

necessitating further sieving for refinement. Additionally, the significant impact force inherent in high-energy 

ball milling can induce the formation of amorphous SiC, whilst the wear and tear of milling balls may 

introduce impurities. Thus, it becomes apparent that mechanical alloying, while efficacious for diverse 

synthesis objectives, exhibits limitations in attaining the desired high-purity and high-crystallinity SiC NPs. 

2.3.3 Chemical Etching 

The chemical properties of SiC necessitate the use of a specialised etching solution during the synthesis process 

of SiC NPs. Zhu et al.[57] employed a mixture of concentrated nitric acid (HNO3) and hydrofluoric acid 

(HF) as the etching solution. The synthesis process comprised two primary steps: initially, the starting bulk β-

SiC underwent etching at 100°C for 1 hour to yield porous SiC. Under these conditions, HNO3 facilitated the 

oxidation of a portion of SiC to SiO2, subsequently removed by HF. Subsequently, the porous SiC underwent 
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ultrasonic treatment in ethanol for 30 minutes to yield β-SiC NPs with diameters less than 6.5 nm. 

Karolyhazy et al.[40] , alternatively, utilised 6H–SiC as the starting material and employed a mixture of 

Na2S2O6 solution and HF as the etching solution. The etching process was conducted at 150°C for 2 hours, 

resulting in NPs as small as 1 nm in size. These investigations underscored the capability of chemical 

etching to synthesise NPs with exceedingly minute particle dimensions and diverse crystal structures 

contingent upon the choice of raw materials. Moreover, besides the aforementioned etching of bulk SiC with 

specialised solutions, electrochemical etching presents an alternative approach. Similar to conventional 

chemical etching, this method necessitates ultrasonic treatment to generate SiC NPs from porous SiC. Wu et 

al[58]. employed electrochemical etching to synthesise SiC NPs and examined the impact of etching 

current densities on the resultant products. The particle size exhibited a slight increase with higher etching 

current densities, with the maximum particle size remaining less than 10 nm. Regarding the crystal structure 

of the product, research conducted by Rossi et al.[59] successfully synthesised 6H–SiC NPs utilising bulk 

6H–SiC as the starting material. However, Fan et al.[60] observed polytypic transformation of SiC NPs upon 

ultrasonic treatment. They posited that the energy required for such transformation in SiC NPs was 

considerably lower than that in bulk SiC, thereby facilitating polytypic transformation under ultrasonic 

treatment. In contrast to high-energy ball milling techniques, chemical etching offers the capability to generate 

single-crystal SiC NPs with even smaller particle sizes. Nonetheless, this method necessitates the use of 

hazardous raw materials such as HF and HNO3, markedly heightening process-related risks. Moreover, the 

high cost associated with procuring these materials coupled with low yield rates pose significant constraints 

on the scalability and widespread adoption of this method. Consequently, while chemical etching 

demonstrates efficacy at the laboratory scale, its feasibility for large-scale production remains challenging. 

 

2.3.4 Combustion Synthesis 

 

Combustion synthesis, a traditional method for material synthesis, has garnered considerable attention for its 
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rapid reaction kinetics and high conversion rates. The reaction mechanism for synthesising SiC from Si and 

C is relatively straightforward, thus making this method widely acknowledged and studied. Combustion 

synthesis encompasses various heating approaches, with one of the most direct methods involving placing 

mixed reactants into a furnace. For instance, researcher[61] employed a furnace to synthesize β-SiC NPs, 

investigating the effects of different reaction conditions. Their findings revealed that variations in reaction 

temperature, heating rate, and reaction duration could influence the product. Higher reaction temperatures, 

faster heating rates, and longer reaction times tended to enhance the reaction conversion rate. Additionally, 

another research[42] elucidated the relationship between the crystal structure of the resulting SiC and 

reaction temperature. At 1800°C, β-SiC predominantly formed, whereas at 1950°C, α-SiC emerged in the 

product. Further temperature increases led to a gradual rise in -SiC content, potentially attributed to the 

exothermic reaction surpassing the transition temperature of SiC, resulting in the conversion of β-SiC to -

SiC. Despite the rapid and efficient production of SiC through the combustion reaction between C and Si, 

stringent requirements exist for the C sources. Obtaining SiC NPs necessitates C sources with similar or 

smaller particle sizes, significantly elevating production costs. Consequently, efforts have been directed 

towards exploring precursors of C to synthesize SiC NPs, including fullerenes, sucrose, and others. These 

precursors, compared to C particles, exhibit the potential to increase the reaction interface area of reactants, 

thereby enhancing reaction rates and conversion rates. To conclude, enhancing the controllability of 

combustion synthesis poses a significant challenge for future research and development efforts. 

2.3.5 Carbothermic reduction 

Carbothermal reduction, a high-temperature reduction reaction involving carbon as a reducing agent, offers 

several advantages including low cost, simplicity in principle, strong process designability, and high conversion 

rates. This section provides a detailed overview of various carbothermal reduction methods employed for 

synthesising SiC NPs. The utilisation of carbothermal reduction for SiC synthesis dates back to 1893 when 

Acheson first synthesised scaly SiC from a mixture comprising quartz sand, coke, a small quantity of wood 

chips, and NaCl at elevated temperatures. However, owing to the large particle size of the reactants used 
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during that period, the reaction interface area was limited, resulting in a thick reaction product layer. 

Consequently, the reaction necessitated exceedingly high temperatures (2700°C). Increasing the reaction 

interface area of the reactants can increase the conversion rate, reduce the reaction temperature, and refine 

the diameter of obtained particles. Zhong et al.[62] mechanically activated C and SiO2 particles in advance 

and used the mixed particles to synthesise SiC particles. After milling the reactants, the particle size of the 

product could be significantly reduced, and SiC could be synthesised at a temperature much lower than that 

of the Acheson method. They finally synthesised β-SiC NPs with a particle size of 30 nm at 1500°C. 

However, agglomeration is clearly present in these SiC particles. The carbothermal reduction process for 

synthesising SiC necessitates high-temperature heating, approaching the melting point of SiO2. 

Consequently, SiO2 particles are susceptible to agglomeration, leading to undesired particle morphology in 

the resultant product. In contrast to the combustion method, synthesising SiC through carbothermal 

reduction entails an endothermic reaction, rendering the control of reaction temperature more manageable. 

Furthermore, the generation of SiO gas during the reaction enhances the thoroughness of reactant interaction, 

thereby augmenting the reaction’s conversion rate. However, the high reaction temperature characteristic of 

this process renders conventional methods of reactant mixing susceptible to agglomeration. 

2.3.6 Sol-gel 

The preparation of SiC NPs via the sol-gel method typically involves using liquid Si-containing materials, such as 

colloidal SiO2, tetraethyl orthosilicate, and methyl trimethoxysilane, alongside carbon sources like phenolic 

resin, sucrose, and starch. Alternatively, organic silicon polymers containing both Si and C can serve as 

reactants. The synthesis process comprises two main stages: firstly, the formation of a reaction precursor 

through hydrolysis, gelation, and drying, followed by high-temperature heat treatment to produce SiC. This 

method, essentially grounded in carbothermal reduction, offers an advantage over conventional methods by 

mitigating the non-uniform mixing of SiO2 and C particles, thereby enhancing the reaction. However, the 

hydrolysis and gelation process in the sol-gel method typically span several days, necessitating the addition 

of catalysts to expedite the reaction. For instance, Li et al.[63] employed tetraethyl orthosilicate (TEOS) and 
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phenolic resin as reactants, supplemented with oxalic acid (OA) and hexamethylenetetramine (HMTA) as 

catalysts. The results indicated that oxalic acid (OA) primarily regulated the pH of the mixed solution, 

influencing the hydrolysis rate of tetraethyl orthosilicate (TEOS) - an excessively high or low pH value 

could diminish its hydrolysis rate. Conversely, hexamethylenetetramine (HMTA) predominantly facilitated 

coagulation and gelation of the solution. The addition of dispersant and adjustment of reaction times could 

impact the size and morphology of SiC particles. Najafi et al.[47] utilised TEOS and resol as reactants to 

synthesise β-SiC, incorporating ammonium polycarboxylate (APC) as a dispersant during the gelation 

process to control product diameter and solution stability. Their findings revealed that a pH value below 4 

yielded a stable solution with β-SiC NPs diameters controllable within 10 nm. However, when the pH value 

ranged from 4 to 7, solution stability decreased, resulting in significantly larger particle sizes. The results 

indicated that oxalic acid (OA) primarily regulated the pH of the mixed solution, influencing the hydrolysis 

rate of tetraethyl orthosilicate (TEOS) - an excessively high or low pH value could diminish its hydrolysis 

rate. Conversely, hexamethylenetetramine (HMTA) predominantly facilitated coagulation and gelation of 

the solution. The addition of dispersant and adjustment of reaction times could impact the size and 

morphology of SiC particles. Najafi et al. utilised TEOS and resol as reactants to synthesise β-SiC, 

incorporating ammonium polycarboxylate (APC) as a dispersant during the gelation process to control 

product diameter and solution stability. Their findings revealed that a pH value below 4 yielded a stable 

solution with β-SiC NPs diameters controllable within 10 nm. However, when the pH value ranged from 4 

to 7, solution stability decreased, resulting in significantly larger particle sizes. Various examples of 

synthesising SiC NPs using diverse raw materials via the sol-gel method are summarised. While the sol-gel 

method facilitates even mixing of reactants through hydrolysis and gelation processes, it also complicates the 

procedure. Additionally, particles tend to transform into whiskers and nanowires during heating the gel for 

SiC NPs preparation, owing to heterogeneous nucleation and gradient-oriented nucleation mechanisms. Hence, 

inhibiting this transformation of SiC NPs into whiskers during the reaction process poses an urgent 

challenge for the sol-gel method. 
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2.3.7 Pulsed Laser Ablation in Liquid 

Recently, a novel method for synthesising SiC NPs, termed pulsed laser ablation in liquid (PLAL), has 

emerged. This method, depicted in Fig. 2.3 involves the use of pulsed laser ablation of a target to generate 

NPs. Upon irradiation of the target with a laser beam of sufficient energy, high pressure and temperature 

are promptly generated at the liquid-solid interface. Under these conditions, the target undergoes ablation 

into NPs, which are subsequently obtained by evaporating the solution. PLAL offers several advantages, 

including a simple process, environmental friendliness, low cost, and high purity of the product NPs. Shuaib 

et al.[64] successfully synthesised SiC NPs by ablating SiC targets in water. Transmission electron 

microscopy (TEM) analysis revealed that the majority of the obtained particles were β-SiC with particle sizes 

below 5 nm. To provide a more intuitive characterisation of the crystal structure of the product SiC, they 

conducted fast Fourier transform (FFT) analysis on the TEM image. As illustrated in, numerous non-

periodic changes in crystalline directions were observed in particles with larger sizes (10 nm), indicative of 

defects in large grains. Additionally, they observed that the photoluminescence spectrum of the product 

resembled that of 6H–SiC. It is conjectured that the high temperature and pressure induced by the laser pulse 

may convert a portion of β-SiC into 6H–SiC.  Castelletto et al.[50] utilised 4H–SiC as the target and 

synthesised 4H–SiC NPs through laser ablation in water. The photoluminescence spectrum indicated that 

the product NPs retained the Si vacancies present in the bulk 4H–SiC, suggesting that the NPs were 

fragments of the starting bulk materials. The aforementioned studies primarily focused on synthesising SiC 

NPs through ablating SiC targets. However, there are also reports utilising Si as targets, where the syn-

thesis of SiC NPs is achieved through the reaction of the solution and Si NPs produced by ablation. Yang 

et al.[51] were the first to accomplish the synthesis of SiC NPs using Si tar-gets via the PLAL method. 

They employed ethanol as the reaction solvent and placed a Si wafer at the bottom as the target. Analysis 

of the product revealed a small amount of Si impurity, which was subsequently removed through treatment 

with HF and H2O2, resulting in high-purity β-SiC NPs with a diameter of 3.5 nm. Furthermore, the laser 

power in this method influences the synthesis of SiC NPs. Khashan et al.[12] synthesised SiC NPs using 
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lasers with varying intensities (1.5–5 J/cm2), demonstrating that laser intensity affects the diameter of the 

products. Atomic force microscopy (AFM) was utilised to estimate the particle size distribution, revealing 

an increase in particle diameter from 55 nm at an intensity of 1.5 J/cm2 to 78 nm at 5 J/cm2 intensity. Yu 

et al.[52] utilised hexane as the reaction solution and conducted a detailed characterisation of the product. 

They observed that large product particles with diameters exceeding 100 nm contained unreacted Si, whereas 

smaller particles exhibited a single crystal structure indicative of SiC . They speculated that insufficient 

thermal energy hindered the formation of SiC in the inner areas of large particles, resulting in the presence 

of Si. The PLAL method demonstrates significant potential for synthesising SiC NPs, yielding a 

homogeneous colloidal solution conducive to further SiC NPs applications. Additionally, NPs obtained 

through ablating SiC targets in water retain their original crystal structure, enabling the synthesis of -SiC 

NPs. However, scalability remains a challenge, limiting commercial applications of this method. 

 

 

Figure 2.3 Schematic diagram of pulsed laser ablation in liquid to synthesize SiC NPs; b) TEM image of 

product SiC NPs via pulsed laser ablation in liquid method; c) Single β-SiC NPs for which an improvement 

of the compact planes imaging by Fast Fourier Transform treatment was performed [2]. 
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2.3.8 Chemical Vapor Synthesis 

The synthesis of nanomaterials through gas-phase reactions primarily involves two methods: physical vapor 

deposition (PVD) and chemical vapor deposition (CVD). However, due to the high boiling point of SiC, PVD 

is not a feasible method for its synthesis. In contrast, CVD operates on the principle of heating gaseous 

reactants and allowing them to chemically react at elevated temperatures to form products. Initially utilized 

for coating surfaces, CVD has undergone advancements enabling the synthesis of nanomaterials, a process 

often referred to as chemical vapor synthesis.In CVD, the reactants evaporate and react within the reactor, 

after which the resulting NPs are separated and purified using various methods in a flowing gas environment. 

CVD offers several advantages including shorter processing times, narrower diameter distributions, smaller 

average diameters, and higher particle purity, making it an increasingly researched area. Ultrafine, high-

purity SiC NPs can be synthesised by precisely controlling the reaction conditions in CVD. Huang et al.[65] 

employed dimethyldichlorosilane (DMS) as reactants for synthesising SiC NPs, investigating the effects of 

reaction temperature, reaction gas concentration, and reaction gas flow rate. Their findings revealed that 

increasing the reaction temperature and the concentration of the reaction gas led to larger particle sizes in 

the products, while the reaction gas flow rate had minimal influence. Theitionally, they observed that at 

reaction temperatures below 1300°C, Si impurities were present in the product, whereas at 1400°C, the Si 

content in the product was significantly reduced. Hitherto, CVD has spawned a variety of technologies, 

including plasma CVD (PCVD), hot wire CVD (HWCVD), laser CVD (LCVD), etc. These technologies 

exhibit diverse reaction mechanisms and process conditions. Among them, PCVD and LCVD stand out as 

the most widely utilised methods for synthesising SiC NPs. Diverging from traditional CVD methods heated 

by reaction furnaces, PCVD and LCVD employ plasma or laser as energy sources, rendering them more 

environmentally friendly alternatives. Thermal plasma, in contrast to furnace heating, instigates the reaction 

through the collision of electrons and reactants, allowing for reactions to occur at room temperature. As 

mentioned previously, CVD offers the capability to produce high-purity SiC NPs with ultra-fine particle sizes 
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through meticulous control of temperature and reaction gas concentration. Moreover, it encompasses 

various evolutionary forms such as PCVD and LCVD. Consequently, the selection of the corresponding 

preparation process can be tailored to suit specific requirements, underscoring its strong flexibility. 

Furthermore, the FBCVD method facilitates the mass production of SiC NPs. Nonetheless, the reactants 

employed in the reaction are costly, and the conversion rate of the reaction necessitates improvement. 

Consequently, the cost associated with synthesising SiC NPs via this method remains prohibitively high. 

 

2.4 Properties of SiC NPs 

When comparing NPs with bulk materials, it’s notable that NPs possess an exceptionally high specific 

surface area, thereby rendering surface properties of paramount importance. These surface characteristics 

significantly influence the chemical stability and dispersibility of NPs, consequently impacting their diverse 

applications. In light of this, researchers have directed attention towards investigating the surface properties 

of silicon carbide (SiC) NPs. 

 

2.4.1 Surface Properties 

Indeed, the surface properties of SiC NPs play a pivotal role in the formulation of stable colloidal solutions 

and ceramic slurries. While certain synthesis techniques such as the chemical etching method and PLAL 

method can yield SiC NPs with pronounced hydrophilicity, achieving mass production using these methods often 

proves challenging. Consequently, researchers have proposed surface modification strategies. 

For instance, Iijima et al.[66] explored surface modification approaches employing 2,2-

azobisisobutyronitrile (AIBN), 2,2-azobis(2-methylpropionamidine)dihydrochloride (AMPA), and 2,2-

azobis[N-(2-carboxyethyl)-2-methylpropionamidine]n-hydrate (ACMPA) to modify SiC NPs individually. 

The introduction of hydrophilic functional groups, such as amino and carboxyl, represents an effective 

strategy for enhancing the dispersibility of silicon carbide (SiC) NPs in water, thereby facilitating the 
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preparation of stable SiC colloidal solutions. Moreover, aside from interacting with surface functional 

groups, adsorption processes can also contribute to improving particle dispersion within a solution. 

In a study conducted by Loganathan et al.[67], the effects of polyethylene glycol and chitosan on the 

stability of SiC colloidal solutions were investigated. It was observed that oxygen elements present on the 

surface of SiC NPs could form hydrogen bonds with protons on polyethylene glycol and chitosan. Particularly, 

chitosan adsorbed on SiC NPs could ionize to generate chitosan cations, thereby enhancing electrostatic 

repulsion between particles and augmenting the stability of the colloidal solution. Conversely, polyethylene 

glycol exhibited minimal effect in this regard. 

In addition to their application in colloidal solutions, SiC NPs find extensive utility in synthesising polymer-

based nanocomposites. However, challenges arise due to Van Der Waals interactions and poor compatibility 

between SiC and polymers, which hinder uniform dispersion of SiC NPs within the polymer matrix, 

consequently diminishing nanocomposite performance. To address these challenges, surface modification 

of SiC NPs emerges as a promising solution. 

Surface modification of SiC NPs can be broadly categorised into organic and inorganic approaches. Organic 

modification entails introducing organic materials onto the surface of SiC NPs through grafting reactions. 

This process results in the formation of a protective layer of organic materials, which mitigates NPs 

agglomeration and enhances the bonding strength at the interface between SiC and resin. Conversely, 

inorganic modification involves treatments such as modification with concentrated nitric acid (HNO3). 

This treatment induces the appearance of characteristic functional groups on the surface of SiC NPs, 

facilitating their uniform dispersion within matrices such as polyvinyl alcohol (PVA). The reports discussed 

above underscore the pivotal role of surface properties in the application of silicon carbide (SiC) NPs. 

Surface modification treatments emerge as a key strategy to adjust the surface properties of SiC NPs, 

thereby enabling their utilisation in the fabrication of advanced nanocomposites, functional ceramics, and 

other novel materials. By modifying the surface characteristics, SiC NPs can be tailored to meet specific 

requirements, enhancing their compatibility with various matrices and enabling their integration into diverse 

applications with improved performance and functionality. 
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2.4.2 Thermal Properties 

Silicon carbide (SiC) boasts an exceptionally high melting point of 2700°C and excellent chemical stability, 

rendering it suitable for the preparation of high-temperature devices. However, at the nanoscale, the large 

surface area of NPs induces significant disparities in thermal properties. A nascent interdisciplinary theory 

known as nanothermodynamics has emerged to bridge the understanding between macroscopic and 

nanoscopic systems. While nanothermodynamics has extensively studied the thermal behavior of metal 

nanocrystals, investigations into the thermal properties of SiC NPs remain relatively preliminary. 

Huseynov et al.[68] employed thermogravimetric analysis (TGA) to assess the thermal characteristics of β-

SiC NPs. The analysis revealed fluctuations in NPs mass with temperature, attributed to the adsorption and 

subsequent removal of impurities, followed by oxidation of SiC at temperatures exceeding 800°C. Further 

studies explored the impact of neutron irradiation on β-SiC NPs, demonstrating enhanced oxidation resistance 

post-irradiation without significant alterations in thermal properties, indicative of notable radiation-resistant 

properties[69]. 

Recent attention has also been drawn to the thermal properties of nanofluids containing SiC NPs. Research 

by Xie et al.[70] investigated the influence of solid content on the thermal conductivity of nanofluids, revealing 

a linear increase in thermal conductivity with the volume fraction of SiC NPs. It showed that the thermal 

conductivity of the suspension increased linearly with the volume fraction of SiC NPs. When the volume 

fraction of SiC NPs reached 4.2 percent, the thermal conductivity of the suspension increased by 15.8 percent. 

Similarly, Timofeeva et al.[71] examined the effects of interfacial and particle size on heat transfer 

characteristics, concluding that while NPs surface charge did not affect thermal conductivity, smaller particle 

sizes yielded increased thermal conductivity due to their larger surface area facilitating enhanced solid-liquid 

interface interaction. With its impressive thermal stability below 800°C and exceptional radiation resistance 

properties, silicon carbide (SiC) NPs hold vast potential for applications in aerospace and nuclear energy 

sectors. Furthermore, SiC NPs have demonstrated the capability to notably enhance the thermal conductivity 
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of nanofluids, showcasing promising prospects for enhancing heat transfer in various applications. 

 

2.4.3 Electrical Properties 

Being a third-generation semiconductor, silicon carbide (SiC) exhibits outstanding electrical properties, 

making it highly suitable for high-frequency semiconductor devices. The size effect has been reported to exert 

a certain influence on the electrical properties of the material, with some SiC nanomaterials displaying 

unique electrical characteristics. In this section, we delve into the ongoing research concerning the electrical 

properties of SiC NPs, encompassing aspects such as dielectric constant and conductivity. 

See et al.[72] conducted a study on the impact of temperature and frequency on the dielectric properties of 

β-SiC NPs. Their findings revealed that the dielectric constant of the material gradually decreased with 

increasing frequency, with a relaxation peak observed at 10 kHz. Moreover, they observed fluctuations in 

the dielectric constant of β-SiC NPs with temperature variation, attributed to the simple electron hopping 

mechanism in the bandgap theory. The introduction of elements into the SiC lattice, replacing Si atoms, 

leads to the formation of corresponding vacancies due to differences in atomic valence, consequently increasing 

the dielectric constant. For instance, when Fe atoms, typically in a trivalent state, replace Si atoms in SiC, 

a p-type material with FeSi defects is synthesized, thereby enhancing the dielectric constant. Moreover, 

research by Huseynov et al. demonstrated that neutron irradiation could introduce new doping elements into 

SiC NPs, further augmenting the dielectric constant. 

In recent studies, Huseynov et al.[73] investigated the impact of temperature, frequency, and neutron 

irradiation on the conductivity of SiC NPs. Their findings revealed that conductivity remained relatively 

unchanged at frequencies below 1 kHz but increased proportionally beyond this threshold. Regarding 

temperature, conductivity exhibited a significant increase at frequencies below 1 kHz, suggesting that higher 

temperatures and frequencies could induce SiC NPs to generate more carriers. Additionally, neutron irradiation 

was observed to induce a nuclear phase transition of Si atoms and generate 31P, thereby enhancing the 

concentration of n-type donors and increasing conductivity. The aforementioned findings underscore the 
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potential for enhancing the electrical properties of SiC NPs through element doping and neutron irradiation, 

thereby expanding their potential applications. 

 

2.4.4 Biocompatibility Properties 

Studies have affirmed the favorable biocompatibility of SiC, with negligible effects on the human body. 

However, it’s noted that SiC nanomaterials diverge from bulk SiC, with SiC whiskers resembling asbestos, 

posing toxicity risks to cells. Thus, investigations are warranted to assess the biocompatibility of SiC NPs. 

The toxicity of SiC nanomaterials to cells may hinge on morphology. Chen et al.[74] compared the toxicity 

of SiC NPs and nanowires on human mesenchymal stem cells (hM-SCs). Proliferation assays revealed a 

30 percent to 37 percent decrease in proliferation of hMSCs labeled with SiC nanowires, whereas those 

labeled with SiC NPs remained largely unaffected. Moreover, hMSCs labeled with SiC nanowires exhibited 

inhibited differentiation into osteocytes or adipocytes. Lozano et al.[75] conducted rat studies to assess the 

toxicity of SiC NPs. Rats administered with SiC NPs showed no signs of damage to their stomach, 

intestines, liver, or kidneys, with urine analysis revealing no abnormalities, indicating no apparent 

poisoning effects. 

The aforementioned studies highlight that while SiC NPs demonstrate good biocompatibility, they are not 

entirely biologically inert materials. Pourchez et al.[76] investigated the toxicity of SiC NPs using a cell line 

derived from murine peritoneal macrophages. While SiC NPs did not induce cytotoxic effects, cellular 

responses related to oxidative stress and inflammation were observed, suggesting potential toxicity. Research 

on the biocompatibility of SiC NPs has yielded varied conclusions, possibly due to their selective cytotoxicity. 

Mognetti et al.[77] compared the cytotoxicity of SiC NPs on oral squamous carcinoma and immortalised cell 

lines, revealing selective inhibition of carcinoma cell proliferation, indicating that SiC NPs exhibit cell-type-

dependent toxicity. These findings underscore the influence of cell types on the biocompatibility of SiC NPs. 

Despite SiC being traditionally regarded as biologically inert, the biocompatibility of SiC NPs warrants 

reconsideration. Further research on their cytotoxicity is essential to advance their development in medical 
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and biological applications. 

 

2.5 Application 

SiC NPs have found significant application in synthesizing SiC ceramic materials, with extensive research 

conducted in this domain. However, beyond ceramic synthesis, researchers have diligently explored diverse 

applications for SiC NPs owing to their exceptional properties. This section delves into novel and intriguing 

applications of SiC NPs, leveraging their unique characteristics. These applications span various fields, 

including the development of composites, catalysts, fluorescent biological labels, bio adhesives, and flexible 

field emitters as shown in Figure 2.4. 

 

2.5.1 Composites 

Composites represent a burgeoning field in material science, offering the synergistic combination of 

individual components to yield outcomes greater than the sum of their parts, a phenomenon often described 

as ”1 + 1 > 2”. Notably, composites can exhibit properties that surpass those of their constituent materials. 

Leveraging the diverse properties of silicon carbide (SiC) NPs, composite materials reinforced with them are 

emerging as promising candidates for structural applications, microwave absorption, corrosion-resistant 

coatings, and more. 
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Figure 2.4 Applications for SiC NPs [3]. 

 

 

2.6 Summary 

In recent years, there has been a surge in interest regarding the synthesis of silicon carbide (SiC) NPs, driven 

by their unique properties and potential applications. Researchers have developed various methods for 

synthesising these NPs, which can broadly be categorised into three main types: solid phase processes, liquid 

phase processes, and vapour phase processes. Solid phase processes involve techniques such as high energy 

ball milling and mechanical alloying. These methods essentially break down solid materials, either micro-

sized SiC particles or bulk SiC, into smaller NPs. High energy ball milling, for example, relies on intense 

local impacts generated by the rapid rotation of milling balls to disrupt lattice bonds and crush large particles 

into NPs. While these methods offer scalability and facilitate large-scale synthesis, they may introduce 
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impurities and induce amorphisation in the final product. Liquid phase processes, on the other hand, utilise 

specialised solutions or precursor materials to generate NPs. Chemical etching and sol-gel are common 

techniques in this category. Chemical etching involves the use of etching solutions to selectively remove 

material, yielding NPs with exceedingly small dimensions. Sol-gel methods involve the hydrolysis and 

gelation of liquid precursors, followed by high-temperature treatment to produce NPs. While these methods 

offer better control over particle size and purity, they may require hazardous materials and involve complex 

procedures. Vapour phase processes, including pulsed laser ablation in liquid and chemical vapor synthesis, 

utilise gas-phase reactions to produce NPs. Pulsed laser ablation in liquid involves irradiating a target 

material with a laser beam in a liquid medium, leading to the generation of NPs. Chemical vapor synthesis, 

on the other hand, involves heating gaseous reactants to high temperatures to induce chemical reactions and 

produce NPs. These methods offer advantages such as short processing times, narrow diameter 

distributions, and high particle purity. Each synthesis method has its own set of advantages and limitations, 

ranging from scalability and simplicity to purity and control over particle size. However, PLAL as a new green 

technology fulfils the requirement of reducing the carbon footprint for fabrication of highly pure SiC NPs. 

Researchers have discovered that doping SiC NPs with different elements can significantly alter their 

dielectric properties. To date, various doping strategies have been explored to enhance the dielectric constant 

of SiC NPs. The properties of SiC NPs encompass a range of characteristics crucial for their behavior and 

applications. These NPs possess a notably high surface area relative to their volume, making surface 

properties pivotal in dictating their performance. Surface modification techniques are employed to tailor these 

properties, enhancing dispersibility in solutions and compatibility with other materials, thereby facilitating 

their use in various applications such as colloidal solutions, ceramic slurries, and polymer nanocomposites. 

Furthermore, SiC NPs exhibit exceptional thermal stability and radiation resistance, rendering them suitable 

for high-temperature applications. Research in nanothermodynamics sheds light on their thermal behaviour, 

while studies on oxidation resistance and thermal conductivity highlight their potential for enhancing heat 

transfer in diverse systems. In terms of electrical properties, SiC NPs serve as third-generation 

semiconductors, boasting outstanding characteristics conducive to high-frequency semiconductor devices. 
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Investigations into their dielectric constant and conductivity elucidate their behaviour under different 

conditions, offering insights into strategies such as element doping and neutron irradiation to enhance their 

electrical properties for expanded applications. Regarding biocompatibility, while SiC NPs have shown promise 

with minimal effects on the human body, concerns about potential toxicity persist, prompting detailed 

examination. Studies on their interactions with cells reveal varying responses influenced by factors like 

morphology and cell type, underscoring the need for ongoing research to ensure their safe and effective use in 

medical and biological applications. 

 

2.7 Aluminium Oxide Nanoparticles Reinforced Material 

Aluminium oxide (Al₂O₃), commonly known as alumina, is one of the most extensively utilised ceramic 

materials due to its exceptional combination of mechanical, thermal, chemical, and electrical properties[79]. 

Owing to its high hardness, excellent wear resistance, superior chemical stability, and remarkable thermal 

resistance, alumina has found widespread applications in abrasives, refractories, cutting tools, biomedical 

implants, catalyst supports, electronic substrates, and structural composites[80]. The unique characteristics 

of alumina originate from the strong ionic-covalent bonding between aluminium and oxygen atoms, which 

provides excellent structural stability even under harsh environmental conditions[81]. 

In recent decades, significant attention has been directed towards aluminium oxide nanoparticles (Al₂O₃ 

NPs) because materials at the nanoscale often exhibit properties that differ substantially from their bulk 

counterparts[82], [83], [84]. The reduction of particle dimensions to the nanometre scale increases the 

specific surface area and the proportion of surface atoms, resulting in enhanced surface reactivity, improved 

interfacial interactions, and modified physical and chemical properties. Consequently, Al₂O₃ NPs have 

emerged as important reinforcing materials in advanced composites, nanofluids, coatings, and functional 

materials[85]. 

The incorporation of Al₂O₃ NPs into polymeric, metallic, and ceramic matrices has been shown to 

significantly improve mechanical strength, stiffness, wear resistance, fracture toughness, and thermal 
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conductivity[86], [87]. The reinforcing effectiveness of alumina nanoparticles depends on several factors, 

including particle size, particle morphology, particle distribution, interfacial bonding, and processing 

technique[88]. Among these parameters, particle size plays a particularly important role because decreasing 

particle dimensions increases the interfacial area between the nanoparticles and the surrounding matrix. 

This enhanced interfacial interaction promotes more efficient stress transfer and improves the overall 

performance of the composite material[89]. 

The influence of particle morphology on the properties of reinforced composites has also attracted 

considerable research interest. Spherical alumina nanoparticles generally provide uniform dispersion and 

minimise stress concentration effects within the matrix. Conversely, elongated or irregularly shaped 

particles may promote mechanical interlocking and improve reinforcement efficiency but can also increase 

the likelihood of particle agglomeration. Therefore, achieving uniform dispersion of Al₂O₃ NPs remains 

one of the primary challenges in the fabrication of high-performance nanocomposites[90]. 

The crystal structure of alumina is more complex than that of many conventional ceramic materials because 

aluminium oxide exists in several polymorphic forms. These include α-, γ-, δ-, θ-, κ-, η-, and χ-alumina 

phases, each possessing distinct crystallographic structures and physicochemical properties[91]. Among 

these phases, α-Al₂O₃, commonly known as corundum, is the most thermodynamically stable form and 

exhibits the highest hardness, density, and chemical resistance. The α-phase possesses a rhombohedral 

crystal structure in which oxygen ions form a hexagonal close-packed arrangement while aluminium ions 

occupy two-thirds of the available octahedral sites. 

In contrast, transition alumina phases such as γ-Al₂O₃ exhibit lower crystallinity and significantly higher 

specific surface areas. Owing to their porous structures and large surface areas, these phases are extensively 

utilised as catalyst supports and adsorbent materials. The transformation of transition alumina phases into 

α-Al₂O₃ generally occurs at elevated temperatures between 1000°C and 1200°C. During this phase 

transformation process, significant changes occur in particle morphology, crystallinity, porosity, and 

surface area, which subsequently influence the performance of the resulting material[91]. 

Since the first successful synthesis of alumina nanoparticles, numerous fabrication techniques have been 
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developed to control particle size, morphology, phase composition, and surface characteristics. Common 

synthesis methods include high-energy ball milling[92], chemical precipitation[93], sol-gel processing[94], 

hydrothermal synthesis[95], combustion synthesis[96], chemical vapour deposition[97], and pulsed laser 

ablation in liquid (PLAL)[98]. Each method offers specific advantages and limitations regarding particle 

size control, production yield, purity, crystallinity, and scalability. 

For instance, high-energy ball milling is a relatively simple and cost-effective technique capable of 

producing alumina nanoparticles in large quantities. However, this method may introduce contamination 

from the milling media and often results in broad particle size distributions. Conversely, wet chemical 

methods such as sol-gel and precipitation techniques provide better control over particle size and 

morphology but generally require more complex processing procedures and post-synthesis heat treatment. 

Hydrothermal synthesis offers excellent crystallinity and phase control, while combustion synthesis enables 

rapid production of nanoparticles through highly exothermic chemical reactions. 

More recently, pulsed laser ablation in liquid has emerged as a promising green synthesis technique for the 

fabrication of high-purity Al₂O₃ nanoparticles. This method involves the interaction of high-energy laser 

pulses with a solid target submerged in a liquid medium, producing nanoparticles without the need for 

chemical precursors or surfactants. Consequently, PLAL offers advantages such as high purity, 

environmental friendliness, and the ability to produce stable colloidal nanoparticle suspensions. 

Beyond their role as reinforcing agents, Al₂O₃ NPs possess numerous functional properties that make them 

attractive for advanced technological applications[99]. Their excellent thermal stability enables operation 

at elevated temperatures, while their high dielectric strength and electrical insulation properties facilitate 

their use in electronic and electrical devices. Furthermore, the biocompatibility and chemical inertness of 

alumina have encouraged extensive investigation of Al₂O₃ NPs for biomedical applications including dental 

implants, orthopaedic devices, drug delivery systems, and tissue engineering scaffolds[100]. 

The large surface area associated with Al₂O₃ NPs also significantly influences their surface chemistry. 

Surface hydroxyl groups present on alumina nanoparticles can interact with polymers, biological molecules, 

and other inorganic materials, facilitating surface modification and functionalisation. These surface 



  

Pre-examination copy June 2026 
 33 

 

engineering approaches are frequently employed to improve nanoparticle dispersion, compatibility with 

host matrices, and overall material performance. 

In recent years, growing industrial demand for lightweight, durable, and multifunctional materials has 

further accelerated research into aluminium oxide nanoparticles. Their ability to simultaneously enhance 

mechanical, thermal, and tribological properties has made them particularly attractive for applications in 

aerospace[101], automotive, defence[102], energy[103], and biomedical sectors[104]. Consequently, 

understanding the synthesis methods, structural characteristics, properties, and applications of Al₂O₃ 

nanoparticles has become increasingly important for the development of next-generation engineering 

materials. 

The following sections discuss the crystal structures of alumina, the various synthesis techniques employed 

for producing Al₂O₃ nanoparticles, their physical and chemical properties, and their diverse applications in 

modern science and engineering. 

 

Crystal Structure and Phases of Al₂O₃ 

Aluminium oxide (Al₂O₃) is a ceramic oxide material that exhibits a complex polymorphic nature. Unlike 

many engineering ceramics that exist in a single crystal structure, alumina can occur in several 

crystallographic phases depending on synthesis conditions, temperature, pressure, and thermal treatment 

history. The polymorphic behaviour of Al₂O₃ has attracted considerable research interest because each 

phase possesses distinct structural, thermal, mechanical, and surface properties that influence its suitability 

for specific applications. 

The crystal structure of alumina consists of aluminium cations (Al³⁺) and oxygen anions (O²⁻) arranged in 

highly ordered atomic configurations. The strong electrostatic attraction between these ions gives rise to 

exceptional hardness, high melting temperature, chemical stability, and mechanical strength. The Al–O 

bond energy is approximately 512 kJ mol⁻¹, contributing significantly to the excellent thermal and chemical 

resistance exhibited by alumina[91]. A schematic picture showing the crystallographic structure of 

Aluminium oxide is illustrated in Figure 2.5. 
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Figure 2.5 Crystalline systems and network parameters of Al2O3[105] 

 

 

 

2.8 Synthesis Methods of Al₂O₃ Nanoparticles 

The increasing demand for aluminium oxide nanoparticles (Al₂O₃ NPs) in advanced engineering, 

biomedical, electronic, and catalytic applications has stimulated extensive research into the development 

of efficient synthesis techniques. The physical, chemical, and structural properties of Al₂O₃ nanoparticles 

are strongly influenced by the synthesis method employed. Parameters such as particle size, morphology, 

crystallinity, phase composition, purity, and surface characteristics depend significantly on the preparation 
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route and processing conditions. Consequently, selecting an appropriate synthesis method is crucial for 

tailoring the nanoparticles to specific applications. 

Various techniques have been developed for the synthesis of Al₂O₃ nanoparticles, which can generally be 

classified into three major categories: solid-phase processes, liquid-phase processes, and vapour-phase 

processes. Each category possesses distinct advantages and limitations regarding particle size control, 

production rate, purity, crystallinity, cost, and scalability. A summary of the synthesis methods of Al2O3 

is illustrated in Table 2.3. 

 

 

 

 

Table 2.2 . Summary of synthesis techniques used for synthesising Al2O3 and their relative information 

 

Synthesis 

Method 

Category Principle Advantages Limitations Typical 

Particle 

Size 

High-Energy 

Ball Milling 

Solid-phase Mechanical 

reduction of bulk 

particles through 

repeated impact and 

fracture 

Simple, low cost, 

scalable, large 

production volume 

Contamination, 

agglomeration, 

broad size 

distribution 

20–200 

nm 

Chemical 

Precipitation 

Liquid-phase Formation of 

aluminium 

hydroxide 

precipitates followed 

by calcination 

Easy operation, 

low processing 

temperature, 

economical 

Agglomeration 

during drying, 

requires 

calcination 

10–100 

nm 



  

Pre-examination copy June 2026 
 36 

 

Sol-Gel 

Method 

Liquid-phase Hydrolysis and 

condensation of 

aluminium 

precursors to form a 

gel network 

Excellent 

homogeneity, high 

purity, precise size 

control 

Long processing 

time, expensive 

precursors 

5–100 

nm 

Hydrothermal 

Synthesis 

Liquid-phase Crystal growth 

under high 

temperature and 

pressure in sealed 

reactors 

High crystallinity, 

controlled 

morphology, 

narrow size 

distribution 

High equipment 

cost, limited 

scalability 

10–100 

nm 

Combustion 

Synthesis 

Solid/Liquid-

phase 

Exothermic reaction 

between metal salts 

and fuel compounds 

Rapid synthesis, 

low energy 

consumption, high 

yield 

Difficult particle 

size control, 

agglomeration 

20–150 

nm 

Chemical 

Vapour 

Deposition 

(CVD) 

Vapour-phase Thermal 

decomposition or 

reaction of gaseous 

precursors 

High purity, 

excellent 

crystallinity, 

uniform particles 

Expensive 

equipment, 

complex 

operation 

10–100 

nm 

Pulsed Laser 

Ablation in 

Liquid (PLAL) 

Physical/Vapour-

phase 

Laser irradiation of a 

solid target 

immersed in liquid 

producing 

nanoparticles 

through plasma 

formation and rapid 

quenching 

High purity, 

environmentally 

friendly, 

surfactant-free 

synthesis 

Low production 

yield, high 

energy 

consumption 

5–100 

nm 

 



  

Pre-examination copy June 2026 
 37 

 

2.8.1 High-Energy Ball Milling 

High-energy ball milling is one of the most widely employed top-down approaches for the synthesis of 

aluminium oxide nanoparticles (Al₂O₃ NPs). The technique relies on the repeated fracturing, cold welding, 

and refinement of larger particles through high-energy collisions between milling balls and the precursor 

material. Owing to its simplicity, scalability, and relatively low production cost, high-energy ball milling 

has attracted considerable attention for the large-scale fabrication of ceramic nanoparticles. 

The principle of high-energy ball milling involves placing bulk alumina powder together with hardened 

steel, tungsten carbide, zirconia, or ceramic balls inside a rotating milling chamber. During operation, the 

balls are accelerated by centrifugal forces and repeatedly collide with the powder particles. These impacts 

generate localised regions of extremely high pressure and temperature, causing particle fracture and 

progressive reduction in particle size. As milling continues, the crystallite size decreases from the 

micrometre range into the nanometre regime. 

Several studies have demonstrated the effectiveness of high-energy ball milling for producing nanoscale 

alumina. Researchers have reported that increasing milling duration generally leads to a reduction in particle 

size and crystallite dimensions. X-ray diffraction (XRD) analyses commonly reveal peak broadening with 

prolonged milling time, indicating grain refinement and the development of lattice strain. Transmission 

electron microscopy (TEM) observations further confirm the formation of nanoparticles with dimensions 

ranging from several tens of nanometres to below 20 nm depending on the milling conditions. 

The milling parameters significantly influence the characteristics of the resulting Al₂O₃ nanoparticles. 

Important factors include milling speed, milling duration, ball-to-powder ratio, milling atmosphere, ball 

material, and process control agents. Higher milling speeds increase collision energy and accelerate particle 

size reduction; however, excessive milling energy may promote particle agglomeration and structural 

defects. Similarly, increasing the ball-to-powder ratio generally improves milling efficiency by increasing 

the frequency of particle impacts. 

One of the primary advantages of high-energy ball milling is its ability to produce nanoparticles without 
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the need for complex chemical precursors or expensive processing equipment. Furthermore, the method 

can readily be scaled for industrial production. The technique is also versatile, allowing simultaneous 

particle size reduction, mixing, and mechanical alloying processes. Consequently, ball milling has been 

extensively employed in the preparation of alumina-reinforced composites and nanostructured ceramic 

materials. 

2.8.2 Pulsed Laser Ablation in Liquid (PLAL) 

In recent years, pulsed laser ablation in liquid (PLAL) has emerged as a promising technique for the 

synthesis of high-purity metal oxide nanoparticles, including aluminium oxide nanoparticles (Al₂O₃ NPs). 

Unlike conventional chemical synthesis methods that require chemical precursors, reducing agents, 

surfactants, or stabilising compounds, PLAL employs a physical process in which a high-energy pulsed 

laser irradiates a solid target immersed in a liquid medium. Owing to its simplicity, environmental 

friendliness, and ability to produce contaminant-free nanoparticles, PLAL has gained increasing attention 

as a green nanomaterial fabrication technology. 

The fundamental principle of PLAL involves focusing a pulsed laser beam onto the surface of an aluminium 

or alumina target submerged in a liquid environment such as deionised water, ethanol, acetone, or other 

organic solvents. When the laser fluence exceeds the ablation threshold of the target material, rapid 

absorption of laser energy occurs at the solid–liquid interface. This interaction generates extremely high 

local temperatures, often exceeding several thousand Kelvin, accompanied by high pressures within the 

irradiated region. Under these conditions, material is removed from the target surface in the form of atoms, 

ions, clusters, and molten droplets, resulting in the formation of a plasma plume. 

The plasma plume generated during laser irradiation undergoes rapid expansion within the surrounding 

liquid medium. Due to the confinement effect imposed by the liquid, cooling rates are extremely high, 

typically in the range of 10⁸–10¹⁰ K s⁻¹. This rapid quenching promotes nucleation and growth of 

nanoparticles from the ablated species. Subsequently, the nanoparticles disperse throughout the liquid, 

forming a stable colloidal suspension without requiring additional stabilising agents. 
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The characteristics of Al₂O₃ nanoparticles produced by PLAL are strongly influenced by laser parameters 

and experimental conditions. Important factors include laser wavelength, pulse duration, pulse repetition 

rate, laser fluence, ablation time, target composition, and liquid medium. Researchers have demonstrated 

that increasing laser fluence generally increases nanoparticle production rates; however, excessive laser 

energy may lead to particle aggregation and broad particle size distributions. Similarly, longer ablation 

times often increase nanoparticle concentration but may also promote secondary laser–particle interactions 

that alter particle morphology. 

The choice of liquid medium plays a crucial role in determining nanoparticle properties. Water is the most 

commonly employed solvent due to its environmental compatibility and low cost. During laser ablation in 

water, oxidation reactions readily occur, facilitating the formation of aluminium oxide nanoparticles from 

ablated aluminium species. Organic solvents such as ethanol and acetone may influence particle growth 

kinetics, particle stability, and surface chemistry through interactions with the plasma plume and 

nanoparticle surfaces. Consequently, the selection of an appropriate solvent provides an effective means of 

controlling nanoparticle characteristics. 

Numerous studies have investigated the synthesis of Al₂O₃ nanoparticles using PLAL. Transmission 

electron microscopy (TEM) analyses commonly reveal nearly spherical nanoparticles with diameters 

ranging from a few nanometres to several tens of nanometres, depending on processing conditions. High-

resolution TEM observations frequently indicate high crystallinity and well-defined lattice fringes, 

demonstrating the ability of PLAL to produce crystalline nanoparticles directly without requiring extensive 

post-processing. Furthermore, X-ray diffraction (XRD) studies have confirmed the formation of various 

alumina phases, including γ-Al₂O₃ and α-Al₂O₃, depending on the laser energy and thermal conditions 

generated during ablation. 

One of the most significant advantages of PLAL is the exceptionally high purity of the resulting 

nanoparticles. Since the synthesis process does not require chemical precursors or catalysts, contamination 

from residual reaction by-products is minimised. This characteristic is particularly important for 

applications in electronics, optics, biomedicine, and advanced composites, where material purity strongly 
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influences performance. Furthermore, the absence of toxic chemical reagents makes PLAL an 

environmentally sustainable alternative to many conventional nanoparticle synthesis methods. 

Another important advantage of PLAL is its flexibility. By adjusting laser parameters and liquid 

composition, researchers can tailor particle size, morphology, crystallinity, and surface chemistry. The 

method also enables the production of stable colloidal nanoparticle suspensions that can be directly utilised 

in coating technologies, nanofluids, composite fabrication, and biomedical applications without extensive 

purification procedures. 

Despite these advantages, several challenges continue to limit the widespread industrial adoption of PLAL. 

The production yield of nanoparticles is generally lower than that achieved using conventional chemical 

synthesis methods. Additionally, the energy consumption associated with laser systems can be relatively 

high, increasing operational costs. The scalability of PLAL remains a significant challenge because 

nanoparticle production rates are often insufficient for large-scale manufacturing applications. Researchers 

are therefore exploring approaches such as high-power laser systems, multi-beam configurations, and 

continuous-flow reactors to improve production efficiency. 

The mechanism of nanoparticle formation during PLAL is also highly complex and remains an active area 

of research. Processes including plasma formation, cavitation bubble dynamics, shock wave generation, 

nucleation, growth, and particle fragmentation occur simultaneously within extremely short timescales. A 

comprehensive understanding of these phenomena is essential for improving process control and optimising 

nanoparticle quality. 

2.8.3 Sol-Gel Method 

Among the various techniques employed for the synthesis of aluminium oxide nanoparticles (Al₂O₃ NPs), 

the sol-gel method is one of the most widely studied and utilised due to its ability to produce highly 

homogeneous nanoparticles with controlled composition, morphology, and particle size. The process offers 

several advantages over conventional solid-state synthesis techniques, including lower processing 

temperatures, excellent chemical uniformity, high purity, and precise control of the final microstructure. 
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Consequently, the sol-gel method has become an important route for producing alumina nanoparticles for 

applications in catalysis, ceramics, coatings, sensors, electronics, and composite materials. 

The term "sol-gel" refers to the transformation of a colloidal suspension (sol) into a three-dimensional 

interconnected network (gel). In the synthesis of Al₂O₃ nanoparticles, the process typically begins with 

aluminium-containing precursors such as aluminium alkoxides, aluminium nitrate, aluminium chloride, or 

aluminium isopropoxide. These precursors undergo hydrolysis and condensation reactions in the presence 

of water and suitable solvents, resulting in the formation of a stable colloidal solution. Continued 

condensation leads to the development of a gel structure containing interconnected aluminium-oxygen 

bonds. 

The hydrolysis reaction can be represented by the interaction of aluminium alkoxide molecules with water 

molecules, producing hydroxylated species. Subsequently, condensation reactions occur between 

neighbouring hydroxyl groups, generating Al–O–Al bonds and releasing water or alcohol molecules as by-

products. Through these reactions, a three-dimensional inorganic network gradually develops throughout 

the solution. 

After gel formation, the material undergoes an ageing process during which further polymerisation and 

structural rearrangement occur. The gel is subsequently dried to remove residual solvents and volatile 

compounds, producing a porous solid known as a xerogel. Finally, calcination at elevated temperatures 

converts the precursor material into crystalline aluminium oxide nanoparticles. The calcination temperature 

plays a critical role in determining the phase composition, crystallinity, and particle size of the final product. 

Numerous studies have demonstrated that the sol-gel method provides excellent control over nanoparticle 

characteristics. Researchers have reported the successful synthesis of Al₂O₃ nanoparticles with particle sizes 

ranging from approximately 5 to 100 nm by carefully controlling reaction parameters such as precursor 

concentration, pH, solvent composition, hydrolysis rate, and calcination temperature. The ability to 

manipulate these parameters enables the production of nanoparticles with tailored properties suitable for 

specific applications. 
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2.9 Summary 

Aluminium oxide nanoparticles (Al₂O₃ NPs) have attracted considerable scientific and industrial interest 

due to their exceptional mechanical, thermal, electrical, chemical, and biological properties. Extensive 

research has been conducted on the synthesis, characterisation, and application of alumina nanoparticles 

using various physical, chemical, and mechanical fabrication techniques. Despite significant advancements 

in this field, several challenges and knowledge gaps remain, limiting the widespread implementation and 

optimisation of Al₂O₃ nanoparticle technologies. 

One of the primary challenges associated with the synthesis of Al₂O₃ nanoparticles is achieving precise 

control over particle size, morphology, crystallinity, and phase composition while maintaining high purity 

and scalability. Conventional synthesis methods such as sol-gel processing, chemical precipitation, 

hydrothermal synthesis, and combustion techniques often require multiple processing steps, elevated 

temperatures, chemical precursors, and post-synthesis purification procedures. These requirements may 

introduce impurities, increase production costs, and generate environmentally undesirable by-products. 

Consequently, the development of sustainable and environmentally friendly synthesis routes remains an 

important area of investigation. 

Although pulsed laser ablation in liquid (PLAL) has emerged as a promising green synthesis technique for 

nanoparticle production, studies focusing specifically on the synthesis of Al₂O₃ nanoparticles using PLAL 

remain relatively limited compared with other nanomaterials. Existing research has primarily concentrated 

on demonstrating the feasibility of nanoparticle formation, while the influence of laser parameters and 

solvent properties on nanoparticle characteristics has not been comprehensively explored. As a result, the 

mechanisms governing particle nucleation, growth, and phase evolution during PLAL synthesis of alumina 

nanoparticles are not yet fully understood. 

Another significant research gap concerns the influence of liquid media on nanoparticle formation during 
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laser ablation processes. Previous studies have demonstrated that solvent properties such as viscosity, 

density, surface tension, thermal conductivity, and dielectric constant can strongly affect plasma dynamics, 

cavitation bubble behaviour, cooling rates, and nanoparticle growth mechanisms. However, systematic 

investigations examining the relationship between solvent viscosity and the resulting characteristics of 

Al₂O₃ nanoparticles remain scarce. A deeper understanding of these relationships is essential for controlling 

particle size distribution, morphology, crystallinity, and colloidal stability. 

Particle agglomeration continues to represent a major challenge in the synthesis and application of Al₂O₃ 

nanoparticles. Due to their high surface energy, nanoparticles tend to aggregate during synthesis, storage, 

and processing. Agglomeration reduces effective surface area, alters particle size distribution, and 

negatively impacts performance in composite, catalytic, and biomedical applications. Although various 

surface modification and dispersion techniques have been proposed, achieving long-term colloidal stability 

without compromising material purity remains an unresolved issue. 

The phase composition of alumina nanoparticles also requires further investigation. Alumina exists in 

several polymorphic forms, including α-, γ-, δ-, θ-, and κ-Al₂O₃, each possessing distinct physical and 

chemical properties. While numerous studies have reported phase transformations during thermal 

processing, the influence of synthesis conditions on phase formation during PLAL remains insufficiently 

understood. Further research is required to establish reliable methods for controlling phase composition 

during nanoparticle production. 

In the area of nanocomposite development, the relationship between nanoparticle characteristics and 

reinforcement efficiency remains an active field of research. Although Al₂O₃ nanoparticles have been 

shown to improve the mechanical, thermal, and tribological properties of composite materials, 

inconsistencies in reported results frequently arise due to differences in particle size, morphology, surface 

chemistry, and dispersion quality. A more comprehensive understanding of nanoparticle–matrix 

interactions is therefore required to optimise composite performance. 

Similarly, the application of Al₂O₃ nanoparticles in thermal management systems continues to present 

challenges. While numerous studies have reported enhanced thermal conductivity in alumina-based 
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nanofluids, the underlying heat transfer mechanisms remain a topic of debate. Issues related to 

sedimentation, stability, viscosity increase, and long-term performance must be addressed before 

widespread industrial implementation can be achieved. 

From a biomedical perspective, although Al₂O₃ nanoparticles are generally considered biocompatible, 

uncertainties remain regarding their long-term biological interactions and potential toxicity. Most 

investigations have focused on short-term in vitro studies, while comprehensive in vivo assessments remain 

limited. Further research is required to understand nanoparticle biodistribution, cellular uptake mechanisms, 

long-term accumulation, and clearance pathways in biological systems. 

Recent advances in laser-based nanoparticle synthesis, nanocomposite engineering, and nanofluid 

technologies have created new opportunities for the development of high-performance alumina 

nanomaterials. Future research should focus on improving process control, enhancing nanoparticle stability, 

increasing production efficiency, and establishing clear relationships between synthesis parameters and 

material properties. In particular, environmentally friendly techniques such as PLAL offer considerable 

potential for producing high-purity nanoparticles without the use of hazardous chemical reagents. 

Therefore, continued investigation into the synthesis and optimisation of Al₂O₃ nanoparticles is essential 

for overcoming current limitations and expanding their application across engineering, biomedical, 

environmental, and energy-related fields. The present research contributes to this objective by exploring 

the synthesis of aluminium oxide nanoparticles using pulsed laser ablation in liquid and examining the 

influence of solvent properties on nanoparticle characteristics and performance. 
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3 Chapter 3 

 Fabrication of Silicon Carbide 

Nanoparticles Using Pulsed 

Laser Ablation in Liquid and 

Viscosity Optimisation via 

Solvent Tuning 
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Abstract 

 

In this study, silicon carbide nanoparticles (NPs) were produced through the implementation of pulsed laser 

ablation in liquid, aiming to investigate the influence of processing parameters on the properties of the 

resultant NPs and their applicability for inkjet printing. The samples were analysed using ultraviolet-visible 

spectroscopy, revealing an increase in NPs concentration with increasing the laser power percentage and a 

peak at the wavelength of 195nm representing produced polyynes. Dynamic light scattering was employed 

to determine the size distribution of the NPs, demonstrating a range of 89 to 155 nm. Notably, an inverse 

relationship was established between increasing laser scanning speed and pulse repetition rate (PRR), and 

the mean size of the NPs. Higher PRR and laser power exhibited an augmentation in the concentration of 

NPs. Conversely, an increase in scanning speed resulted in a reduction in NPs concentration. Examination 

of the resulting NPs through field emission scanning electron microscopy unveiled a predominantly 

spherical morphology, accompanied by minor instances of particle agglomeration. Furthermore, the 

modulation of colloidal solution viscosity was explored by incorporating glycerol, yielding a maximal 

viscosity of 10.95 mPa.s. 

 

Keywords: nanoparticles, laser, synthesis, silicon, SEM, PLAL, ceramics 
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3.1 Introduction 

Nanoparticles (NPs) have garnered significant technological interest owing to their multifaceted functions, 

wide-ranging applications, and distinctive physicochemical attributes[106]. One of the key characteristics 

that make NPs particularly intriguing is their substantial surface area-to-volume ratio. This feature renders 

them highly reactive and imparts exceptional catalytic, optical, physicochemical, and magnetic properties 

when compared to bulk materials[107]. In terms of practical applications, metal NPs have found extensive 

use across diverse industrial sectors. They are employed in nano filters for wastewater treatment within the 

petroleum industry[108], serve as heterogeneous catalysts in chemical processes[109], play a role in 

photodetectors used in the automotive and aerospace sectors[110], [111], find application as quantum dots 

in the semiconductor industry[112], and have important roles in disease diagnosis and drug delivery within 

the medical and pharmaceutical fields[113]. These NPs can be classified through different approaches, 

primarily based on either a top-down method (transforming bulk materials into powder or particle forms) 

or bottom-up approaches (building up from individual atoms to nanoclusters) including physical, chemical, 

and biological methods[114]. Chemical methods have been idely used for many years. However, they have 

some challenges as they involve the use of precursors, surfactants, capping agents, and solvents to stabilize 

and control particle formation. This can lead to issues such as residual contamination, difficulties in 

functionalizing particles, and potential environmental harm. Biological synthesis represents a green and 

environmentally friendly approach to NP production which utilizes extracts from various biological 

sources, including plants (such as algae, fungi, and yeast), microbes, and natural materials[115]. This 

method has shown promise in producing biocatalysts in the agriculture sector and is under ongoing research 

for other applications. However, significant improvements are still required to scale up this technology for 

commercial NP production. Physical methods involve a top-down approach to NP synthesis, which can be 

implemented to avoid solvent contamination. These methods typically employ high-temperature and high-

pressure conditions to stabilize and control particle growth. Physical methods are attractive to researchers 

and industries due to their environmentally friendly nature. However, they can be challenging in terms of 
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cost-effectiveness, as the manufacturing equipment and energy requirements for large-scale NP fabrication 

can be expensive. 

Pulsed laser ablation in liquid (PLAL) is a top-down method of synthesizing NPs, which involves laser 

irradiation of a target that is submerged in a liquid medium to produce NPs based on the material of the 

target[116], [117], [118], [119]. There has been increasing interest in the implementation of PLAL in recent 

years to generate colloids for various applications. The PLAL process is operated within a relatively 

straightforward system that is kept at room temperature[118]. The technique has been used for synthesizing 

different metallic NPs including magnesium[4], [120], carbon[121], [122], gold[6], silver[7], [8], 

silicon[123], and ceramic NPs including silicon carbide[123], [124], [125] titanium oxide[13] silver 

oxide[8]. PLAL has a variety of advantages over other NPs production methods due to the low cost of 

equipment for atmospheric ablation, the simplicity of the method which does not require a special 

environment such as a vacuum, and the ability to alter the properties and morphology of the NPs by changing 

the laser parameters and liquid media[13], [126]. Parameters in PLAL include laser fluence, pulse repetition 

rate (PRR), scanning speed, ablation time, and liquid media. These affect the physical or chemical properties 

of produced NPs. 

Moreover, silicon carbide SiC is a promising wide-bandgap semiconducting material that exhibits superior 

and attractive properties such as high breakdown field strength, high chemical stability, high thermal 

conductivity, outstanding resistance to oxidation and corrosion, and extreme hardness. SiC NPs have been 

used widely in various applications that require high temperatures and high frequency such as light-emitting 

diodes, and UV detectors. In addition, SiC has excellent high-temperature properties such as oxidation 

resistance, high thermal conductivity, and low thermal expansion coefficient so that it can be used as raw 

material for advanced refractories, functional ceramics, and abrasive[124], [127], [128]. There are several 

ways to produce SiC NPs, where PLAL has significantly emerged in the past years due to its benefits rather 

than other methods. For instance, Castelleto et al.[16] fabricated 4H-SiC NPs using ultra-short pulsed laser 

ablation for biomedical imaging applications, whereas Yamada et al.[17] studied the resulting sizes, shapes, 

and crystal structure of produced SiC NPs using femtosecond PLAL in acetone. Few data have been 
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reported on the pulsed laser ablation in liquid of SiC NPs in DI water using nanosecond laser source, which 

requires further investigation to understand the correlation of the PLAL parameters and SiC NPs 

properties[129], [130], [131], [132]. 

Despite numerous reports on SiC nanoparticle production via PLAL for a wide range of applications, a 

noticeable gap in the literature pertains to studies that establish a correlation between the properties of the 

resulting NPs and their suitability for inkjet printing applications. Recognizing this deficiency in existing 

research, this study's principal objective is to address this knowledge gap. It seeks to examine and establish 

the connection between the characteristics of SiC NPs synthesized through PLAL and their applicability in 

inkjet printing applications. By doing so, this research aims to provide valuable insights that can enhance 

the understanding and utilization of SiC NPs in the context of inkjet printing, thereby advancing this field 

of study. 

 

  

 

3.2 Experimental 

3.2.1  NPs Synthesis 

The effect of laser power percentage, pulse repetition rate (PRR), and scanning speed on the fabrication of 

SiC NPs from a rod target (99.9% purity, diameter of 5.0mm, and reaction bonded supplied from 

Goodfellow) was investigated. The rod was cut into 50 pieces each having a 5 mm height and 5 mm 

diameter. The target was polished (using a 2000 grit size polishing paper) before each laser ablation process 

and placed vertically into a 100 ml glass beaker. A 3 × 3 full factorial design of the experiment as shown 

in Table 3.1 was created using Design Expert software, where three different laser power percentages (60, 

80, 100), PRR (10, 30, 50 kHz), and scanning speeds (1, 2, 3 m/s) were investigated (27 samples in total). 

The ablation time, laser spot diameter, and liquid media were kept constant at 5 min, 50 µm, and de-ionized 
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water respectively. Ablations were performed using a Nd:YAG laser system (WEDGE HF 1064, Bright 

Solutions) with pulses centered at 1064 nm with a pulse width of 600 ps at a repetition rate of 10 kHz. The 

target was submerged in DI water in a 100 ml glass beaker so that a 5 mm distance was kept between the 

surface of the water and the target. The laser was used to ablate the target using an Archimedean spiral 

pattern as a scanning strategy with an outer diameter of 2 mm and a hatch spacing of 50 µm.  

 

 

Table 3.1Design of experiments used for production of sample colloids 

Level -1 0 1 

Laser power 

percentage (%) 

60 80 100 

Scanning speed (m/s) 1 2 3 

PRR (kHz) 10 30 50 

 

3.2.2 NPs Characterisation 

Ultraviolet-visible spectroscopy (UV-Vis) measurements were conducted, and the absorbance was recorded 

for SiC NPs as a measure of NPs yield. UV-Vis was conducted with a Shimadzu UV-2600 UV-Vis 

spectrometer using a quartz cuvette, Helma (10 mm pathlength) and scan range of 185- 300 nm. Before 

conducting the measurements, the baseline scan was measured to ensure that the UV-Vis absorbance 

detector was working properly and conditions inside the capillary were conducive to successful analyte 

detection. All the optical spectra were corrected for the liquid medium absorption by subtracting its 

contribution from the recorded spectrum. Moreover, the NPs mean sizes and concentrations (particles per 

ml) were measured using Dynamic Light Scattering (DLS) Malvern Zetasizer Ultra, where three 

measurements were taken for each sample and averaged. The absorbance coefficient and refractive index 

of SiC were obtained and inserted as input parameters for DLS. Furthermore, Field Emission Scanning 



  

Pre-examination copy June 2026 
 51 

 

Electron Microscopy (FESEM) was performed using a Hitachi S5500 Field Emission SEM. A drop (0.1 µl) 

of SiC colloid was placed on a 400-mesh size copper grid (purchased from Agar Scientific) and air pumped 

for 2 minutes to evaporate the water of colloids (drop-casting) before examining within the SEM. The 

viscosity of the colloids was measured using a viscometer (Brookfield Ametek DVNext Cone/Plate 

Rheometer) with a rotational speed of 60 RPM at 25 ◦C for 5 minutes. The machine was calibrated before 

measuring each sample’s viscosity. First, the viscosity of samples was measured without adding any 

additive to colloids, then by adding three different additives into the colloids including Acetone (99.9 % 

purity sup- plied from Sigma-Aldrich), Isopropyl alcohol (99.9% purity supplied from Sigma-Aldrich), and 

glycerol solution (86% purity supplied form Sigma-Aldrich). The viscosity was measured three times and 

averaged for each sample. 

 

3.3 Results and Discussion 

3.3.1 Visual inspection and Ultraviolet-visible spectroscopy 

Figure 3.1a shows the beaker containing DI water with the target SiC sample, and Figure 3.1b shows the 

same beaker with the target after 5 min of laser ablation, where the color of the liquid medium has changed 

from colorless to brown . This observation has been reported in previous work [16], where the color 

transition is attributed to presence of SiC NPs within the liquid medium. In Figure 3.1c, 3.1d, and 3.1e, a 

set of samples is shown which were prepared in a constant PRR of 50 kHz and the laser power percentage of 

60, 80, and 100, and different scanning speeds of 1, 2, and 3 m/s from left to right respectively. By increasing 

the laser power percentage from 60 to 100, a slight change in the intensity of the color from light brown to 

dark brown was observed. The color difference before and after the PLAL is attributed to the presence of 

SiC NPs and a slight intensity change of the brown color for the laser power percentage of 60 to dark brown 

for the laser power percentage of 100 is associated with the increasing the NPs yield across the liquids[16]. 

Therefore, visual inspection indicated that increasing the laser power percentage and scanning speed resulted in 
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increasing the nanoparticles yield. Furthermore, UV-Vis analysis was performed on each sample after the 

experiments to confirm the presence of the SiC NPs (Figure 3.2). The pattern of DI water was subtracted from 

the overall spectrum by putting a reference sample of DI water into the instrument while the colloid spectrum 

was recorded. In Figure 3.2 (a-c) the spectrum of UV-Vis for produced colloid samples was categorized 

based on the same laser power percentage and various scanning speeds and PRRs (from left to right laser 

power percentage of 60, 80, and 100 with scanning speeds ’ss’ between 1, 2, 3 m/s and PRRs of 10, 30, 50 

kHz respectively). Generally, all the recorded spectra showed a similar trend with a peak at 195 nm that can 

be correlated to the formation of polyynes during the synthesis of carbon NPs DI water[133]. This peak also 

has been reported in a previous work[123]. Furthermore, increasing the laser power percentage resulted in 

increasing the optical absorption index, which is attributed to increasing the concentration of the NPs within 

the liquid. This can happen because higher laser power percentage typically provides more energy to 

vaporize or ablate the target material, leading to the production of more nanoparticles[134]. Moreover, at 

higher wavelengths up to 300 nm, the absorption of resulting SiC NPs in all the laser power percentages 

falls linearly and tends to saturate. 
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Figure 3.1Photographs of a) DI water with SiC target before PLAL, b) after 5 min PLA; and set of 

samples produced at a constant PRR of 50 kHz, and scanning speed 1, 2, 3 m/s from left to right 

respectively for laser powers of c) 60%, d) 80%, and e) 100%. 

 

a 
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Figure 3.2 UV-Vis for the samples prepared at constant laser power percentages of a) 60, b) 80, and 

c)100, for the various scanning speeds and PRR. 

3.3.2  Dynamic Light Scattering (DLS) 

DLS measurements were carried out on the nano colloids produced by PLAL at different scanning speeds, 

PRR, and laser power percentages to determine the mean size and concentration of the resulting NPs. As 

shown in Figure 3.3a, b, and c, the produced NPs mean sizes are categorized based on the laser power 

percentages. Figure3.3 a, 3.3 b, and 3.3 c show the mean sizes of resulting NPs in constant laser power 

percentages of 80, 100, and 60 and various PRR and scanning speeds respectively. Generally, as can be 

observed from Figure 3.3 (a-c), the mean sizes of all resulting NPs are close together and were seen to 

b 

c 
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be in the range of 89 to 155 nm. However, the mean size of resulting NPs that were produced at the laser 

power percentage of 60 (Figure 3.3a) is broader compared to those generated at the laser power percentages 

of 80, and 100 which have a close range of the NPs mean sizes. In Figure 3.4(a-c) the changes in NPs mean 

sizes with changing the laser parameters are illustrated. In Figure 3.4(a-c) the changes in NPs mean sizes 

with changing the laser parameters are illustrated. Figure 3.4a shows the changes of NPs mean size with 

increasing the scanning speed in a constant PRR of 10 kHz and a laser power percentage of 60, 80, and 

100. As shown in Figure 3.4a, with increasing the scanning speed from 1 to 3 m/s a unilinear decrease in 

NPs mean size was observed. It can be associated with the fact that under low scanning speed, the repetitive 

enhancement and attenuation of the plume shielding effect results in an intermittent ablation process in 

terms of particle ejection and morphological characteristics. In contrast, at the high scanning speed, the 

ablation process enters a steady state as the plume shielding effect is circumvented[135].  Figure 3.4b, 

demonstrates the changes of NPs mean size with changing the PRR in a constant laser power percentage of 

60, 80, and 100 respectively, and a scanning speed of 2 m/s. The total trend suggests that increasing the 

PRR resulted in decreasing the NPs size. Higher repetition rates can lead to increased heating of the target 

material due to the cumulative effect of multiple laser pulses. This additional heating can influence the size 

and morphology of the generated nanoparticles. Smaller nanoparticles may form due to increased thermal 

effects[136].  Furthermore, by increasing the PRR up to 50 kHz the NPs sizes were declined for all the 

resulting NPs produced in various laser power percentages. Moreover, Figure 4c shows the changing of 

the NPs size with changing the laser power percentage in a constant PRR of 10 kHz, and scanning speed of 

2 m/s. The NPs size increased with increasing the percentage of laser power, where the size was found 122, 

124 and 128 nm for the samples produced at laser power percentage of 60, 80, and 100 respectively. This 

trend suggests that higher laser power percentages led to bigger NPs being produced. Laser power directly 

affects the thermodynamic properties of the cavitation bubbles and the produced plasma, which also 

increases the local concentration of ablated species due to the liquid confinement. An increase in laser 

power allows the plasma plume to reach a higher temperature and pressure, which results in a longer 

duration of the cavitation bubbles which would promote the formation of larger-sized particles by 
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coalescence[137]. This observation could also be attributed to the fact that at the used laser power, a bubble 

is generated in the liquid, producing discontinuity of the refractive index at the liquid–gas interfaces and 

consequent high laser light scattering, reducing the laser energy reaching the solid target and decreasing the 

total amount of NPs generated in the liquid[138]. In addition, as shown in Figure 3.5 (a-c) a size range of 

between 410 to 450 nm was observed in all the samples, which is attributed to the agglomeration of NPs 

within the colloids. The NPs concentration measurements were carried out and the results are presented in 

Figure 3.6 (a-c) with changing the laser scanning speed, PRR, and laser power percentage respectively. For 

all the graphs, two variables were kept constant to determine the effect of changing one parameter on the 

particle concentration. Based on these results, the concentration of NPs increased from 1.71E+9 to 2.07E+9 

particles/ml with increasing PRR from 10 to 50 kHz. An increase from 1.32E+9 to 2.1E+9 particles/ml was 

found for an increase in laser power percentage from 60 to 100. This observation is in good match with the 

visual inspection section where increasing the NPs yield was observed with increasing the laser power 

percentage. On the other hand, increasing the scanning speed resulted in decreasing the NPs concentration 

from 2.38 to 1.68 particles/ml. The concentration of NPs in a liquid under pulsed laser ablation is influenced 

by the scanning speed. Generally speaking, a lower scanning speed produces a larger concentration of NPs 

while a higher scanning speed produces a lower concentration. This is so because the laser beam’s residence 

period on the target material depends on the scanning speed. Higher scanning rates cause the laser pulses to 

engage with the target material for a shorter period of time, which reduces material ablation and NPs 

generation. Lower scanning speeds, on the other hand, enable the laser pulses to remain on the target material 

for a longer period of time, resulting in greater ablation and NPs production[139]. 
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Figure 3.3 Dynamic Light Scattering results for the samples prepared at constant laser power percentages 

of a) 60, b) 80, and c)100, for the various scanning speeds and PRR. 

a 

b 

c 
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Figure 3.4 The change in NPs sizes with a) changing scanning speed at a constant PRR of 10, b) PRR in a 

constant scanning speed of 2 m/s, and c) laser power percentage in a constant scanning speed and PRR of 

2 m/s and 10 kHz. 

 

 

a 

b 
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Figure 3.5 Dynamic Light Scattering patterns in the size range up to 450 nm for a set of samples laser 

power percentages of a) 60, b) 80, and c) 100. 

.  

 

c 

a 

b 
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Figure 3.6 The NPs concentration measurements as a function of various laser parameters a) scanning 

speeds, b) PRR, and c) laser power percentages. 

 

3.3.3 Field emission scanning electron microscopy (FESEM) and scanning 

transmission electron microscopy (STEM) 

FESEM was used to image the resulting NPs shapes and sizes. The as-fabricated colloids were drop-cast 

on a 400-mesh copper grid and dried with air for 5 min to evaporate the water of the colloid. Figure3. 7 (a-

e) represents the FESEM images and Figure 3.7 (f) shows the bright field STEM of dried SiC NPs in laser 

power percentage of 60, scanning speed of 2 m/s, and PRR of 10 kHz in different acceleration voltage and 

magnifications. These figures confirm the formation of spherical and nanosized NPs with some 

agglomerations and clusters in the STEM image. The dominant mechanism behind nanosecond pulsed laser 

ablation is the thermal evaporation mechanism in which the laser produces high temperature on the surfaces 

of larger particles and thereby it gets melted and vaporized into atoms or molecules. These atoms rearrange 

into smaller nanostructures with the same or different shapes depending on the surrounding medium and 

laser parameters[140]. As the surrounding medium in this case is DI water all the NPs have the same shape 

which is a spherical shape. In addition, as can be observed from Figure 3.7 (a, b, d, f, and h), the 

agglomeration in NPs is in good match with DLS results (see Figure 3.5), where a peak was observed in 

c 
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410 to 450 nm size range. 

 

 

Figure 3.7 FESEM images of produced SiC NPs - a & b & d) SE acceleration voltage 1 kV, e & c) SE 

acceleration voltage 15 kV, and f) bright field STEM acceleration voltage 10 kV. 

 

3.3.4 Viscosity Optimization 

These NPs without any additives have the potential to be utilized in the production of ink for inkjet printing 

applications. The ink’s fluid properties, including viscosity, particle size, particle concentration, density, 

and surface tension, are crucial factors during the printing process. To prevent issues like excessive flow or 

printer head blockage, it is desirable for the ink viscosity to fall within the range of 1-20 mPa.s[133]. In this 

work, the viscosity of the as-produced SiC NPs was modified in order to meet the criteria of viscosity range 

for the commercially available inkjet printer by adding various solvents. In this work, three solvents 

including Acetone, Isopropyl Alcohol (IPA), and Glycerol in various volumetric fractions were mixed with 

the colloids to tune the viscosity of the bare NPs colloids. The viscosity as a function of solvent volumetric 

fractions is presented in Figure 8(a-c) and Table 2 for IPA, Glycerol, and Acetone in the final solution 

respectively. A viscosity range of 0.9 to 1.41 mPa.s was achieved with a maximum viscosity at 0.7 volumetric 

fraction of Acetone in water (Figure 8c), while a maximum viscosity of 10.95 mPa.s was obtained at 0.8 

a b c 
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volumetric fraction of Glycerol in water. The IPA-water mixture indicated a viscosity range of 0.9 to 2.34 

mPa.s with a maximum viscosity of 2.93 mPa.s at a 0.8 volumetric fraction of acetone-water mixture, which 

is in good agreement with previous work[133]. Several factors, including the interaction between NPs and 

the solvent, can cause changes in the viscosity of the liquid. Glycerol, a non-toxic and highly viscous 

solvent, was used in varying proportions with water to achieve a wide range of viscosity values. 

 

 

Table 3.2 Viscosity of the colloids using a 0.8 volumetric fraction of acetone, IPA and glycerol. 

Solvent Viscosity (mPa.s) 

Acetone 0.7 

IPA 2.93 

Glycerol 10.95 
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Figure 3.8 Dynamic viscosity measurements at 25 ◦C as function of volumetric concentration of a) 

Acetone, b) IPA and c) Glycerol. 

 

3.4 Conclusion 

This work examined pulsed laser ablation in liquid as a method to obtain high-quality colloids of silicon 

carbide NPs for inkjet printing applications. The effect of parameters in PLAL including laser power 

percentage, scanning speed, and pulse repetition rate (PRR) on the properties of resulting NPs such as NPs 

yield, optical, size and concentration, and morphology were examined and discussed. The results confirmed 

that increasing the laser power percentage resulted in increasing the NPs yield for all investigated liquids. 
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Moreover, increasing the laser power percentage resulted in increasing the optical absorption index, which 

is attributed to increasing the concertation of the NPs within the liquid, also, a peak in the wavelength of 

195 nm was observed which is associated with the formation of polyynes. Furthermore, the DLS results 

revealed the NPs mean size distribution of around 89 to 155 nm for different laser parameters, from which 

a decrease in NPs mean sizes with increasing the scanning speed and PRR was concluded. The 

concentration measurement was carried out and the result revealed that, with increasing the PRR and laser 

power percentage, the concentration of NPs increases. Increasing the scanning speed led to a decrease in 

concentration. Field Emission Scanning Electron Microscopy (FESEM) was used to determine the 

morphology and size of the resulting NPs, in which spherical NPs of approximately the same size were 

obtained. Lastly, viscosity measurements were conducted to tune the viscosity of the colloids for inkjet 

printing. A volumetric fraction of 0.8 for glycerol-water mixture resulted in the maximum viscosity of 10.95 

mPa.s which is suitable for processing with commercial inkjet printers. PLAL for the production of high-

purity laser generated NPs colloids with controllable viscosities could be used as a core and affordable 

technique for SiC colloid production. 
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4 Chapter 4       

Ablation efficiency 

and properties of SiC 

NPs synthesised via 
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Abstract 

This study optimised the synthesis and ablation efficiency of 3C silicon carbide (SiC) NPs using 

nanosecond pulsed laser ablation in liquid for electronic and biomedical applications. Various process 

parameters, including laser fluence, scanning speed, and ablation time, were systematically varied to assess 

their impact on ablation efficiency and NP properties. Statistical analysis identified optimal conditions: a 

15-minute ablation time, 0.5 m/s scanning speed, and 7.5 J/cm² laser fluence with the maximum mass 

productivity of 

1.196 mg.h-1W-1. Characterisation techniques, including UV-Vis, Dynamic Light Scattering (DLS), 

FESEM with EDX, FTSEM, and XRD, confirmed that higher laser fluence, scanning speed, and ablation 

time increased colloid concentrations without altering NP shape or size. XRD analysis verified the phase 

composition as 3C SiC, with DLS showing smaller NP sizes than image analysis. The results also suggested 

that increasing the NP size decreased the optical band gap. A direct correlation was found between ablated 

mass and colloid concentration. 

 

 

Keywords: PLAL, Laser synthesis, FESEM, SiC, Nanoparticles, Nd-YAG 
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4.1 Introduction 

Nanomaterials (NMs) exhibit notable properties applicable across a diverse range of sectors, including 

physics, biology, materials science, chemistry, and engineering[141]. Depending on the NMs size range, 

they have various unique physical properties including a huge surface-to-volume ratio. The methods of 

producing NMs can be divided into three main categories: physical, chemical, and biological methods[99]; 

and two main approaches: top-down and bottom-up [142]. The top-down method reduces the size of bulk 

material into smaller dimensions, whereas in the bottom-up method, larger-dimension particles are 

produced from smaller elements such as atoms or molecules[143]. Pulsed laser ablation in liquid (PLAL) 

is a green method and in the category of the physical and top-down method to produce nanoparticles (NPs) 

based on the energy of a laser, in which a submerged target in a liquid is ablated by the laser over time[5, 

6]. Generation of NPs using PLAL consists of focusing the pulsed laser beam on a bulk material submerged 

into a liquid medium from which metal NPs, doped nanocrystals, core-shells, hollow microspheres, and 

nanotubes can be obtained just by changing the laser processing parameters, liquid medium, temperature, 

and the composition of the bulk target[7, 8]. In recent years the implementation of this method has increased 

for diverse applications and materials, as it is considered a relatively easy process for producing NPs[4], 

[6], [7], [8], [120], [121], [122], [123], [146], [147]. PLAL offers several advantages over alternative 

methods for NPs production. These benefits stem from the cost-effectiveness of the equipment used for 

atmospheric ablation, the straightforwardness of the method, the elimination of the need for a specialised 

environment, and the flexibility to modify the properties and morphology of the NPs by adjusting laser 

parameters and liquid media[13], [126]. One main issue of the PLAL is the productivity of the method. 

This issue has led researchers to try to increase the productivity of the method for different materials. For 

instance, Freeland et al. showed the possibility of increasing the productivity of the PLAL by using a 

dynamic liquid flow and decreasing the pressure inside the chamber for silicon NPs[148]. However, using 

dynamic mode increases the cost of the mass production of the NPs. So, increasing the productivity of the 

NPs in static mode requires more work as a cost-effective and straightforward method of NPs fabrication. 
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Furthermore, the utilisation of ultra-high scanning speeds and pulse repetition rates has been demonstrated 

to augment the productivity of PLAL to as much as 4 g h⁻¹ for platinum and gold nanoparticles. 

Nevertheless, the adoption of these ultra-fast scanning speeds and elevated repetition rates remains 

challenging, rendering the procedure prohibitively expensive[139].On the other hand, increasing the 

productivity of silicon carbide (SiC) NPs as a potential candidate for electronics, high-temperature 

applications and abrasives remains a gap in this field. SiC presents a promising prospect as a wide-bandgap 

semiconducting material, surpassing the performance of their monometallic counterparts. SiC boast 

advantageous properties, including a high breakdown field strength, excellent chemical stability, lower 

thermal conductivity compared to metals, remarkable resistance to oxidation and corrosion, and elevated 

hardness[21–23]. SiC nanoparticles have found extensive applications in a range of high-temperature and 

high-frequency scenarios, including light-emitting diodes and UV detectors[125], [149], [150], 

[151]Moreover, the low thermal expansion coefficient of SiC further enhances its suitability as a raw 

material for advanced refractories, functional ceramics, and abrasives. This underscores its versatility in a 

wide range of industrial applications[15], [152]. Depending on the phases of the SiC, the properties of the 

material will be different. For instance, cubic phase (3C SiC, also known as β-SiC) was reported to be 

served in electronic and biomedical applications[153]. However, the hexagonal phase (4H and 6H) was 

used mostly in power diodes[154]. Among top-down methods, high-energy ball milling has traditionally 

been employed for the fabrication of nano-sized silicon carbide. However, the considerable time and energy 

requirements, coupled with challenges in mitigating impurities introduced by the milling balls, render this 

conventional method impractical for certain applications [155].There are also other methods to produce SiC 

NPs such as chemical synthesis, chemical etching, electrochemical etching, electrochemical etching, and 

liquid phase reaction [156], and relatively new methods such as PLAL. For instance, Castelleto and 

coworkers [16] fabricated SiC NPs using ultra-short pulsed laser ablation and studied the resulting NPs for 

biomedical imaging applications where the structural, optical, sizes and morphologies were studied. 

Yamada et al. [17] studied the resulting sizes, shapes and crystal structure of produced SiC NPs in acetone 

using a picosecond laser. A femtosecond pulsed laser was also used by Guo et al. [129] to produce SiC NPs 
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in DI water with the resulting NP optical properties and shapes studied. Moreover, a picosecond pulsed 

laser was used to micromachine SiC wafers in non-thermal mode and ablation depth, thermal effects and 

mechanism for micromachining were studied[131]. Moreover, SiC nanoparticles, both amorphous and 

crystalline, were produced through laser ablation of micro-sized SiC powder in water and ethanol. Analysis 

using X-ray and HRTM revealed the amorphous nature of SiC nanoparticles, averaging 44 nm in water, 

and crystalline SiC polytype nanoparticles, averaging 18 nm in ethanol[130]. The SiC NPs also were 

synthesised using a 532 nm laser to ablate the silicon wafer in ethanol, where the possibility of obtaining 

the SiC without any catalyst was investigated [126] Only a few articles have been published on the 

fabrication of SiC NPs via PLAL  [126], [131]. While studies have explored the fabrication of SiC NPs 

utilising different laser energy sources, there remains a notable gap in the literature concerning the 

investigation of the productivity of the SiC NPs fabrication using static mode PLAL. This study adopts a 

systematic approach to investigate the ablation efficiency and the influence of varying laser fluences, 

scanning speeds, and ablation times on the resulting SiC NPs in batch mode to reduce the cost of the mass 

production of this material. This work also introduces the 3C SiC NPs as a potential candidate in high-

temperature, biomedical and electronic applications. Furthermore, in this study, we present a novel 

investigation into the ablation efficiency of SiC NPs in batch mode, the first exploration of its kind for this 

material. Our findings not only advance the synthesis and characterisation of SiC NPs in relation to laser 

processing parameters but also establish a crucial correlation between ablation efficiency and these 

parameters. This optimisation offers valuable insights for scaling up the process using the batch method of 

PLAL, providing a foundational guide for researchers in this field. 

 

4.2 Experimental and Design of Experiment 
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4.2.1 NPs synthesis 

In this study, the effect of laser fluence (J/cm²), scanning speed (m/s), and ablation time (minutes) on the 

fabrication of SiC NPs from a rod target (99.9% purity, a diameter of 5.0mm, and reaction bonded supplied 

from Goodfellow) were investigated. The target was polished (using a 2000 grit size polishing paper) before 

each laser ablation process and placed vertically into a 100 ml glass beaker so that a 5 mm distance was 

maintained between the surface of the target and water. A 3 × 3 full factorial design of the experiment was 

created using Design-Expert software, where three different laser fluences of 3.78, 6.52, and 7.5 J/cm², 

scanning speeds of 0.1, 0.3, and 0.5, and ablation times of 5, 10, and 15 minutes were investigated. Table 

4.1 shows the fabrication conditions applied for each sample. The pulse width, laser spot size, and liquid 

media were kept constant at 0.6 ns, 50µm, and deionized water, respectively. Ablations were performed 

using a Nd:YAG laser system (WEDGE HF 1064, Bright Solutions) with pulses centred at 1064 nm with a 

pulse repetition rate of 10 kHz. An Archimedean spiral pattern scanning strategy was used to ablate the 

target, where a 2 mm outer diameter and a hatch spacing of 50 µm were chosen to focus the laser spot on 

the centre of the rod. 

 

 

Table 4.1  Design of Experiment for all the samples and their assigned sample names 

Sample 

Name 

Laser Fluence (J/cm2) Scanning Speed (m/s) Ablation Time 

(minutes) 

S1 3.78 0.1 5 

S2 3.78 0.1 10 

S3 3.78 0.1 15 

S4 3.78 0.3 5 

S5 3.78 0.3 10 
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S6 3.78 0.3 15 

S7 3.78 0.5 5 

S8 3.78 0.5 10 

S9 3.78 0.5 15 

S10 6.52 0.1 5 

S11 6.52 0.1 10 

S12 6.52 0.1 15 

S13 6.52 0.3 5 

S14 6.52 0.3 10 

S15 6.52 0.3 15 

S16 6.52 0.5 5 

S17 6.52 0.5 10 

S18 6.52 0.5 15 

S19 7.5 0.1 5 

S20 7.5 0.1 10 

S21 7.5 0.1 15 

S22 7.5 0.3 5 

S23 7.5 0.3 10 

S24 7.5 0.3 15 

S25 7.5 0.5 5 

S26 7.5 0.5 10 

S27 7.5 0.5 15 
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4.2.2 NPs characterisation 

 

UV-Vis spectroscopy measurements were conducted to assess the absorbance of SiC NPs as an indicator of 

NP yield. The Ultrospec 7500 Spectrophotometer and a Biochrom UV-Vis spectrometer with a quartz cuvette 

(Helma, 10 mm path length) were utilised, scanning in the range of 190 to 500 nm. To eliminate the influence 

of the liquid medium's absorption, optical spectra were adjusted by subtracting its contribution from the 

recorded spectrum. The size, zeta potential, and concentration of NPs (particles/ml) were determined using 

Dynamic Light Scattering (DLS) on the Malvern Zetasizer Ultra. Field Emission Scanning Electron 

Microscopy (FESEM) was performed using the Hitachi S5500 instrument. For SEM analysis, a 0.1 µl SiC 

colloid was drop-cast onto a 400-mesh size copper grid (Agar Scientific), and the sample was air-pumped for 

2 minutes to remove colloidal water before examination. Energy Dispersive X-ray Analysis (EDAX) was 

utilised with the FESEM system to explore the composition of the colloid drop and map its constituents. 

Ablation efficiency was determined by measuring the target's weight before and after each ablation process, 

with three measurements averaged for accuracy. Careful drying of the target was performed to exclude water 

weight, ensuring the precise measurement of the target's actual weight. X-ray Diffraction (XRD) was used 

(model STOE STADI P with the detector MYTHEN DSC4) to determine the crystallographic structure of the 

resulting NPs. A Molybdenum Kα1 X-ray source in transmission mode with a step size of 0.016 degrees and 

diffraction angle of 4 to 50 degrees was used to analyse the resulting NPs. Moreover, the Malvern Panalytical 

Empyrean high-energy diffractometer with the same step size, diffraction angle, and X-ray source was used 

to investigate the crystallographic structure of the target material. The particle sizes in FESEM images were 

carried out using the Image Analysis software ImageJ. In this method, although there is agglomeration 

present in the image. In this case, only the non-agglomerated particles were considered for the particle size 

calculation. 
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4.2.3 Statistical analysis 

The assessment of statistical significance was modelled using Design Expert software, which relies on P-

values, where a level of significance of P-value < 0.05 is commonly employed. A P-value below 0.05 is 

typically considered to be statically significant, whereas a P-value greater than 0.05 means that it is not 

statistically significant. Additionally, the F-value was used in the regression analysis to assess the 

significance of the results. R-squared (R²) was calculated for the results, with values ranging from 0 to 1; 

higher values indicate a better match between the model-predicted result and the actual result. The signal-

to-noise ratio was calculated using Adequate Precision which compares the range of the predicted values 

at the design points to the average prediction error. Ratios greater than 4 indicate adequate model 

discrimination. Equation 1 shows the calculation method for the signal-to-noise ratio, where Ŷ are the 

predictions at the run settings, pô2 is the residual mean square from the ANOVA table, p is the number of 

terms in the model, and n is the number of runs in the design. The variables used for this experiment as 

independent factors were laser fluence (J/cm²), scanning speed (m/s), and the duration of the ablation 

(minutes). The productivity of the ablated mass was the key response investigated in the model. In total, 27 

experimental runs were conducted to comprehensively explore the interactions among these factors and 

their impact on PLAL ablated mass productivity. The response surface method was modelled using Design 

Expert (Stat-Ease Inc.) software, specifically employing a quadratic 2-factor interaction (2-FI) process 

order, which was determined to be the most suitable fit for this study among the various models considered. 

 

4 <
𝑚𝑎𝑥(𝑌̂) − 𝑚𝑖𝑛(𝑌̂)

√𝑉𝑌̂

 

𝑉𝑌̂ =
𝑝𝑜̂2

𝑛
 

Equation 1. 
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4.3 Results and Discussion 

4.3.1 Optimisation of the PLAL for high-yield SiC NPs fabrication 

Table 4.2 shows the analysis of variance (ANOVA) calculated F-value, P-value, R², Adj- R², and Pred- R² 

values. According to the data presented in Table 4.2, the P-value of the linear model is less than 0.0001, 

significantly lower than the customary threshold of 0.05. This result signifies the statistical significance of 

the model, indicating that the terms within the model exert a substantial influence on the response variable. 

This conclusion is corroborated by the high R² value, which indicates that 93.38% of the data's variation is 

accounted for by the model. Furthermore, the model's robustness is evidenced by the close agreement 

between the Adj- R² value of 0.8860 and the Pred- R² value of 0.6486. The adequacy precision, reflecting 

the signal-to-noise ratio, is notably high at 17.44, indicating a strong signal in the data. The standard 

deviation of the model was also calculated and found to be 0.15, which highlights the significance of the 

model accuracy. This suggests that the DoE model is suitable for predicting outcomes within the chosen 

range of variables. The study includes 3-dimensional (3D) response surface plots (Figure 4.1, panels a-d) 

generated using the ANOVA table, providing insights into the relationship between each independent 

variable and the ablated mass. Plot 4.1d also demonstrates the model's accuracy in predicting ablated mass 

when compared to actual values. In Figures 4.1(a-c), it is apparent that the optimal conditions for 

maximising SiC NPs ablated mass are achieved at a laser fluence of 7.5 J/cm2, a scanning speed of 0.5 m/s, 

and an ablation time of 15 minutes, resulting in an ablation productivity of 1.9 mg in 10 ml of deionized 

(DI) water. Ablation productivity was quantified by measuring the target's weight before and after each 

ablation process.  
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Figure 4.1Response-surface graphs show the outcome of the ablation time, scanning speed, and laser 

fluence on the yield of SiC NPs in DI water. Response surface plot of SiC NP productivity as a function of 

a) scanning speed, b) laser fluence, c) ablation time and d) predicted vs actual graph 

Table 4.2 ANOVA analysis for a quadratic fit of the data 

Model F-Value P-Value R² Adj-R² Pred-R² 

Linear 22.26 <0.0001 0.9338 0.8860 0.6486 

Square root 15.23 <0.0001 0.9289 0.8679 0.6398 

Natural Log 11.93 <0.0001 0.9109 0.8346 0.5969 

Inverse square root 9.49 <0.0001 0.8905 0.7967 0.5341 
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4.3.2 Effect of ablation time on the properties of resulting NPs 

In the context of this research study, a comprehensive investigation was conducted, involving the 

application of three distinct ablation durations: 5, 10, and 15 minutes. The primary objective was to examine 

the influence of each respective ablation time on various crucial characteristics of the resulting NPs. The 

investigation encompassed an analysis of optical absorption, particle mean size, concentration, and 

morphology. The samples generated from the ablation processes were designated as S1, S2, and S3 which 

corresponded to the ablation durations of 5, 10, and 15 minutes, respectively. It is noteworthy that all 

samples were generated employing a consistent scanning speed of 0.1 m/s and a laser fluence of 3.78 J/cm2.  

Figure 4.2 illustrates the UV-Vis spectra obtained for the samples S1, S2, and S3 and the inset images show 

the corresponding fabricated samples. Based on Figure 4.2, by increasing the ablation time from 5 to 15 

minutes the NPs optical absorption index increased accompanied by a peak at nearly 250 nm for all samples. 

This observation is attributed to increasing the NPs yield across the liquid medium which resulted in higher 

optical absorption in the spectra [126]. In addition, visual inspection of the fabricated samples clearly shows 

a transition from almost colourless to grey for samples S1 to S3 respectively, which confirms the yield 

increase of the NPs. In nanosecond PLAL, rapid heating of the target occurs, and subsequent plasma 

formation happens. This plasma reaches a high temperature and high pressure [116] and transfers its energy 

to the liquid with its collapsing [157], which leads to the vaporisation of the liquid medium and the 

formation of cavitation bubbles. Then NPs nucleation and growth occur within the cavitation bubbles in the 

later stages at around 10-6 to 10-4 seconds until it collapses and NPs are released into a liquid medium. The 

observed correlation between ablation time and NPs yield can be attributed to the mechanics of this process. 

Prolonged ablation times within the context of a constant laser fluence and scanning speed facilitate a more 

pronounced formation and subsequent collapse of cavitation bubbles [158]. Consequently, a greater 

quantity of NPs is liberated into the surrounding liquid medium. This mechanism is inherently responsible 



  

Pre-examination copy June 2026 
 78 

 

for the observed escalation in nanoparticle yield, a phenomenon that aligns harmoniously with the observed 

rise in optical absorption. Moreover, Figure 4.3 shows the EDX result obtained from the resulting NPs in 

which the elements present in the NPs were indicated. As obvious from Figure 4.3, carbon, oxygen and 

silicon are the most dominant elements in the NPs followed by a small amount of copper. The elemental 

composition distribution images clearly confirm that the NPs observed consist of carbon, silicon and some 

oxygen. The presence of oxygen in the recorded EDX result is attributed to silicon oxidation during laser 

irradiation or due to oxygen molecules adsorbed in the SiC particle surface [19]. There are amount of copper 

recorded in the EDX results which comes from the copper grid used for the FESEM. The XRD pattern for 

the target material and the resulting NPs are presented in Figure 4.4. Based on the result obtained using the 

XRD, the produced SiC NPs have the same crystallographic structure as the target material. The indexed 

XRD pattern of SiC target material and resulting NPs indicates that they have a cubic phase (3C-SiC) with 

the lattice parameter of a= 4.358 Å (Card No.96-101-1032, JCPDS card no. 29-1129; a = 4.359 Å). The 

peaks at 2θ = 29.14, and 21.35 are also present in the XRD patterns which are related to the formation of 

the SiO2 phase in the produced NPs[159], [160]. The micrographs of FESEM, BF-STEM, and size 

distribution for the samples S1, S2, and S3 are portrayed in Figure 4.5 (a-k) respectively. These graphs 

indicated that the resulting NPs were spherical so changing the ablation time did not change the NPs shapes. 

Image analysis was executed to ascertain the dimensions of the NPs, as depicted in Figure 4.5 (subfigure c, 

f, and k). Notably, the measurements obtained through image analysis yielded NPs sizes notably smaller 

than those determined through DLS (Table 4.3). This intriguing discrepancy has been previously 

documented in detail in the work of reference [161]. In the aforementioned study, the observed size 

differentiation was attributed to the different mechanisms involved in both FESEM image analysis and DLS 

techniques. Figure 4.6 illustrates the total ablation mass of the target in different ablation times of 5 to 15 

minutes in a constant laser fluence and scanning speed of 3.78 J/cm2 and 0.1 m/s. Overall, by increasing 

the ablation time from 5 to 15 minutes, an increase in the ablated mass from 0.3 to 0.6 mg was observed. 

The observed trend in Figure 4.6 suggests that ablated mass increased exponentially with increasing the 

ablation time. more NPs could be fabricated in higher ablation times, which was previously reported for 
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other elemental NPs in both gas and liquid environments [162], [163], [164], [165]. Moreover, the mass 

productivity which is dependent on the laser power was measured and mass productivity reached a 

maximum level of 0.398 mgh-1W-1 once the ablation time increased to 15 minutes. On the other hand, the 

concentration of the NPs is a different term compared to NPs yield. NPs yield refers to the total quantity of 

NPs produced, while concentration measures the density of NPs in a given volume of liquid. The 

concentration and the average size of the resulting NPs were evaluated using DLS, and the outcomes are 

displayed in Figure 4.7. The resulting NPs mean sizes are shown in Table 4.3, in which the change of the 

NPs mean size is not significant. Furthermore, the concentration of the resulting NPs exhibited an upward 

trend when the ablation time was extended from 5 to 10 minutes. However, this trend reversed when the 

ablation time was further increased to 15 minutes. This observation implies that prolonging the ablation 

time up to 15 minutes introduces a change in the dynamics. The laser's interaction with the NPs already 

formed in the liquid medium seems to play two roles, first leading to a reduction in the laser energy reaching 

the target and second, further breaking down the already fabricated NPs into smaller pieces [164]. 

Consequently, as the ablation time further increases to 15 minutes, the formation of cavitation bubbles is 

hindered, resulting in a decrease in nanoparticle concentration and decreasing the NPs mean size with 

further breaking down the already formed NPs. This process is caused by the laser shielding effect and is 

known as laser fragmentation in liquid (LFL). Moreover, Figure 8 displays the zeta potential measurement 

of the samples S1, S2, and S3. The zeta potential decreased from -17.432 to -10.97 mV by increasing the 

ablation time from 5 to 15 minutes. Based on the results obtained the zeta potential decreased by increasing 

the ablation time, so the colloidal stability of the samples that were fabricated in higher ablation time is 

higher. 
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Figure 4.2  UV-Vis spectra for the samples S1, S2, and S3 in a constant laser fluence of 3.78 J/cm2, 

scanning speed of 0.1 m/s and ablation time of 5, 10, and 15 minutes respectively; the inset image shows 

the visual inspection of the corresponding samples
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Table 4.3 The NPs mean size at the three different laser ablation times 

Ablation Time (min) sample name DLS NPs Mean Sizes (nm) STEM NPs mean size (nm) 

5 S1 146 119 

10 S2 147 123 

15 S3 143 120 

 

Figure 4.3 EDX keV response, SEM image of NP, and colour maps of the measured Si, O, and C 

concentrations for the sample S3 
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Figure 4.4 XRD patterns of the target material and produced NPs 
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Figure 4.5 Micrographs FESEM, BF-STEM and size distribution of a, b, and c of the sample S1. d, e, and f for 

the sample S2, and g, h, and k for the sample S3 
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Figure 4.6 Actual ablated mass [mg] for a constant laser fluence of 3.78 J/cm2, a scanning speed of 0.1 

m/s, and ablation times of 5, 10, and 15 minutes 

 

Figure 4.7 DLS results for the samples S1, S2, and S3 in a constant laser fluence of 3.78 J/cm2, scanning 

speed of 0.1 m/s and ablation times of 5, 10, and 15 minutes, respectively 
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Figure 4.8 Zeta potential measurement of the samples S1, S2, S3. 

 

 

4.3.3 Effect of scanning speed on the resulting NPs 

This section examines the influence of different scanning speeds on the properties of the resulting SiC NPs. 

Throughout the results which are presented in this section, the laser fluence and ablation time were held 

constant at 3.78 J/cm² and 15 minutes, respectively. The generated samples were designated as S3, S6, and 

S9, corresponding to scanning speeds of 0.1 m/s, 0.3 m/s, and 0.5 m/s, while maintaining a consistent laser 

fluence and ablation time for each respective sample. The UV-Vis spectroscopy with a wavelength range 

of 240 to 500 nm was conducted for the samples S3, S6, and S9 and the results are shown in Figure 4.9. 

Generally, the patterns indicated that the optical absorption index of the NPs increased with increasing 

scanning speed up to 0.5 m/s, following a peak at around 250 nm for all the samples. Beyond this peak, a 
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subsequent decline in optical absorption was evident. This decline occurred linearly and tended towards 

saturation as the wavelength was further extended, up to the limit of 500 nm. In essence, the optical 

absorption behaviour of the nanoparticles exhibited a nuanced response to the varying scanning speeds, 

characterised by distinct absorption patterns across the specified wavelength range. The inset image in 

Figure 4.9 illustrates the corresponding S3, S6, and S9 samples. As is evident from the inset image, 

increasing the scanning speed causes an increase in NPs yield as a shift in colour can be seen from light 

grey to brown for the samples S3 to S9. The observed increase in the optical absorption index with higher 

scanning speeds is attributed to the concurrent increase in nanoparticles yield. This connection becomes 

evident upon visual inspection of the results. As scanning speed increases, more nanoparticles are 

generated, leading to a greater presence of these particles in the sample. This higher yield of NPs translates 

to enhanced light absorption, resulting in the observed rise in the optical absorption index. Figure 4.10 

presents the data on the NPs mean size and concentrations for the specified samples (S3, S6, and S9), where 

the concentration of the produced samples increased with increasing scanning speed. For each scanning 

speed considered, a notable sequence of events unfolds immediately following the irradiation of the target 

by the initial laser pulse, where a hemispherical shockwave is observed to propagate outward into the 

surrounding liquid medium [166]. This occurrence is succeeded by the emergence of a high-temperature, 

dense plume comprised of vapour, gas, and NPs expelled from the target. A discernible discrepancy 

emerges when examining the effects of these events. For lower scanning speed, it is evident that the plume 

emissions induced by earlier pulses exhibit a milder character in comparison to those generated by 

subsequent pulses. As the laser pulses traverse the plume in its initial phase, they retain the capability to 

ablate the target material. However, as the plume's intensity grows and its spatial distribution expands, the 

influence of the laser's ponderomotive force becomes insufficient to effectively disperse the high-density 

plume background. Consequently, the efficacy of the laser in pushing away the plume diminishes, resulting 

in a scenario where the subsequent ablation is impeded. Eventually, as the plume relaxes and reverts to its 

original state, the ablation process resumes. Contrastingly, when the scanning speed is at higher rate, the 

plume left by previous pulses demonstrates a limited impact on subsequent pulses, apart from a minor 
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attenuation effect on the energy of the later pulses. These findings underscore that, under the condition of 

lower scanning speed, the intermittent laser ablation process is significantly influenced by the phenomenon 

of plume shielding [135], [167]. Therefore, increasing the scanning speed resulted in higher NPs yield and 

concentration, as evident in Figures 4.9, and 4.10. Furthermore, the NPs mean sizes vary from 161.8, 92.81, 

and 140.7 nm for the samples S3, S6, and S9, respectively. In the quest to elucidate the morphological 

characteristics of NPs produced from samples S3, S6, and S9, a comprehensive analysis was conducted 

utilising both FESEM and Field Transmission Electron Microscopy (FTSEM). The acquired micrographs, 

as presented in Figures 4.11 (a-k) collectively reveal a predominant spherical morphology for the NPs, 

interspersed with instances of agglomeration or clustering within the colloid. Remarkably, it is worth noting 

that the size trends established in the DLS analysis align consistently with those observed through STEM. 

This result indicates that increasing the scanning speed resulted in a decrease in the NPs mean sizes which 

was also reported before [120], and further increasing the scanning speed increased the NPs mean size. The 

outcomes of the ablated mass assessment are portrayed in Figure 4.12. A clear trend emerges from the graph 

which is an augmentation in the scanning speed from 0.1 to 0.5 m/s corresponds to an increase in the amount 

of material ablated. Specifically, the ablated mass goes up from 0.6 mg to 1.3 mg when the scanning speed 

increases to 0.5 m/s which suggests an exponential trend. Also, the mass productivity reached a maximum 

level of 0.86 mg.h-1.W-1 once the scanning speed increased to 0.5 m/s. This observed relationship is 

consistent with the trend seen in the UV-Vis spectra. The escalating ablated mass with higher scanning 

speeds correlates well with the previously noted increase in NP yield, as depicted in the UV-Vis graphs. In 

essence, the alignment between the ablated mass and nanoparticle yield reinforces the notion that higher 

scanning speeds result in more effective ablation processes, leading to both larger quantities of ablated 

material and heightened production of NPs, as indicated by the optical absorption measurements. In the 

course of the experiment, variations in the zeta potential of the samples were observed as the laser scanning 

speed was incrementally adjusted and the results are displayed in Figure 13. Specifically, the zeta potential 

exhibited a decline from -10.97 mV to -8.27 mV with an increase in scanning speed from 0.1 m/s to 0.3 

m/s. Subsequently, a resurgence in the zeta potential to -14.39 mV was noted upon further acceleration of 
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the scanning speed to 0.5 m/s. These observations indicate that there is no linear correlation between the 

scanning speed and the stability of the produced colloidal suspensions. 

 

 

Figure 4.9 UV-Vis spectra for the samples S3, S6, and S9 in a constant laser fluence of 3.78 J/cm2, ablation time 

of 15 minutes and scanning speed of 0.1, 0.3, and 0.5 m/s respectively, inset image shows the visual inspection of the 

corresponding samples 
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Table 4.4 DLS and STEM size measurements of the NPs for samples S3, S6, and S9. 

Scanning Speed (m/s) sample name DLS NPs Mean Sizes 

(nm) 

STEM NPs mean size 

(nm) 

0.1 S3 143 120 

0.3 S6 92 52 

0.5 S9 140 109 
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Figure 4.10  DLS results for the samples S3, S6, and S9 in a constant laser fluence of 3.78 J/cm2, ablation 

time of 15 minutes, and scanning speed of 0.1, 0.3, and 0.5 m/s, respectively. 

 

 

 



  

Pre-examination copy June 2026 
 91 

 

 

Figure 4.11 Micrographs FESEM, BF-STEM and size distribution of a, b, and c of the sample S3. d, e, and f for 

the sample S6, and g,h, and k for the sample S9. 
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Figure 4.12 Actual ablated mass [mg] in a constant laser fluence 3.78 J/cm2ablation time of 15 minutes, and 

scanning speed of 0.1, 0.3, and 0.5 m/s. 
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Figure 4.13 Zeta potential measurement of the samples S3, S6, and S9 

 

4.3.4 Effect of laser fluence on the properties of resulting NPs 

This section primarily concentrates on the influence of laser fluence on the characteristics of the produced 

SiC NPs within the colloidal suspensions. Throughout the entirety of the experiments conducted in this 

segment, the laser scanning speed and ablation time were maintained at constant values of 0.3 m/s and 15 

minutes, respectively. Three various laser fluences as mentioned in the DOE, were investigated (3.78, 6.5, 

and 7.5 J/cm2). These distinct fluence values were assigned to the respective samples denoted as S6, S15 

and S24 respectively. Figure 4.14 illustrates the UV-Vis pattern for the samples S6, S15, and S24 and the 

inset image shows the corresponding sample photographs, from which an increase in the optical absorption 

was observed with increasing the laser fluence. This trend was previously reported in the reference[19], 

where increasing the concentration with increasing the laser fluence was assumed to be related to increasing 

the ablation area. The optical absorption trends are felt linearly by increasing the wavelength up to 500 nm 



  

Pre-examination copy June 2026 
 94 

 

and tend to saturate. As per the definition of laser fluence which is the amount of optical energy per unit 

area on the material, a minimum deposition energy is required to ablate the material [168]. Obviously, in 

this case, the minimum energy was provided to ablate the material in all the given laser fluences. 

Furthermore, Figure 4.15 displays the distribution of mean nanoparticle size and concentration obtained 

through DLS. The data in Figure 4.15 reveals that as the laser fluence was increased, both the mean size 

and concentration of the generated nanoparticles exhibited an upward trend. This trend was relatively 

modest when the laser fluence was raised from 3.78 to 6.5 J/cm2. However, a substantial increase in both 

mean size and concentration was observed when the laser fluence was further elevated to 7.5 J/cm2. At 

lower laser fluences, the target's surface atoms are evaporated, resulting in the formation of NPs through 

the nucleation of these evaporated atoms. This process tends to produce NPs with a uniform size 

distribution. Conversely, when the laser fluence is increased, a higher amount of energy is delivered to the 

target, causing the removal of material through melting rather than evaporation. In this scenario, the 

interactions of molten metal droplets are disrupted by the laser beam and rapidly cooled, leading to the 

more NPs being generated with a larger and wider range of sizes [169], [170]. Therefore, increasing the 

laser fluence resulted in increasing both the concentration and mean size of the SiC NPs. This trend suggests 

that laser fluences of 7.5 J/cm2 have the highest impact in the process of SiC NPs using PLAL, which was 

confirmed in the statistical analysis. Furthermore, Figure 4.16 (a-k) presents the FESEM and BF-STEM 

images of samples S6, S15, and S24, respectively. These micrographs confirm the presence of spherical 

NPs, which is further corroborated by size distribution measurements (depicted in subgraphs c, f, and k). 

The results of the assessment of ablated mass are depicted in Figure 4.17. A noticeable trend becomes 

apparent in the graph, showing that an increase in laser fluence from 3.78 to 7.5 J/cm² corresponds to a 

greater amount of material being ablated, where the ablated mass increases from 0.9 mg to 1.42 mg as the 

laser fluence is raised to 7.5 J/cm². In addition, the mass productivity reached the maximum level at the 

laser fluence of 7.5 J/cm² with the value of 944 mgh-1W-1. This observed relationship aligns with the trend 

observed in the UV-Vis data. The increase in ablated mass with higher laser fluences correlates with the 

previously noted rise in nanoparticle yield, as shown in the UV-Vis graphs. Essentially, the concordance 
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between ablated mass and nanoparticle yield reinforces the idea that higher laser fluence leads to more 

effective ablation processes, resulting in both larger quantities of ablated material and increased production 

of nanoparticles, as indicated by the optical absorption measurements. Furthermore, the colloidal stability 

of the samples was assessed across a range of laser fluences, as depicted in Figure 4.18. It was observed 

that an increase in the laser fluence led to a corresponding elevation in the zeta potential values of the 

colloidal suspensions, ranging from -8.27 mV to -14.22 mV. Ultimately, the optical band gap for all the 

studied samples was estimated using the Tauc plot method as shown in Figure 4.19. This method involves 

plotting the square of (αhυ) versus the photon energy (hυ) and extrapolating the linear portion of the curve 

to the x-axis intercept, which corresponds to the band gap energy (Eg). The optical band gap of the 

fabricated silicon carbide ranged from 2.63 to 3.83 eV at room temperature. The actual band gap of 3C 

silicon carbide is 2.24 eV, and the difference between the estimated value in this study with the actual value 

can be correlated to the quantum size effect [19]. The results also suggested that increasing the NP size 

decreased the optical band gap. As the particle size diminishes, the widening of the band gaps can be 

attributed to the corresponding increase in lattice parameters as the particle diameter decreases [171]. 

 

 

Table 4.5 DLS and STEM size measurements of the NPs for samples S6, S15, and S24. 

Laser Fluence (J/cm2) sample 

name 

DLS NPs Mean Sizes 

(nm) 

STEM NPs mean size 

(nm) 

3.78 S6 92 52 

6.5 S15 99 59 

7.5 S24 140 83 

 



  

Pre-examination copy June 2026 
 96 

 

 

Figure 4.14 UV-Vis spectra for the samples S6, S15, and S24 in a constant scanning speed of 0.3 m/s, ablation 

time of 15 minutes and laser fluences of 3.78, 6.5, and 7.5 J/cm2 respectively, inset image shows a picture of the 

corresponding samples. 
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Figure 4.15 DLS results for the samples S6, S15, and S24 in a constant scanning speed of 0.3 m/s, ablation time of 15 

minutes, and laser fluences of 3.78, 6.5, and 7.5 J/cm2 respectively. 
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Figure 4.16 Micrographs FESEM, BF-STEM and size distribution of a, b, and c of the sample S6. d, e, and f for 

the sample S15, and g,h, and k for the sample S24. 
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Figure 4.17 Actual ablated mass [mg] in a constant ablation time of 15 minutes and scanning speed of 0.3 m/s and 

laser fluences of 3.78, 6.5, and 7.5 J/cm2. 
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Figure 4.18 Zeta potential measurement of the samples S6, S15, and S24 
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Figure 4.19 Optical band gap estimation using the Tauc plot method 

 

4.4 Conclusion 

In conclusion, this study successfully synthesised silicon carbide NPss (SiC NPs) through nanosecond 

Pulsed Laser Ablation in Liquid (PLAL) in deionised water. The investigation into the impact of laser 

processing parameters specifically, laser fluences, scanning speed, and ablation time revealed a direct 

correlation between these factors and the resulting ablation efficiency and properties of SiC NPs. The 

ablation efficiency of SiC NPs was determined for the first time[20], [36], [39], [40], and under optimised 

conditions, an ablation time of 15 minutes, a scanning speed of 0.5 m/s, and a laser fluence of 7.5 J/cm² the 

total ablated mass reached a maximum of 1.8 mg with the maximum mass productivity of 1.196 mgh-1W-

1. Notably, an increase in laser fluence, scanning speed, and ablation time led to higher SiC NP 

concentrations, as evidenced by UV absorption and DLS results. The non-linear trend observed between 

ablated mass and laser fluence indicated the sensitivity of the process to these parameters, which was not 
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reported in previous work[37].. Furthermore, the study highlighted a substantial increase in mean size, zeta 

potential and concentration of SiC NPs at a fluence of 7.5 J/cm². Although there was a difference in size 

distribution between image analysis and DLS data, the overall trend remained consistent. The XRD pattern 

showed that the 3C SiC NPs were fabricated which had the same phase composition as the target material. 

Moreover, the EDX result confirmed the presence of silicon and carbon in the resulting NPs. Moreover, 

the results also suggested that increasing the NP size decreased the optical band gap. Overall, this research 

demonstrated the feasibility of producing highly concentrated SiC NP colloids through nanosecond pulsed 

laser ablation in liquid, providing valuable insights for the controlled synthesis of SiC NPss with tailored 

properties for various applications. The inkjet printing of the highly concentrated SiC colloids under the 

optimum condition of ablation, and investigation of the concentration of the colloid on properties such as 

thermal conductivity, electrical conductivity, and heat resistance of the printed layer will be desirable for 

further works. 
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5 Chapter 5                   

Thermal Conductivity 

Enhancement of Epoxy 

Abrasive Composites Using 

Hybrid SiC–Al₂O₃ Fillers: 

Experimental, Analytical, 

and FEA Approaches 
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Abstract 

 

This study investigates the thermal conductivity of epoxy matrix-based abrasive composites through the 

incorporation of silicon carbide (SiC) and aluminium oxide (Al₂O₃) particles. A goal of such material design 

is to achieve controlled heat transfer with the potential to increase component lifetimes. Thermal 

conductivity measurements, infrared thermal imaging, scanning electron microscopy (SEM), analytical 

modelling, and finite element analysis (FEA) were employed to examine the influence of particle type, 

particle size, particle loading, and hybrid filler ratios on heat transfer behaviour. The results demonstrated 

that composites with both SiC and Al₂O₃(called hybrid composites) exhibited higher thermal conductivity 

and longer lifetimes compared to just using Al₂O₃alone. Hybrid SiC-filled composites exhibited 

significantly higher thermal conductivity than the hybrid Al₂O₃-filled systems due to improved phonon 

transport, stronger covalent bonding, and superior particle dispersion. Increasing particle size and filler 

loading enhanced thermal conductivity, with the highest value of approximately 2.78 W/mK achieved for 

a hybrid composite containing a 9:1 SiC-to-Al₂O₃ ratio. In contrast, nano-sized particles showed reduced 

thermal conductivity at high loadings because of particle agglomeration and increased interfacial thermal 

resistance. Infrared thermal imaging further confirmed that composites with higher thermal conductivity 

exhibited improved thermal stability and prolonged operational lifetime during grinding applications. 

Analytical and FEA models successfully predicted the experimental trends, with FEA demonstrating closer 

agreement with experimental measurements. The findings highlight the potential of hybrid ceramic-filled 

epoxy composites for the development of thermally stable and longer life time abrasive materials for 

demanding industrial applications. 

 

Keywords: Thermal conductivity, silicon carbide, aluminium oxide, hybrid, composite 
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5.1 Introduction 

 

Epoxy resins are among the most widely used thermosetting polymers in structural, electrical, and coating 

applications due to their excellent mechanical strength, chemical resistance, dimensional stability, and 

strong adhesion to diverse substrates [172], [173], [174]. In abrasive systems—such as grinding tools, 

polishing pads, bonded abrasives, and wear-resistant coatings—epoxy matrices serve as effective binders 

that securely hold abrasive particles while maintaining structural integrity under mechanical stress. 

However, a major limitation of epoxy resins is their inherently low thermal conductivity (typically 0.2–0.3 

W·m⁻¹·K⁻¹), which restricts their performance in applications involving frictional heating and high 

mechanical loads [175]. 

During abrasive operations, significant heat is generated at the contact interface due to friction and material 

removal processes. Poor heat dissipation can lead to thermal degradation of the backing material, reduced 

bonding strength, dimensional instability, and premature tool failure [176]. Therefore, enhancing the 

thermal conductivity of epoxy-based abrasive composites and using them as the grinding backing material 

is critical to improving thermal stability, wear resistance, and service lifetime. One effective strategy to 

overcome this limitation is the incorporation of thermally conductive ceramic fillers into the polymer matrix 

[177], [178], [179]. 

Among the available ceramic fillers, silicon carbide (SiC) and aluminium oxide (Al₂O₃) have attracted 

considerable attention because of their high intrinsic thermal conductivity, excellent hardness, chemical 

inertness, and compatibility with abrasive applications [180], [181], [182], [183], [184], [185], [186], [187]. 

Silicon carbide exhibits high thermal conductivity, superior mechanical strength, and outstanding thermal 

stability, making it suitable for high-performance abrasive systems. Similarly, Aluminium oxide offers high 

hardness, good thermal conductivity, and cost-effectiveness, which are advantageous for industrial-scale 

composite fabrication [188], [189], [190], [191]. 

The particle size of fillers plays a crucial role in determining the thermal and mechanical performance of 
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polymer composites [192], [193], [194]. Micron-sized particles can form effective heat-conducting 

pathways at higher loadings [195], while nano-sized particles provide large interfacial surface areas that 

can enhance phonon transport and interfacial bonding [196]. However, nanoparticles also tend to 

agglomerate due to high surface energy [197], potentially hindering thermal transport if not properly 

dispersed. A hybrid approach combining micro- and nano-sized particles may offer synergistic effects by 

improving particle packing density, reducing interfacial thermal resistance, and promoting the formation of 

continuous thermal conduction networks within the epoxy matrix. 

Although numerous studies have reported the enhancement of thermal conductivity in polymer composites 

using ceramic fillers, limited work has systematically compared the effects of micron- and nano-sized SiC 

and Al₂O₃ particles within the same epoxy system, particularly in the context of abrasive applications. 

Understanding the influence of particle size, morphology, loading fraction, and dispersion quality on heat 

transfer mechanisms is essential for optimising composite performance. 

This study investigates the enhancement of thermal conductivity in epoxy resin composites incorporating 

micron- and nano-sized SiC and Al₂O₃ particles for abrasive applications. The goal of this work was to (i) 

evaluate the influence of particle type and size on thermal conductivity, (ii) analyse the microstructural 

characteristics that govern heat transfer pathways, and (iii) assess the potential of hybrid filler systems to 

improve thermal management without compromising structural integrity. To the authors’ knowledge, this 

study is the first to systematically investigate the combined influence of micron- and nano-sized SiC and 

Al₂O₃ fillers, hybrid filler ratios, and particle loading on the thermal conductivity of epoxy-based abrasive 

composites using integrated experimental, analytical, and finite element approaches. The findings herein 

contribute significantly to the development of high-performance, thermally stable epoxy-based abrasive 

composites suitable for demanding industrial environments. 
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5.2 Materials and Methods 

5.2.1 Materials 

Micron-sized ceramic particles were procured from Kemet International. Two types of abrasive materials 

were used: silicon carbide and aluminium oxide. For both materials, four different particle mean sizes were 

selected: 4.5, 58, 129, and 185 μm. 

The polymer matrix used in this study was Gurit AMPRO Epoxy Resin, which was supplied together with 

AMPRO Fast Hardener by Gurit. The epoxy resin and hardener were mixed at a ratio of 3:1 by weight, 

following the manufacturer’s recommended formulation to ensure proper polymerisation and curing of the 

epoxy system. 

 

5.2.2 Preparation of Epoxy–Particle Composites Coated Substrate 

A design of experiments was prepared in which three variables and 4 factors were used to determine the 

most suitable process. The experimental design is shown in Table 5.1 for the SiC and Al₂O₃ was 

investigated. Table 5.2 shows the mixing ratio parameters, in which the particles were mixed together in 

different ratios. 

 

 

Table 5.1 Particle mean size and loading for SiC and Al2O3 particles used in the fabrication of tested 

samples 

Mean particle size 

μm 

Particle loading wt% 

4.5 5 

4.5 15 
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4.5 30 

4.5 45 

58 5 

58 15 

58 30 

58 45 

129 5 

129 15 

129 30 

129 45 

185 5 

185 15 

185 30 

185 45 

 

 

Table 5.2The mixing ratio of the SiC and Al2O3 particles used for fabrication of tested samples. 

Parameter Mixing ratio 

SiC:Al₂O₃  9:1 

SiC:Al₂O₃  7:3 

SiC:Al₂O₃  3:7 

SiC:Al₂O₃  1:9 

The nano-sized particles were also examined to compare the thermal conductivity of the materials in 

different size scales, including micron-sized and nano-sized. The particles were purchased from Merck with 

a mean size of 100 nm for both materials, and four different particle loadings were prepared and examined. 
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The particle loading used was 5, 15, 30 and 45 w%. 

Initially, the epoxy resin was poured into a 100 mL beaker and stirred continuously for 5 minutes to 

minimise the presence of entrapped air bubbles and to ensure uniform consistency. Subsequently, the SiC 

or Al₂O₃ micron-sized particles were gradually added to the epoxy resin. The mixture was stirred for 

approximately 20 minutes to obtain a homogeneous suspension, ensuring that the particles were uniformly 

dispersed throughout the epoxy matrix. 

After achieving uniform dispersion of the ceramic particles, the AMPRO fast hardener was added to the 

mixture at the predetermined 3:1 resin-to-hardener ratio. The mixture was then stirred for an additional 5 

minutes to ensure complete blending and initiation of the curing reaction. Finally, the  

fluid composite epoxy was coateded onto a 1 mm-thick cotton backing sheet which was used as the substrate 

for depositing the composite layer. The prepared epoxy–particle mixture was applied onto the backing sheet 

using a manual hand-brushing technique. Care was taken to ensure that the composite layer was evenly 

distributed across the entire surface, maintaining a uniform thickness. Following the coating process, the 

composite-coated sheets were placed in an oven at 50 °C for 20 minutes to facilitate the curing and 

polymerisation of the epoxy matrix. After the curing process was completed and the sheets were fully dried, 

the samples were cut into appropriate dimensions for subsequent characterisation and testing. 

 

5.3 Materials Characterisation 

 

5.3.1 Thermal conductivity 

Thermal conductivity measurements were conducted using a C-Therm Trident Thermal Conductivity 

Analyser equipped with a Transient Plane Source (TPS) Flex sensor. The TPS technique employs a double-

sided hot-disc sensor capable of simultaneously determining the thermal conductivity, thermal diffusivity, 

and specific heat capacity of materials from a single measurement. The measurements were performed in 
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accordance with ISO 22007-2 and ASTM E3088-25 standards. 

During testing, electrical power was applied to the spiral heating element of the TPS sensor, generating a 

controlled heat pulse. This induced a temperature rise at the interface between the sensor and the sample 

surface, resulting in a corresponding voltage variation across the sensor element. Initial trial runs were first 

conducted to estimate the appropriate testing parameters, including power level, test duration, and sensor 

size. These parameters were subsequently refined iteratively until stable and reliable measurement 

conditions were achieved, following the guidance outlined in ISO 22007-2. The resulting temperature–time 

response was analysed using an iterative solving procedure to determine the thermal conductivity and 

thermal diffusivity of the samples. A 6 mm diameter sensor was selected for all measurements, as the 

prepared test samples possessed a diameter of 20 mm, ensuring sufficient contact area and measurement 

accuracy. A schematic representation of the sample geometry and sensor configuration is presented in 

Figure 1 of the supplementary document. The test was conducted 5 times for each sample, and the average 

was calculated for the thermal conductivity values  

 

5.3.2 SEM Imaging 

The Carl Zeiss LS15 scanning electron microscope was used to observe the surface of the sample at high 

magnification. The SEM was used to investigate the particle distribution on the surface of the sample, as 

well as feedstock powders, which were used in this study,  

5.3.3 Grinding disk test setup 

To evaluate the practical applicability of the developed composites under realistic operating conditions, 

multiple samples were fabricated and tested at the sponsoring company’s facility. Both micron-sized and 

nano-sized filler particles were deposited onto the surface of grinding discs and examined during grinding 

operations. A Shunner Electrical Grinder was used with a rotation speed of 8000 rpm, a stainless steel 316 

substrate was used as the substrate for the grinding, and an operator performed the test with a constant 
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applied loading of 50 N for each test for 5 minutes. The temperature evolution on the backing side of the 

grinding disc was monitored using a Fluke RSE300 thermal imaging camera in conjunction with 

SmartView R&D software. Figure 2 in the appendices document illustrates the thermal imaging setup and 

a representative prepared sample. 

Prior to experimentation, the thermal imaging system was calibrated to minimise systematic measurement 

errors and improve temperature accuracy. Calibration was performed using a reference sample heated to 

300 °C, where the corresponding temperature was recorded using the thermal camera. Subsequently, the 

emissivity values of SiC and Al₂O₃ powders were incorporated into the measurement system, and the 

calibration procedure was repeated to obtain more accurate thermal measurements during grinding 

operations. This approach enabled reliable evaluation of the thermal dissipation behaviour and thermal 

stability of the coated grinding discs under operational conditions. 

 

5.4 Analytical model of the prepared grinding disk thermal conductivity 

The system under consideration is a flat laminate composed of three perfectly bonded together layers 

stacked in a through-thickness direction. The total thickness is given by the equation 1. A schematic 

representation of the layers being tested is illustrated in the Figure 5.1 alongside the meshing convergence 

and the sample being modelled. The corresponding layer thicknesses used in the simulation are presented 

in Table 5.3. 
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Figure 5.1 a) the meshing convergence of the model, b) schematic representation of the meshing sample, 

and c) schematic illustration of the three layers being modelled. 

 

 

 

Table 5.3  Thickness of the layers used in the FEA analysis 

 Composite Material Backing Material Grinding Disk 

Thickness  3mm 1mm 2.4mm 

 

 

 

 

𝑡𝑡𝑜𝑡𝑎𝑙 = 𝑡1 + 𝑡2 + 𝑡3 

 

Equation 1 
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 where t1,  t2 and t3 are the thicknesses of layers 1, 2 and 3, respectively. Hence, k1,  k2 and k3  are the 

corresponding thermal conductivities.  Each layer is assumed to occupy the same circular cross-sectional 

area as shown in equation 2.  

A = πr2 

 

Equation 2 

 where r = 37.5mm, (based on the given geometry of the disks, 75mm diameter).  

A consistent Cartesian coordinate system is adopted such that x and y represent in-plane directions and z 

represents the through-thickness direction. To obtain a closed-form analytical solution, the following 

assumptions are applied: Steady-state heat conduction as in equation 3.  

∂T

∂t
= 0 

 

Equation 3 

Temperature is time-independent. The solution represents the steady-state limit of the transient FE 

simulation. Secondly, no internal heat is generated, as shown in equation 4.  

q̇gen = 0  

Equation 4 

 

 

 Thirdly, homogeneous and Isotropic layers, meaning each layer has a constant thermal conductivity 

(equation  5). 

k = ki 

Equation 5 

 

 Within each individual layer, where material properties don’t vary with temperature. Additionally, Perfect 
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thermal contact between layers equation 6. 

T− = T+ 

Equation 6 

 

And normal heat flux is continuous across interfaces as in equation 7. 

−k
− ∂T

∂z
= −k

+ ∂T

∂z
 

Equation 7 

 

 and one-dimensional dominant heat flow (equation 8). 

∂2T

∂x2
= 0,   

∂2T

∂y2
= 0  

Equation 8 

 

Heat transfer is primarily assumed to occur in the z-direction (through the thickness direction), which 

simplifies the governing equation to: 
∂2T

∂z2 = 0 within each layer. 

Background Calculations 

The calculations for the X and z directions are used for inputting into the Ansys Workbench engineering 

data, and these calculations are done for both the grinding disk and backing sheets. 

X Direction 

Starting with Fourier’s law, with 1D conduction in the x-direction, this gives equation 9 

qx
,, = −kx

dT

dx
  

Equation 9 

Where qx
,,
 is the heat flux [

W

m2]; k is the thermal heat conductivity (W/m.K); dT/dx is the temperature 

gradient. If the temperature varies approximately linearly across a distance ∆x, Then equations 10, 11, 12 
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and 13 give 

dT

dx
≈

∆T

∆x
 

Equation 10 

qx
,, = −kx

∆T

∆x
 

Equation 11 

It can also be assumed that: 

Qẋ = qx
,, A 

Equation 12 

Where Qx is the Heat transfer rate [W]. This means: 

Qẋ = (= −kx

∆T

∆x
) A 

Equation 13 

In equation 13, A can be written as the area as in equation 14. 

A = πr2 

Equation 14 

This gives the solution to equation 15. 

Qẋ = −kxπr2
∆T

∆x
 

Equation 15 

In the case of this study, the magnitude of the value is all that is required, simplifying equation 15 to 

equation 16. 

Qẋ = kxπr2
∆T

∆x
 

Equation 16 

This can be rearranged to find kx as in equation 17. 
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kx =
Qẋ∆x

πr2∆T
 

Equation 17 

Equation 17 can be used for all three layers independently, giving in-plane conductivity in the x-direction 

but not through thickness. 

Z Direction 

For 1D conduction in the z-direction, Fourier’s Law can again be used as shown in equation 18 

qz
,, = −kz

dT

dz
≈ −kz

∆T

∆z
 

Equation 18 

The difference in the Z direction comes in the next step when the heat flux is converted to the heat transfer 

rate, as in the Z direction, the area is given by equation 19 

A = L × W 

Equation 19 

Where L is the full diameter[m] of one of the disks (which is uniform for each layer); W is the thickness of 

one layer [m]. The formula Qż = qz
,, A is also to be used in this case, and using this gives a final formula as 

in equation 20. 

Qż = −kzLW
∆T

∆z
 

Equation 20 

Where the Heat transfer rate Qz and the temperature change ∆T are also taken to be constant through the 

layers. The thickness value, W in this case, must be taken for each individual layer, not the total thickness. 

Ignoring the negative sign, due to the magnitude of the value only being used. The formulas are rearranged 

to find kz, L and ∆z cancel each other out then to give equation 21. 

kz =
Qż∆z

LW∆T
=

Qż

W∆T
 

Equation 21 
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And equation 21 can be used for each of the layers.  

 

5.5 Finite Element Analysis (FEA) setup 

 

5.5.1 Geometry and Boundary Conditions 

The geometry of the finite element model was developed based on the assumptions used in the analytical 

calculations. The system consisted of three perfectly bonded layers stacked sequentially in the through-

thickness direction, comprising the composite coating layer, backing material, and grinding disc. To 

simplify the computational analysis while maintaining representative thermal behaviour, all layers were 

modelled as cylindrical structures with a uniform diameter of 75 mm.  

The geometries were generated in SolidWorks, where each layer was initially modelled independently and 

subsequently assembled into a multilayer structure. To reduce computational cost and improve simulation 

efficiency, a quarter-symmetry model was employed. The cylindrical geometry was sectioned into four 

equal parts, and symmetry boundary conditions were applied to the two cut faces to represent the full 

geometry while suppressing lateral heat loss. This approach significantly reduced computational time 

without compromising the accuracy of the simulation. 

Perfect thermal contact was assumed between all adjacent layers. Specifically, the top surface of the 

grinding disc was assumed to be in complete contact with the bottom surface of the backing material, while 

the top surface of the backing layer was in direct contact with the bottom surface of the composite coating 

layer. 

The thermal boundary conditions were selected to represent realistic grinding and ambient operating 

conditions. An initial temperature of 20 °C was assigned uniformly throughout the model to represent room-

temperature conditions prior to operation. A constant heat flux of 1400 W/m² was applied to the bottom 

surface of the grinding disc to represent the fraction of interfacial frictional heat that is conducted into the 
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disc/backing assembly during grinding. This value was estimated using a friction-power balance commonly 

applied in grinding thermal analysis, in which the total heat generation rate at the disc–workpiece interface 

is given by q_total = μF_nV/A, where μ is the apparent friction coefficient between the abrasive disc and 

the steel substrate, F_n is the operator-applied normal force, V is the mean sliding velocity at the disc face, 

and A is the nominal contact area[34]. For the grinding disc used in this study (75 mm diameter, 8000 rpm 

rotational speed), the mean sliding velocity at the disc face is approximately 21 m/s, and the nominal contact 

area is A ≈ 4.42 × 10⁻³ m². Using an applied normal force of F_n = 50 N, consistent with the constant 

applied loading condition described in Section 2.4.3, and a representative apparent friction coefficient for 

an abrasive/steel dry sliding contact of μ ≈ 0.3 [35], the total interfacial heat generation rate is estimated as: 

q_total = μF_nV/A = (0.3)(50 N)(21 m/s) / (4.42 × 10⁻³ m²) ≈ 7.1 × 10⁴  W/m² 

Grinding heat-partition studies have consistently shown that the fraction of this heat conducted into the 

abrasive tool side of the contact is small relative to that carried into the workpiece, chips, and surrounding 

air, because the low thermal conductivity of the resin/epoxy-based disc limits its ability to draw heat away 

from the interface relative to the higher-conductivity steel substrate. Assuming a disc-side partition fraction 

of approximately 2–5%, consistent with reported partition ratios for low-conductivity abrasive tooling, 

gives an estimated flux entering the disc assembly of approximately: 

(7.1 × 10⁴ – 1.19 × 10⁵ W/m²) × (0.02–0.05) ≈ 1,400 W/m². Free convection boundary conditions were 

imposed on the top surface of the composite layer to account for heat dissipation to the surrounding 

environment, using a convective heat transfer coefficient of 12 W/m²K and an ambient temperature of 20 

°C. The selected convection coefficient lies within the typical engineering range reported for natural 

convection in air (5–25 W/m²K). Furthermore, adiabatic boundary conditions (zero heat flux) were applied 

to the symmetry planes to eliminate lateral heat losses. 

 

5.5.2 Meshing Strategy and Simulation Cases 

A multizone meshing strategy was adopted as the baseline mesh configuration. Mesh convergence analysis 
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was performed using the maximum temperature on the top surface as the convergence criterion. The 

convergence study was conducted for the initial configuration consisting of 5 wt.% SiC filler with a SiC₂O₃ 

ratio of 10:0 and a particle size of 4.5 μm. The relationship between mesh density and maximum 

temperature is presented in Figure 1a, where it illustrates the mesh convergence behaviour, meshing 

configuration, and schematic representation of the composite layer. To reduce computational time while 

maintaining acceptable accuracy, the mesh containing 2296 elements was selected instead of the finer 4534-

element model. 

Three primary simulation case groups were developed based on the experimental configurations. The first 

group investigated epoxy composites reinforced solely with SiC particles using four particle sizes (4.5 μm, 

58 μm, 129 μm, and 185 μm) at four filler loadings (5 wt.%, 15 wt.%, 30 wt.%, and 45 wt.%), resulting in 

16 simulation cases. The second group repeated the same configurations using Al₂O₃ particles, producing 

an additional 16 simulations. The third group investigated hybrid SiC–Al₂O₃ systems using particle mixing 

ratios of 9:1, 7:3, 3:7, and 1:9 while maintaining the same particle sizes and filler loadings, resulting in a 

further 64 simulation cases. In total, 96 simulation conditions were initially considered. 

To reduce computational requirements, selected representative cases were analysed. For the first two 

groups, only the minimum and maximum particle sizes were simulated, resulting in eight simulations per 

material system. For the hybrid systems, one particle size with two selected filler loadings was investigated 

for all mixing ratios, resulting in eight additional simulations. Consequently, a total of 24 simulations were 

completed. 

 

5.5.3 Material Properties 

The material properties used in the ANSYS Workbench simulations were determined using the constituent 

weight fractions within the composite layer. For example, in the case of a 5 wt.% filler loading with a 

SiC₂O₃ ratio of 10:0, the composite consisted of 95 wt.% epoxy resin and 5 wt.% SiC, with no Al₂O₃ content 

present. The densities of epoxy resin, silicon carbide, and aluminium oxide were assumed to be 1150 kg/m³, 
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3200 kg/m³, and 3950 kg/m³, respectively, based on values reported in the literature. The effective 

composite density was subsequently calculated using the rule of mixtures according to the corresponding 

constituent weight fractions. 

Using the weight fractions, the following calculation was done to find the density of the composite layer, 

using the inverse rule of mixtures as shown in equation 22. 

ρcomposite =
1

(
ωepoxy

ρepoxy
+

ωSiC
ρSiC

+
ωAl2O3

ρAl2O3
 )

 

Equation 22 

Where ωi is the weight fraction of each material and ρi is the density of each material. 

To calculate the specific heat constant pressure, the specific heat capacity  Cp Values were assumed for 

each material to be 1150, 750, and 880 °C for epoxy, SiC and Al₂O₃ , respectively. 

These were put into the equation 23 to calculate the Cp for the composite layer, using the mass-weighted 

rule of mixtures: 

Cp,Composite = ωepoxyCp,epoxy + ωSiCCp,SiC + ωAl2O3
Cp,Al2O3

 

Equation 23 

The thermal conductivity calculation has a few more steps. Firstly, the calculation involves volume 

fractions instead of weight fractions. To achieve this, a conversion formula, as shown in equation 24, is 

used to go from weight fractions to volume fractions 

Vi =

ωi
ρi

ωepoxy

ρepoxy
+

ωSiC
ρSiC

+
ωAl2O3

ρAl2O3
 

 

Equation 24 

Where Vi is the volume fraction for each material. Next, the filler conductivity was calculated for the particle 

sizes, using equation 25. 
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ksize =
k

1 +
4kRint

d

 

Equation 25 

Where k is the bulk filler conductivity, Rint is the interfacial thermal resistance and d was the particle 

diameter. Rint was assumed to be 1e−8as used in previous studies [198], [199]. This was done to correct 

the thermal conductivity values for SiC and Al2O3. Next the Volume Fraction Filler Conductivity is 

calculated using equation 26. 

kf = (
VSiC

Vf
) kSiC + (

VAl2O3

Vf
) kAl2O3

 

Equation 26 

Where Vf = VSiC + VAl2O3
. With this kf value in mind, the kcomposite value can be calculated using the 

Maxwell-Eucken model formula in which the k value for epoxy, SiC, and Al₂O₃  were used as 0.2, 120, and 

30 W/mK, respectively, as in equation 27. 

kME,composite = kepoxy (
kf + 2km + 2Vf(kf − km)

kf + 2km − Vf(kf − km)
)  

Equation 27 

The Maxwell-Eucken model was used due to the composite layer being treated as a continuous epoxy 

matrix, which contains dispersed ceramic (SiC and Al2O3) particles [200]. This calculation is suitable for 

first-order analytical estimates for particle-filled composites where the filler is assumed to be evenly 

distributed throughout the composite layer. This allows for effective thermal conductivity values to be 

estimated using the previously calculated filler volume fractions and filler conductivity. 

 

 

5.6 Results and discussion 
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5.6.1 Calculating the thermal conductivity using experimental data 

 

To investigate the influence of material properties on thermal conductivity, two ceramic fillers, silicon 

carbide (SiC) and aluminium oxide (Al₂O₃), were evaluated. Figure 2a presents the thermal conductivity 

values of the composites containing these fillers at different particle sizes. As shown in Figure 5.2a, SiC 

exhibited consistently higher thermal conductivity than Al₂O₃ across all investigated particle sizes. In 

addition, an increase in particle size resulted in enhanced thermal conductivity for both materials. 

Specifically, as the particle size increased from 4.5 to 185 μm, the thermal conductivity of the Al₂O₃-filled 

samples increased from 0.229 to 0.654 W/mK, while the SiC-filled samples showed an increase from 0.302 

to 0.954 W/mK. 

Figure 5.2b illustrates the infrared (IR) camera temperature measurements for the Al₂O₃-filled samples with 

varying particle sizes. As observed, the sample containing 185 μm particles maintained its temperature for 

approximately 300 s, which was nearly twice as long as the sample containing 4.5 μm particles and 5 times 

longer than samples containing nanoparticles. Furthermore, Figure 5.2c presents the IR camera 

measurements for the SiC-filled samples with different particle sizes. A similar trend was observed, where 

samples containing larger particles retained heat for a longer duration compared to those containing smaller 

particles, where a sample including a 185 μm particle could last almost 7 times longer than the samples 

including nanoparticles. In addition, Figure 5.2d represents the material removal during the grinding 

process. The material removal was measured based on the weight difference of the substrate after each 

grinding test, and was plotted as shown in Figure 2d. Based on the results, the backing material containing 

higher particle sizes removed more material from the substrate surface, where for Al2O3, the material 

removal increased from 0.012 to 0.07 g for 4.5 to 185 μm, respectively. This value for SiC was higher, 

starting at 0.047 to 0.095 g for 4.5 and 185 μm particles, respectively. The black circle in graphs 2b and c 

indicates the failure point of the disc during the process, whereas no failure was detected for the samples 

with higher particle sizes, which could be attributed to the higher lifetime of the samples. Moreover, the 



 

Pre-examination copy June 2026 
 123 

 

samples containing nanoparticles removed the material no more than 0.008 and 0.0094 g for Al2O3 and 

SiC, respectively, and they failed roughly after 50 seconds in the process. 

The inherently higher thermal conductivity of SiC compared to Al₂O₃ can be attributed to its stronger 

covalent bonding, higher phonon velocities, reduced phonon scattering, and relatively simpler crystal 

structure [201]. In ceramic materials, thermal conductivity is strongly dependent on the crystal structure 

and the phonon mean free path. An increased number of structural defects leads to enhanced phonon 

scattering, thereby reducing thermal conductivity [202]In contrast, aluminium oxide is a typical dielectric 

material in which heat transport occurs predominantly via phonon–phonon interactions. Its crystal structure 

consists of a distorted hexagonal close-packed (HCP) arrangement of oxygen ions, with aluminium ions 

occupying two-thirds of the octahedral interstitial sites. This structural complexity introduces lattice 

distortion and asymmetry, resulting in enhanced phonon scattering due to the distorted lattice geometry, 

partial occupancy of interstitial sites, and the mixed ionic–covalent bonding nature [203].  Consequently, 

these factors reduce the phonon mean free path and limit heat transfer efficiency. Conversely, silicon 

carbide possesses a more ordered and strongly covalent crystal structure with high bond stiffness, 

facilitating phonon propagation with higher velocities and fewer scattering events. As a result, thermal 

transport in SiC is significantly more efficient. Therefore, the lower thermal conductivity of Al₂O₃ 

compared to SiC can be attributed to its structural distortion, complex lattice arrangement, and increased 

phonon scattering, all of which hinder effective heat conduction. 

In addition, increasing particle size contributes to enhanced thermal conductivity in both materials. Larger 

particle sizes improve the contact between adjacent particles [204], thereby facilitating heat transfer 

pathways. Thermal conductivity is also influenced by interfacial thermal resistance at grain boundaries. As 

particle size increases, the number of grain boundaries per unit volume decreases, leading to reduced 

phonon scattering and an increased phonon mean free path. 

Figure 5.3 illustrates SEM images of 185 μm Al₂O₃ particles dispersed in an epoxy matrix at 45 wt%. As 

shown, the particles are randomly distributed across the surface and exhibit significant agglomeration. Such 

agglomeration reduces thermal conductivity by decreasing the effective phonon mean free path. In contrast, 
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Figure 5.4 presents SiC particles under identical conditions. The particles appear more uniformly 

distributed, with minimal aggregation, which facilitates more effective heat transfer pathways.  The SEM 

analysis indicates that SiC particles are well-dispersed and exhibit angular, faceted morphologies, whereas 

Al₂O₃ particles show pronounced agglomeration and clustering. The absence of large agglomerates in SiC 

promotes the formation of continuous heat conduction pathways and reduces interfacial thermal resistance. 

In contrast, the agglomerated structure of Al₂O₃ introduces numerous grain boundaries and voids, which 

enhance phonon scattering and impede heat transfer. Therefore, the higher thermal conductivity observed 

in SiC is primarily attributed to its improved dispersion and reduced interfacial resistance, rather than 

particle alignment. 

In addition, Figure 5.5 illustrates the powder flowability test result of the SiC and Al₂O₃  particles. Powder 

flowability plays a critical role in determining the effective thermal conductivity of particle-filled 

composites. Improved flowability enhances particle packing, dispersion uniformity, and interparticle 

contact, thereby reducing interfacial thermal resistance and phonon scattering. Conversely, poor flowability 

promotes agglomeration and porosity, which disrupts heat conduction pathways and lowers thermal 

conductivity. Firstly, by decreasing the particle size, the basic flowability energy (BFE) decreases, in which 

the average BFE decreases from 374.19 mJ for aluminium oxide to 303.82 mJ for silicon carbide. The 

results indicate that SiC particles exhibit a greater tendency to distribute uniformly along the surface 

compared to Al₂O₃. This observation is consistent with the powder flowability test results, which 

demonstrated superior flow characteristics for the SiC powders. Improved flowability promotes more 

uniform spreading during processing, resulting in a more homogeneous particle distribution across the 

surface. 

Such uniformity is critical for thermal transport, as it facilitates the formation of continuous and well-

connected pathways for phonon propagation. In contrast, poorer flowability, as observed for Al₂O₃, can 

lead to particle agglomeration and non-uniform coverage, thereby introducing additional phonon scattering 

sites and thermal resistance. Consequently, the enhanced distribution of SiC particles contributes to more 

efficient heat transfer, leading to higher thermal conductivity, as evidenced in Figure 5.2. 
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Figure 5.2 Thermal conductivity measurement of the SiC and Al₂O₃ 5 wt% in various particle sizes. b) IR 

camera normalised temperature vs time for various sizes of Al₂O₃, c) IR camera normalised temperature 

vs time for various sizes of SiC, and d) material removal for SiC and Al2O3 in different particle sizes 
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Figure 5.3 . SEM images of 185μm Al₂O₃ particles at 45w% into epoxy resin a) wider surface, and b) 

high magnification of the pointed area 

 

 

Figure 5.4 SEM images of 185μm SiC particles at 45w% into epoxy resin a) wider surface, and b) high 

magnification of the pointed area 
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Figure 5.5 Powder flowability test result for a) Aluminium oxide and b) silicon carbide in different 

particle sizes 

 

In addition, four different particle loadings (5, 15, 30, and 45 wt.% of the total system) were investigated 

to evaluate the effect of particle loading on the thermal conductivity of the resulting coatings. Figures 5.6a 

and b present the thermal conductivity measurements of samples containing different particle loadings for 

both SiC and Al₂O₃ particles. For both materials, the thermal conductivity increased with increasing micron-

sized particle loading, while larger particle sizes at the same loading also resulted in higher thermal 

conductivity values. For Al₂O₃, as shown in Figure 6a and b, increasing the particle loading from 5 to 45 

wt.% increased the thermal conductivity from 0.229 to 0.68 W/mK for the 4.5 µm particles, whereas for 

the 185 µm particles, the thermal conductivity increased from 0.654 to 1.08 W/mK. These results indicate 

that increasing the micron-sized particle loading enhanced the thermal conductivity by approximately 1.65 

times. In contrast, SiC exhibited a greater enhancement in thermal conductivity with increasing micron-

sized particle loading, where the thermal conductivity increased from 0.3 to 1.12 W/mK for the 4.5 µm 

particles and from 0.954 to 2.0 W/mK for the 185 µm particles. On the other hand, however, increasing the 

particle loading for nano-sized particles decreased the thermal conductivity. The higher effective thermal 

conductivity observed in systems containing micron-sized particles, compared with their nano-sized 

counterparts at equivalent loadings, can be attributed to differences in heat transport mechanisms governed 
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by interfacial effects, particle connectivity, and phonon scattering. Although nanoparticles offer a 

significantly higher surface-area-to-volume ratio, this advantage is offset by the corresponding increase in 

interfacial thermal boundary resistance, which becomes the dominant limiting factor for heat transfer. In 

such systems, heat must traverse a large number of particle–matrix and particle–particle interfaces, where 

phonon scattering is significantly enhanced, thereby reducing the overall thermal transport efficiency. In 

addition, IR camera results in Figure 6c and d further proved this behaviour, where the samples containing 

45 wt% loading for both materials lasted nearly 300 seconds, whereas the samples with lower particle 

loadings, 5 wt%, failed after around 180 and 165 seconds for Al₂O₃  and SiC, respectively. 

In contrast, micron-sized particles facilitate more effective formation of thermally conductive networks due 

to improved particle–particle contact and reduced interfacial density along the heat transfer pathways. This 

promotes the establishment of more continuous percolation structures, which enhance bulk thermal 

conductivity at higher loadings. Furthermore, nanoparticles are more prone to agglomeration driven by their 

high surface energy, leading to non-uniform dispersion, increased porosity, and the formation of thermally 

resistive voids within the matrix. Such structural heterogeneities further impede heat conduction. 

Additionally, phonon mean free path limitations and boundary scattering effects are more pronounced at 

the nanoscale, further reducing intrinsic thermal transport efficiency. 

Overall, the improved performance of micron-sized SiC and Al₂O₃ particles can be attributed to their ability 

to form more stable conductive pathways with reduced interfacial resistance and improved packing 

efficiency, thereby outweighing the potential benefits associated with increased surface area in 

nanoparticulate systems. Overall, the thermal conductivity increased by approximately 2.1 times when the 

particle loading was increased to 45 wt.%.  

SEM images were obtained to further investigate the morphological changes in the samples with increasing 

particle loading. As shown in Figure 5.6, increasing the particle loading increased the surface area covered 

by micron-sized particles for both materials, resulting in the formation of more continuous thermally 

conductive networks within the coating matrix. In addition, a more uniform particle distribution was 

observed at higher particle loadings, which facilitated phonon transport pathways and consequently 
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enhanced the thermal conductivity. This behaviour can be attributed to the reduced interparticle distance at 

higher loadings, allowing heat to transfer more efficiently through particle-to-particle contact. However, 

some particle agglomeration was also observed at higher particle loadings, which may have restricted 

homogeneous heat transfer and limited the thermal conductivity from reaching even higher values. In 

contrast, increasing the loading of nano-sized particles results in more pronounced agglomeration and the 

formation of localised clusters, which hinder effective heat transfer pathways and consequently lead to a 

reduction in the thermal conductivity of the samples. 

Furthermore, the effect of combining Al₂O₃ and SiC particles on the thermal conductivity was investigated 

using four different mixing ratios of 1:9, 3:7, 7:3, and 9:1. The corresponding results are presented in Figure 

8, together with the SEM images obtained for the 9:1 SiC-to-Al₂O₃ sample. The results demonstrate that 

increasing the SiC content in the composite coating led to a progressive increase in thermal conductivity, 

reaching a maximum value of 2.78 W/mK for the 9:1 SiC-to-Al₂O₃ ratio. This value was approximately 

1.39 times higher than that obtained for the coating containing only SiC particles. In contrast, samples with 

lower SiC content exhibited comparatively lower thermal conductivity values. 

The enhanced thermal conductivity observed in the mixed-particle systems can be attributed to a synergistic 

interaction between SiC and Al₂O₃ particles. The incorporation of particles with differing sizes and intrinsic 

thermal properties appears to improve packing efficiency and to promote the formation of more continuous 

thermally conductive pathways within the coating matrix. In particular, the high intrinsic thermal 

conductivity of SiC contributes substantially to heat transfer, while the presence of Al₂O₃ particles may 

assist in reducing interfacial voids and enhancing particle-to-particle connectivity. The SEM micrographs 

further support these observations, revealing a relatively uniform particle distribution, which is favourable 

for phonon transport throughout the coating. In addition, the Al₂O₃ particles are observed to be evenly 

distributed across the surface, while the SiC particles exhibit a preferential alignment, consistent with the 

behaviour reported previously in Figures 5.3 and 5.4. Overall, these results indicate that particle 

hybridisation is an effective strategy for improving the thermal conductivity of the developed coatings. The 

temperature of the backing material of the abrasive disc was also recorded as a function of time for different 
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particle mixing ratios, as shown in Figure 5.8d. As can be seen, the disc with a backing layer containing a 

SiC:Al₂O₃ ratio of 9:1 exhibited the longest operational lifetime compared with the other configurations. 

This improved performance can be directly linked to the enhanced thermal conductivity observed for this 

composition. Improved heat dissipation leads to lower temperatures at the backing sheet during operation, 

thereby reducing thermal degradation and resulting in extended disc service life. 

 

 

Figure 5.6 Thermal conductivity as a function of particle loading for a) Al₂O₃  and b) SiC and IR-camera 

normalised temperature recording for c)Al₂O₃  4.5 Micron at different particle loadings, and d)SiC 4.5 

Micron at different particle loadings 
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Figure 5.7 SEM images of different particle loading alongside the surface of the deposited coating of a, b 

) Al₂O₃  5%, Al₂O₃  45%, c, d)SiC 5%, SiC 45% and e, f) 100 nm SiC 5%, SiC 45%. 
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Figure 5.8 SEM images of the sample prepared by the mixing ratio of 9:1 for a) SiC:Al₂O₃ , b) higher 

magnification, and c) related thermal conductivity measurement for the various mixing ratios, and d) 

Normalised IR-camera temperature recording 

 

 

5.6.2 Calculating the thermal conductivity using Analytical and FEA models 

Using Equation 27, the analytical thermal conductivity values of the composite materials were calculated, 

and the corresponding results are presented in Table 5.4. To reduce computational effort while still 

capturing the overall behaviour of the system, only the minimum and maximum particle sizes were 

considered in the analytical calculations. As shown in Table 5.4, increasing the particle size of both SiC 

and Al₂O₃  fillers resulted in an increase in the predicted thermal conductivity of the composite material. 
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For SiC-filled composites, the thermal conductivity increased from 0.209 to 0.376 W/mK, while for Al₂O₃ 

-filled composites, the thermal conductivity increased from 0.207 to 0.339 W/mK. This behaviour is 

consistent with the experimental observations, where larger particle sizes also led to improved thermal 

conductivity. The increase in thermal conductivity with particle size can be attributed to the reduction in 

interfacial area between the filler particles and polymer matrix, thereby decreasing phonon scattering and 

interfacial thermal resistance within the composite. Furthermore, the analytical results demonstrated that 

SiC-filled composites exhibited higher thermal conductivity values compared to Al₂O₃ -filled composites 

under similar conditions. This trend also agrees with the experimental findings and is primarily due to the 

intrinsically higher thermal conductivity of SiC relative to Al₂O₃ . In addition, increasing the filler loading 

resulted in a corresponding enhancement in thermal conductivity. For SiC composites, the thermal 

conductivity increased from 0.211 to 0.376 W/mK, whereas Al₂O₃ -based composites increased from 0.209 

to 0.339 W/mK as the filler content increased. This behaviour is attributed to the formation of more 

continuous thermally conductive pathways within the epoxy matrix as the concentration of ceramic particles 

increased. Similarly, increasing the SiC:Al₂O₃  ratio led to higher thermal conductivity values, further 

confirming the dominant contribution of SiC to heat transfer within the composite system. 

Although the analytical model successfully predicted the same overall trends observed experimentally, 

some discrepancies were identified between the analytical and measured thermal conductivity values. These 

differences may be attributed to several simplifying assumptions inherent in the analytical model. The 

Maxwell–Eucken approach assumes ideal particle dispersion, uniform particle geometry, and perfect 

interfacial bonding between the filler and epoxy matrix. In practice, however, experimental samples may 

contain particle agglomeration, voids, non-uniform particle distribution, and imperfect filler–matrix 

interfaces as was obsrved in the experimental results, all of which can significantly influence heat transfer 

behaviour. Additionally, the analytical model assumes constant material properties and simplified 

interfacial thermal resistance values, whereas the actual composite microstructure is considerably more 

complex. Experimental uncertainties associated with sample fabrication, curing conditions, and thermal 

conductivity measurements may also contribute to the observed deviations between analytical predictions 
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and experimental results[205].  

 

  

Table 5.4 Analytical calculation of the thermal conductivity for different sample size, loading and ratio 

Run Particle Size 

(µm) 

Percentage 

wt% 

Ratio 

(SiC) 

Thermal Conductivity (W/mK) 

1 4.5 5 10 0.209 

2 4.5 15 10 0.230 

3 4.5 30 10 0.273 

4 4.5 45 10 0.339 

5 185 5 10 0.211 

6 185 15 10 0.237 

7 185 30 10 0.292 

8 185 45 10 0.376 

9 4.5 5 0 0.207 

10 4.5 15 0 0.224 

11 4.5 30 0 0.258 

12 4.5 45 0 0.310 

13 185 5 0 0.209 

14 185 15 0 0.230 

15 185 30 0 0.273 

16 185 45 0 0.339 

17 4.5 5 9 0.208 

18 4.5 5 7 0.208 
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19 4.5 5 3 0.207 

20 4.5 5 1 0.207 

21 4.5 45 9 0.337 

22 4.5 45 7 0.331 

23 4.5 45 3 0.320 

24 4.5 45 1 0.314 

 

Moreover, for FEA analysis, equation 28 was used and the total runtime of 300 seconds was investigated. 

 

ktotal =
q" ∗ ttotal

∆T
 

Equation 28 

 

Where ktotal is the thermal conductivity (W/mK) of the three-layered model; ttotal is the total thickness 

(m); q” is the average directional heat flux (
W

m2) in the y direction after 300s; ∆T is the difference in 

temperature between the top of the composite layer and the bottom of the grinding disk after 300s and the 

results are presented in Table 5. As shown in Table 5.5, increasing both the particle size and particle loading 

resulted in an increase in the thermal conductivity of the composite material. For silicon carbide (SiC)-

filled composites, the thermal conductivity increased from 0.596 to 0.988 W/mK, while Al₂O₃ -filled 

composites exhibited an increase from 0.594 to 0.915 W/mK. These FEA predictions showed good 

agreement with the experimentally measured thermal conductivity values while maintaining the same 

overall trends observed experimentally. 

In addition, increasing the SiC content within the hybrid filler system further enhanced the thermal 

conductivity of the composite. The highest thermal conductivity value of 0.905 W/mK was achieved for 

the SiC:Al₂O₃  ratio of 9:1, indicating the superior contribution of SiC towards heat transfer within the 

epoxy matrix due to its inherently higher thermal conductivity compared to Al₂O₃ . 
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Compared to the analytical model, the FEA results demonstrated a smaller deviation from the experimental 

measurements. This improved agreement can be attributed to the ability of the finite element model to more 

accurately represent the composite geometry, heat transfer pathways, and boundary conditions within the 

material system. Unlike simplified analytical models such as the Maxwell–Eucken approach, the FEA 

model accounts for spatial heat conduction through the composite structure and can better capture the 

influence of filler distribution and interaction on thermal transport behaviour. Furthermore, the numerical 

simulation incorporates realistic thermal boundary conditions and effective material properties, thereby 

reducing the level of idealisation present in the analytical calculations. As a result, the FEA approach 

provides a more representative approximation of the actual thermal behaviour of the composite materials, 

leading to closer agreement with the experimental results. 

Nevertheless, minor discrepancies between the FEA and experimental results still remain. These differences 

may arise from factors not fully captured in the numerical model, including particle agglomeration, void 

formation, imperfect interfacial bonding, non-uniform filler dispersion, and variations introduced during 

composite fabrication and experimental thermal conductivity measurements. Figure 5.9 further illustrates 

the variation between the three different approaches used to determine the thermal conductivity of the 

composite material, namely the FEA, analytical model, and experimental measurements. It can be observed 

that the thermal conductivity values predicted by the FEA model show closer agreement with the 

experimental results when compared to the analytical model. The reduced variance between the FEA and 

experimental results indicates that the numerical simulation is capable of more accurately capturing the heat 

transfer behaviour within the composite system. In contrast, the analytical model demonstrates 

comparatively larger deviations from the experimental data. This discrepancy is primarily due to the 

assumptions and idealised conditions employed in analytical calculations, including uniform particle 

dispersion and simplified thermal transport mechanisms. Although the analytical approach provides a rapid 

estimation of thermal conductivity trends, the FEA model offers a more realistic representation of the 

composite microstructure and thermal behaviour. 
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Table 5.5 Thermal Conductivity measurement of the composite material using FEA 

Run Particle Size 

(µm) 

Percentage 

(wt%) 

Ratio (SiC) Thermal Conductivity 

(W/mK) 

1 4.5 5 10 0.596 

2 4.5 15 10 0.651 

3 4.5 30 10 0.756 

4 4.5 45 10 0.911 

5 185 5 10 0.604 

6 185 15 10 0.669 

7 185 30 10 0.799 

8 185 45 10 0.988 

9 4.5 5 0 0.594 

10 4.5 15 0 0.637 

11 4.5 30 0 0.723 

12 4.5 45 0 0.850 

13 185 5 0 0.598 

14 185 15 0 0.652 

15 185 30 0 0.758 

16 185 45 0 0.915 

17 4.5 5 9 0.598 

18 4.5 5 7 0.597 
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19 4.5 5 3 0.595 

20 4.5 5 1 0.594 

21 4.5 45 9 0.905 

22 4.5 45 7 0.894 

23 4.5 45 3 0.870 

24 4.5 45 1 0.857 

 

 

Figure 5.9 a comparison between different approaches for thermal conductivity measurements with 

different particle loadings, where a) Aluminium oxide particle size 185, b) Silicon carbide particle size 

185, c) Aluminium oxide particle size 4.5, and d) Silicon carbide particle size 4.5 µm 
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5.7 Conclusion 

In conclusion, based on the findings presented in this study, the incorporation of ceramic fillers significantly 

enhanced the thermal conductivity of epoxy-based abrasive composites. Among the investigated materials, 

silicon carbide (SiC) consistently demonstrated superior thermal performance compared with aluminium 

oxide (Al₂O₃), owing to its higher intrinsic thermal conductivity, improved phonon transport characteristics, 

and more uniform particle dispersion within the epoxy matrix. Increasing both the particle size and filler 

loading led to substantial improvements in thermal conductivity, with the highest value of approximately 

2.78 W/mK achieved for the hybrid composite containing a 9:1 SiC-to-Al₂O₃ ratio at high filler loading. In 

contrast, nano-sized particles exhibited reduced thermal performance at higher loadings due to severe 

agglomeration, increased interfacial thermal resistance, and enhanced phonon scattering. SEM observations 

and powder flowability analyses further confirmed that micron-sized SiC particles promoted the formation 

of continuous thermally conductive pathways and reduced interparticle resistance, resulting in more 

efficient heat dissipation during abrasive operations. 

The infrared thermal imaging experiments demonstrated that composites with higher thermal conductivity 

exhibited improved thermal stability and prolonged operational lifetime during grinding applications. 

Samples containing larger micron-sized SiC particles retained heat for significantly longer durations and 

reduced thermal accumulation at the backing layer, thereby minimising thermal degradation and extending 

service life. Furthermore, hybridisation of SiC and Al₂O₃ particles produced a synergistic effect by 

improving particle packing density and filler connectivity within the epoxy matrix. The enhanced thermal 

behaviour of the hybrid systems indicates that combining fillers with different morphologies and intrinsic 

properties is an effective strategy for optimising thermal management in abrasive coatings and grinding 

disc backings. The combined results and conclusion are presented in Table 5.6. 
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Table 5.6 Conclusion of the results in three different aspects including thermal conductivity, temperature 

response, and integrated conclusion. 

Parameter Thermal Conductivity 

Analysis 

Temperature Response 

Analysis 

Integrated Conclusion 

Effect of 

Filler 

Loading 

Thermal conductivity 

increases progressively 

with increasing filler 

content, from 

approximately 1.65 

W/m·K for SiC:Al2O3 

1:9 to 2.78 W/m·K for 

SiC:Al2O3 9:1 

Higher filler loading and 

adding more SiC content 

to the mixing ratio, results 

in a faster temperature rise 

and improved heat transfer 

efficiency. 

Increasing filler content 

enhances thermal transport 

by forming more 

continuous heat-conduction 

pathways within the epoxy 

matrix. 

Effect of 

Particle 

Mixing Ratio 

Increasing the SiC 

fraction significantly 

improves thermal 

conductivity. The highest 

conductivity is observed 

for SiC:Al2O3 9:1. 

Compositions with higher 

SiC content reach higher 

normalised temperatures 

more rapidly and maintain 

stable thermal behaviour. 

Increasing the proportion of 

SiC and optimizing the 

SiC:Al₂O₃ mixing ratio 

significantly improves 

thermal conductivity and 

heat propagation efficiency. 

Thermal 

Conductivity 

Trend 

A clear monotonic 

increase in thermal 

conductivity is observed 

across all compositions 

as the SiC content 

increases. 

Temperature profiles 

stabilise at higher 

normalised temperatures 

for SiC-rich samples. 

The increase in thermal 

conductivity directly 

correlates with enhanced 

thermal response and heat-

transfer capability, in which 

the higher thermal 

conductivity resulted in 
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improving the disc 

durability. 

Heating 

Response 

Higher thermal 

conductivity suggests 

more efficient heat 

transport through the 

composite. 

SiC:Al2O3 with the ratio 

of 1:9 exhibits the highest 

normalised temperature 

(~0.95), whereas 

SiC:Al2O3 with the ratio 

9:1 shows the slowest 

heating rate and lowest 

final temperature. 

Compositions with higher 

thermal conductivity 

exhibit faster heating rates 

and long durability. 

Best 

Performing 

Composition 

SiC:Al2O3 9:1 

demonstrates the highest 

thermal conductivity 

(~2.78 W/m·K). 

SiC:Al2O3 9:1 exhibits 

the fastest and most stable 

thermal response. 

High SiC content 

maximises thermal 

conductivity, while 

optimised SiC/Al₂O₃ hybrid 

compositions provide 

excellent transient heat-

transfer performance. 

 

Analytical modelling and FEA successfully predicted the overall experimental trends, confirming that 

increasing particle size, filler loading, and SiC content enhances thermal conductivity. Although the 

analytical Maxwell–Eucken model provided useful first-order estimations, the FEA simulations showed 

closer agreement with the experimental results because they more accurately represented realistic heat 

transfer pathways and thermal boundary conditions within the composite structure. Minor discrepancies 

between simulations and experiments were primarily attributed to particle agglomeration, void formation, 

and imperfect interfacial bonding that were not fully captured in the models. This study demonstrates that 

carefully engineered hybrid ceramic-filled epoxy composites can be designed to provide high thermally 
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conductive long lifetime abrasive materials with improved durability, thermal stability, and operational 

efficiency for demanding industrial applications. 
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6 Chapter 6 

Conclusion 
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This PhD research has demonstrated a comprehensive approach to the synthesis, characterisation, optimisation, 

and application of silicon carbide (SiC)-based materials, spanning the production of SiC nanoparticles through 

pulsed laser ablation in liquid (PLAL), the tailoring of nanoparticle colloids for additive manufacturing 

applications, and the development of thermally conductive ceramic-filled epoxy composites for abrasive and 

thermal management systems. By integrating advanced nanoparticle fabrication techniques with composite 

material engineering, this work establishes a coherent pathway from nanomaterial synthesis to functional 

engineering applications. 

The first major contribution of this research was the successful synthesis of silicon carbide nanoparticles (SiC 

NPs) using nanosecond pulsed laser ablation in liquid (PLAL) in deionised water. A systematic investigation of 

laser processing parameters, including laser fluence, scanning speed, and ablation time, demonstrated their 

significant influence on ablation efficiency, nanoparticle yield, particle size distribution, and colloidal stability. 

Under optimised processing conditions comprising a laser fluence of 7.5 J/cm², scanning speed of 0.5 m/s, and 

ablation time of 15 minutes, a maximum ablated mass of 1.8 mg and a mass productivity of 1.196 mg h⁻¹ W⁻¹ 

were achieved. The study revealed clear relationships between processing parameters and nanoparticle 

properties, with increasing laser fluence and processing duration resulting in higher nanoparticle concentrations, 

larger average particle sizes, and enhanced optical absorbance. 

Comprehensive characterisation confirmed the successful fabrication of high-quality SiC nanoparticles. X-ray 

diffraction analysis verified the preservation of the cubic 3C-SiC crystal structure following laser ablation, while 

EDX measurements confirmed the elemental composition of silicon and carbon. FESEM and STEM 

observations revealed predominantly spherical nanoparticles with relatively uniform morphology, while DLS 

and image analysis provided complementary insights into particle size distributions. Optical characterisation 

further demonstrated that increasing nanoparticle size reduced the optical band gap, indicating size-dependent 

electronic properties. UV-Visible spectroscopy identified enhanced absorbance with increasing nanoparticle 

concentration and revealed a characteristic absorption peak near 195 nm associated with polyyne formation. 

FTIR analysis confirmed the dominant presence of SiC bonds while also indicating limited surface oxidation 

resulting from interactions with the aqueous environment during laser processing. 
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A further significant outcome of this work was the successful tailoring of SiC nanoparticle colloids for inkjet 

printing applications. Through systematic viscosity optimisation using glycerol-water mixtures, colloidal 

suspensions with viscosities up to 10.95 mPa·s were achieved, falling within the operational range required for 

commercial inkjet printing systems. This demonstrated the potential of PLAL-produced SiC nanoparticles as 

printable functional inks for advanced manufacturing applications. The ability to directly synthesise stable, 

surfactant-free nanoparticle colloids suitable for printing represents a promising route toward environmentally 

friendly and scalable fabrication of functional ceramic coatings and printed electronic devices. 

Building upon the synthesis and characterisation of SiC materials, the second major component of this research 

focused on the development of thermally conductive ceramic-filled epoxy composites for abrasive applications. 

The incorporation of ceramic fillers was shown to significantly enhance thermal conductivity compared with 

unfilled epoxy systems. Among the investigated fillers, SiC consistently outperformed aluminium oxide (Al₂O₃), 

owing to its intrinsically higher thermal conductivity, superior phonon transport capability, and more favourable 

dispersion characteristics within the epoxy matrix. The experimental results demonstrated that increasing both 

filler loading and particle size substantially improved thermal conductivity, with the highest measured value of 

approximately 2.78 W/mK achieved for a hybrid composite containing a 9:1 SiC-to-Al₂O₃ ratio at high filler 

loading. 

The thermal conductivity enhancements observed in the composite systems were strongly influenced by particle 

morphology, size, and filler distribution. Micron-sized SiC particles promoted the formation of continuous 

thermally conductive pathways throughout the epoxy matrix, reducing interparticle thermal resistance and 

facilitating more efficient heat transfer. In contrast, nano-sized particles exhibited increased agglomeration at 

higher loadings, resulting in elevated interfacial thermal resistance and enhanced phonon scattering that limited 

thermal conductivity improvements. SEM observations and powder flowability analyses provided direct 

evidence that larger particles enabled improved packing efficiency and connectivity between conductive filler 

networks, thereby maximising thermal transport performance. 

Thermal imaging experiments further demonstrated the practical implications of improved thermal conductivity 

for abrasive applications. Composite systems containing larger SiC particles exhibited superior heat retention 
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and dissipation characteristics, resulting in reduced thermal accumulation within grinding disc backing materials. 

This enhanced thermal stability translated into reduced thermal degradation and potentially longer operational 

lifetimes under demanding grinding conditions. Furthermore, hybridisation of SiC and Al₂O₃ fillers generated a 

synergistic effect by improving packing density and connectivity within the composite microstructure, thereby 

further enhancing thermal performance. These findings demonstrate that strategic filler selection and 

hybridisation provide effective approaches for optimising thermal management in abrasive systems and other 

high-temperature engineering applications. 

The research also successfully integrated experimental investigations with predictive modelling approaches. 

Analytical thermal conductivity predictions based on the Maxwell-Eucken model and finite element analysis 

(FEA) simulations both captured the overall trends observed experimentally. While the analytical model 

provided valuable first-order estimates, FEA simulations showed closer agreement with measured values due to 

their improved representation of realistic particle distributions, thermal boundary conditions, and heat transfer 

pathways within the composite structure. Remaining discrepancies between experimental and simulated results 

were primarily attributed to particle agglomeration, void formation, and imperfect interfacial bonding effects 

that were not fully represented within the computational models. These modelling efforts provide important 

validation of the underlying heat transfer mechanisms governing thermal conductivity enhancement in ceramic-

filled polymer composites. 

Taken together, the outcomes of this PhD research demonstrate the versatility and technological potential of 

silicon carbide across multiple length scales, from nanoscale particles to macroscale composite systems. The 

successful production of concentrated SiC nanoparticle colloids through PLAL, combined with the optimisation 

of colloidal properties for inkjet printing, establishes a foundation for advanced manufacturing and printed 

functional materials. Simultaneously, the development of thermally conductive SiC-based composite systems 

demonstrates the capability of engineered ceramic fillers to address critical thermal management challenges in 

abrasive and industrial applications. 

The research contributes fundamental understanding of the relationships between processing parameters, 

material structure, and functional performance in SiC-based systems. Specifically, it establishes how laser 
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processing conditions govern nanoparticle formation and properties, how particle size and morphology influence 

thermal transport behaviour, and how hybrid filler architectures can be exploited to maximise composite thermal 

conductivity. These insights provide valuable guidance for the design and optimisation of future SiC-based 

materials and manufacturing technologies. 

Future work should focus on extending the application of the developed SiC nanoparticle colloids through direct 

inkjet printing studies and evaluation of the resulting printed structures. Further investigation of thermal 

conductivity, electrical conductivity, mechanical performance, and heat resistance of printed SiC-based layers 

would provide a more comprehensive understanding of their practical capabilities. Additionally, optimisation of 

particle surface chemistry and dispersion strategies may further enhance colloidal stability and printability. For 

composite systems, future studies could explore alternative hybrid filler combinations, surface functionalisation 

approaches, and three-dimensional filler architectures to further improve thermal transport performance. The 

integration of advanced multiscale modelling techniques capable of capturing particle interactions, interfacial 

resistance, and agglomeration effects would also contribute to more accurate prediction and optimisation of 

composite properties. 

In conclusion, this PhD research successfully demonstrates a complete materials development pathway 

encompassing the synthesis, characterisation, optimisation, modelling, and application of silicon carbide-based 

materials. The findings advance both the scientific understanding and practical implementation of SiC 

nanoparticles and thermally conductive composites, providing a strong foundation for future developments in 

additive manufacturing, thermal management technologies, abrasive engineering, and advanced functional 

materials. 
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7 Appendices 

A) 

 

Appendix A1.UV-Vis measurement for the all provided samples categorised based on a constant laser power 

of a)0.743, b)1.82, and c)1.504 W 

 

 

Apemdix A2. DLS measurement of all the produced samples categorised based on a constant laser power of 

a)0.743, b)1.282, and c)1.504 W 
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B) 

 

Appendix B1. Prepared samples for Thermal conductivity measurement 

 

 

Appendix B2. IR camera setup for the measurement and a sample used for the temperature recording data 
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Appendix B3. SEM images of the raw powders used for the composite sample preparation 

 

 

Appendix B4. The samples after the grinding test, left side samples with and right side samples without 

particle-filled coating 
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Appendix B5. particle size distribution and surface coverage area (packing efficiency) of samples a)SiC 

5% loading, b)SiC 45% loading, c)Al2O3 5% loading, d)Al2O3 45% loading, and e) Mixing ratio 

SiC:Al2O3 9:1 

 

 

Appendix B6. Material removal of the samples during the grinding process for a) different particle mixing 

ratios, and b) various particle loadings. 
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Appendix B7. Grinding process of the sample in the sponsoring company 
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