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Abstract 

Composite materials have gained wide applications, including advanced technology and 

engineering applications. This is primarily due to many advantages composite materials 

provides which include specific strength and specific modulus. Strength, stiffness (modulus) 

and toughness are often desired in composite materials. However, strength and toughness 

are mutually exclusives; therefore, the challenge to retain these trio-mechanical properties in 

composite materials without sacrificing one for another have proved daunting. Contrary to 

human-made material is nacre which is a natural existing type of composite material that 

have been able to circumvent the challenge and retained the trio mechanical properties. 

Taking into consideration existing composite reinforcement technologies, fibre reinforcement 

and nanocomposite which have evolved and adapted to various applications yet to achieve 

composite material that is sufficiently strong and stiff while maintaining toughness. 

Therefore, through modelling analysis, this research assesses the feasibility of fabricating 

composite material with enhanced strength and stiffness while maintaining toughness. An 

approach which involves identifying an ideal type of reinforcement filler with adequate 

strength and stiffness to enhance composite material which could be manoeuvred such that 

the reinforcement filler aspect ratio is within proximity to the composite material system 

critical aspect ratio for toughness to be maintained. 
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1.0 Introduction 

Strength, stiffness, and toughness are mechanical properties highly desired in most materials 

for diverse applications. This research explores the feasibility of producing composite 

materials with high strength and stiffness, while the toughness is maintained through 

modelling. 

1.1 Background of the research 

The need for lightweight materials that are strong, stiff, and tough continues to be driven by 

the desire to improve performance and efficiency, which provides socio-economic benefits. 

For most engineering and technological applications, materials are to have high strength, 

stiffness, and toughness. While the trio mechanical properties (strength, stiffness, and 

toughness) are often desired in a material, advancements in technology and engineering have 

also shown the importance of such materials to have low density. In essence, a material that 

is lightweight yet possesses high tensile strength, stiffness, and toughness. For instance, in 

modern aircraft, weight reduction has been the main driving force of innovation in the 

aerospace industry to improve fuel efficiency, performance, and range without compromising 

safety, [1]. The socio-economic benefits of having aircraft with less weight include the ability 

to make nonstop flights while carrying more passengers which in return make the cost of air 

travel cheaper. Also, aircraft with lesser weight yields better fuel efficiency and reduce 

pollution due to emission, which is better for the environment [1], [2], [3]. 

Similarly, transportation is crucial to present-day development; meanwhile, the 

transportation industry is regarded as one of the top four contributors causing global warming 

and climate change due to greenhouse gas release through emission [4]. In the effort to 
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mitigate the effect of global warming and climate change, the automotive industry 

particularly car manufacturers are required to reduce car emission and by so doing also helps 

to combat poor air quality and generally improve public health [5], [6], [7]. Considering that 

the energy required to power a car depends on the car weight, car manufacturers need to 

make the car lighter by reducing bodyweight without compromising the structural integrity 

of cars. Hence the need for a lightweight material that is sufficiently strong, stiff, and tough 

to save car buyers money as more distance can be covered. Also, energy provides 

fundamental socio-significance to present-day development while the future also depends on 

it. Considerably, energy penetrates all facets of life directly or indirectly. Almost day-to-day 

activities and critical features of social structures are driven by energy availability and the 

technical know-how to convert the energy available into the usable form [8]. Whilst electricity 

is one of the main forms of energy consumed, which is generated from various sources but 

largely from combustible fuels, i.e. fossil fuels which is detrimental to the environment due 

to greenhouse gas emissions [9], [10]. Hence the need for an alternative electricity generation 

source through renewable energy sources such as wind power which use turbine blades 

manufactured from strong, stiff, tough, and lightweight material designed to meet required 

aerodynamic performance and structural challenges [11], [12]. Sporting activities like bicycle 

racing tournaments often take advantage of high power to weight ratio considering that lap-

time is of importance by using lightweight materials. Nevertheless, such advantage is 

irrelevant if the material used for fabrication experience unwanted or excessive deformation, 

hence impeding aerodynamical performance and efficiency but could be overcome provided 

that the material is sufficiently stiff and maintain good strength and toughness [13]. Also, 

strong, stiff and tough, lightweight materials such as biocomposite materials are used for 

various applications, including dental, maxillofacial, skeleton / orthopaedic applications [14], 
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[15]. For example, in addition to biocompatibility requirements for biocomposites materials 

such as the orthopaedic application, material mechanical properties (strength, stiffness, and 

fracture toughness) are of importance to ensure that the biocomposites material is capable 

of providing the needed support. In bone replacement, it is expected that the biocomposites 

material would have strength and stiffness like bone or higher while maintaining good 

fracture toughness, considering that exerted load on skeletal structures can be enormous. 

Typically, load on a hip joint is 3.5 times the bodyweight for slow walking, which could 

increase to about nine times body weight when stumbled, while for the knee is about 2 to 2.5 

times bodyweight during normal activities [14].  

Briefly discussed above is the need for materials to possess adequate strength, stiffness, and 

toughness with low density for some highlighted applications. While the use of metallic 

materials, i.e. engineering alloys shows that such materials meet mechanical properties 

requirements. However, heavyweight characterised with such metallic materials is becoming 

prohibitive when compared to composite materials, considering that composite materials 

possess high specific strength and specific stiffness [1], [2], [16]. However, the ability to 

develop a composite material that possesses the trio mechanical properties (strength, 

stiffness, and toughness) within a single material system has remained to be a challenge to 

material scientists and researchers. Meanwhile, natural materials like nacre and bone have 

been able to circumvent the challenge of retaining the trio mechanical properties [17].  But 

for synthesised materials such as polymer composite materials which use high strength and 

high modulus filler (i.e. fibres, whiskers, and platelets) to reinforce weak and tough polymer 

matrix [16], [18], [19]. Results obtained from these materials often show improvement of 

some but not all of these properties with the current state-of-the-art technologies, i.e. fibre 

composite [20], [21] and nanocomposite [22], [23], [24], [25], [26]. Considering that stiffness 
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and strength often come together, but strength and toughness are properties that are 

generally mutually exclusive of each other [27]. Therefore, resulting in the enhancement of 

composite material strength and stiffness, while toughness is often compromised and vice 

versa [17]. 

Considering the need for lightweight material to be strong, stiff, and tough, material scientists 

and researchers continue to intensify effort by trying out various approaches and material 

systems developed over time. Consequently, fibre reinforcement technology has been 

developed and applied for the fabrication of composite materials. Most fibres employed in 

fabricating composite materials are often synthetic fibres, i.e. glass, carbon, aramid, 

polyethylene, etc. [28], [29]. Ordinarily, fibres in bulk form are weak and do not have high 

strength and stiffness for applications that require such mechanical properties for 

reinforcement. However, having the bulk form transformed into fibre form reduces defects 

and invariably increases strength and stiffness [30]. Nevertheless, for some fibres, comparing 

their strength and stiffness to their theoretical values, the fibres' strength and stiffness are 

still well below their theoretical values. For instance, graphene is reported to have an in-plane 

theoretical tensile strength of 100 GPa and tensile modulus (stiffness) of 1 TPa [31]. Though 

high strength carbon fibre has a microstructural arrangement as graphene, carbon fibres still 

exhibit tensile strength less than 10% of the theoretical value. Considering that carbon fibre 

available with the highest tensile strength, i.e. poly-acrylonitrile (PAN) carbon fibre has about 

7 GPa tensile strength and tensile modulus of about 30%. While available high modulus 

carbon fibre could reach 90% theoretical value of the tensile modulus but have a tensile 

strength of about 2%, i.e. pitch carbon fibre. Thus, carbon fibres are produced in either high 

strength or high modulus [31], [32]. While these fibres possess high strength and stiffness 

along the fibre direction but are lacking in failure strain and are prone to breakage, therefore 
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are not sufficient to be used on their own for most engineering and technological applications. 

However, embedding the fibres within matrix systems known to have high failure strain but 

low strength and stiffness such as seen with fibre reinforced composite material. Therefore, 

with such a combination of fibre and matrix, composite materials are developed with 

improved properties [16], [30]. 

Fibre-reinforced composite materials are anisotropic in their design and can fully utilise the 

mechanical properties the fibre possesses when tensile stress is applied to the composite 

material along the fibre length direction. The material failure occurs at the fibre's failure 

strain, provided the composite material has a fibre volume fraction that is sufficiently high 

[30], considering that for a composite material with fibres embedded in a matrix system, 

when fibre breaks, redistribution of stress is controlled by the matrix. The load is transferred 

from the broken fibre to the next fibre within the broken fibre's vicinity via the fibre/matrix 

interface. Accumulation of these fibre failures increases stress concentration, thereby causes 

the composite material to fail at the fibre strain, therefore resulting in a brittle failure [33] 

[34]. In the effort to maintain toughness within a fibre reinforced composite system, different 

approaches have been taken including the use of elastomers like nitrile rubber as part of the 

composite system, but this has not been effective as the strength and stiffness of the 

composite material is compromised [35], [36]. Likewise, fibre composites are often produced 

as multi-direction materials, i.e. laminates. However, such materials are susceptible to 

interlaminar damage such as delamination which affects the composite materials' mechanical 

properties adversely, with fibres aligned in the laminate plane and not reinforcing the 

laminate thickness. Laminated composite ply could fail due to matrix cracks and delamination 

linking together to produce a fracture surface without the need for fibre breakage [37]. 

Several techniques have been developed particularly reinforcement of the through-thickness 
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of laminated composite materials, including stitching to improve damage tolerance to 

enhance fracture toughness and improve mechanical properties in the through-thickness 

direction of multi-direction laminated composite materials [38]. Stitching involves the use of 

high-tensile strength sewing yarn like carbon, glass, or Kevlar to reinforce the composite in 

the through-thickness direction using an industrial sewing machine [39], [40]. However, while 

stitching apparently could reinforce the through-thickness direction, there are concerns on 

in-plane mechanical properties reducing as a result of such technique due to fibre damage 

caused by stitch needle and fracture due to stitching fibre friction [39], [41].  

Though fibre reinforced composites are widely used for various engineering and technological 

applications, but considering all indications, it is plausible to consider that fibre, and fibre 

reinforcement technology is limited in achieving composite material that is strong, stiff, and 

tough concurrently and this has contributed to the development of nanocomposite. However, 

composite reinforcement is a function of reinforcement filler volume fraction. Fibre-

reinforced composite materials are reported at low volume fraction to have poor 

reinforcement efficiency. On the contrary, nanocomposite materials have been reported to 

exhibit improved mechanical performance at low volume fraction with nanofiller, i.e. 

exfoliated nanoclay used as reinforcement filler with less than 10% wt. [23]. Nanocomposite 

materials provide better reinforcement efficiency at low volume fraction compared to fibre 

reinforced composite material. Then again, since reinforcement efficiency is dependent on 

reinforcement filler volume fraction, fibre reinforced composite material provides better 

reinforcement efficiency at high volume fraction compared to nanocomposite with a low 

volume fraction of reinforcement filler [23]. Fabrication of high filler volume nanocomposite 

without adopting adequate fabrication process yield composites with the fillers 

agglomerating, resulting in nanocomposite with low mechanical properties. However, 
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adopting an adequate fabrication process to increase the reinforcement filler volume fraction 

in the nanocomposite, i.e. using a bottom-up method like layer by layer approach, the 

nanocomposite strength and stiffness enhances due to increase in volume fraction and high 

aspect ratio of the nano-filler, but the toughness is significantly reduced thereby causing the 

material to fail in a brittle manner [23], [42]. 

Whilst nature could harness the trio mechanical properties in a single material system such 

as gastropod, bone, and nacre with about 95%wt. CaCO3 reinforcement filler and 5%wt. 

organic matrix. Material scientist and researcher have tried to replicate structural 

arrangement in natural materials that can maintain the trio mechanical properties within a 

material system, i.e. nacre inspired composites but are yet to have a breakthrough [43], [44] 

[45]. Different methods of composite fabrication have been developed, including the use of 

elastomers [46], reinforcement of composite through-thickness [38] and incorporation of 

nano-filler in fibre reinforcement [47], but the challenge remains which is the ability to have 

a composite material system with sufficient high strength, stiffness and toughness maintained 

the same time.  

1.2 Research aims 

To mitigate the limitations associated with fibre reinforcement and nanocomposites 

technologies. This research is to design reinforcement technology that will overcome 

shortcomings associated with both fibre reinforced composites and nanocomposites to 

achieve comprehensive improvement of strength, stiffness, and toughness at the same time. 

The aim is to design new reinforcement material with a rational analysis of its potential in 

reinforcement with commodity polymers. This involves investigating suitable reinforcing 

fillers for the new composite system by considering glass flakes as model fillers to explore the 
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potential properties that can be achieved in the new composite design with polypropylene, 

polyethylene, nylon 6, and epoxy using existing models. Thus, providing rational analysis in 

comparison with other types of available reinforcement fillers to establish the deficiency of 

current technologies of fibres and nanofillers in achieving strong, stiff, and tough 

nanocomposites. 

The thesis is written in chapters of six, which includes the ‘Introduction’ as Chapter one. 

Chapter two provides a detailed study of literatures, and Chapter three is on methodology 

relating to the research work and the adopted process undertaken for modelling work. 

Chapter 4 provides results and discussions of research work carried out and modelling work 

analysis; Chapter 5 provides general conclusions and Chapter 6 provides recommendation of 

areas that would require further research work to be done as future work. 
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2.0 Literature survey 

This chapter reviews the fundamental knowledge and advancement on composite materials 

to improve composite materials strength, stiffness, and toughness. The review includes 

polymer and its composite system with an evaluation of advantages and disadvantages of 

types of polymer composite systems, fibres and fillers for composite materials reinforcement, 

factors influencing reinforcement of composite systems and current progress on toughness 

enhancement mechanism to develop strong, stiff, and tough materials and challenges 

associated with existing technologies. The review also includes composite modelling to 

predict the strength and stiffness of composite materials by exploring existing models, while 

also reviewing strong, stiff and tough materials inspired through a biomimetic approach such 

as nacre. Section 2.1 is about polymer and its composite system which focuses on polymers 

considered within the scope of the research (epoxy, polypropylene, polyethylene, and nylon 

6) discussing their structure, strength, modulus, failure strain and interfacial adhesion with 

reinforcement fillers. Section 2.2 focus on various fibres and fillers considered within the 

research work which includes carbon fibre, glass fibre, glass flakes, montmorillonite nanoclay 

(MMT), graphene and single-wall carbon nanotube (SWCNT) with discussion relating to their 

structure, strength, modulus, failure strain and mechanical properties achieved in their 

composite form. Section 2.3 focuses on reinforcing composite systems and limitations 

associated with current technologies regarding improving composite system strength, 

stiffness, and toughness while reviewing existing toughness mechanisms to develop strong, 

stiff, and tough materials. Section 2.4 is on bio-inspired composite with focus on mechanical 

properties improvement achieved. Section 2.5 explore existing models often used in 
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composite modelling to predict composite materials properties, such models include Rule of 

Mixture, Shear -Lag and Halpin-Tsai.  

2.1 Polymer and its composite system 

A polymer is described as a large molecule alternatively referred to as macromolecule, 

consisting of chains of linked subunits called monomers in a repeating pattern forming a one, 

two, or three-dimensional network. Polymers are categorised into natural and synthetic 

polymers. Natural polymers are polymers known to widely exist in nature such as commonly 

found in plants and animals. Typical examples of natural polymers include deoxyribonucleic 

acid (DNA), ribonucleic acid (RNA), starch, collagen, silk, rubber, wool and cellulose to 

mention few. Unlike natural polymers, synthetic polymers are produced artificially and are 

often referred to as man-made polymers. Examples include polyethylene, nylon, 

polyvinylchloride, polystyrene, polyesters, polycarbonates, etc. Polymer could be either 

organic or inorganic depending on the atom forming the backbone structure of the polymer. 

Organic polymers have carbon atoms that constitute their backbone while inorganic polymers 

have the carbon atoms replaced with other atoms within their backbone structure [48], [49], 

[50]. Polymer research predates far back as 19th century with development and research 

contributions from many whose work precedes the likes of Jons Jacob Berzelius, Wallace 

Carothers and Herman Mark and Hermann Staudinger who developed the modern 

understanding of polymer as macromolecules in contrast to initial knowledge that considered 

polymer as an aggregation of small molecules also known as micellar [48], [51]. 

The evolutionary development of polymer continues and has transited into present-day 

material that now has applications across many facets of human lives, making a positive 

influence. This has made the polymer industry grow over time with polymer production to 
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the tune of 359 million metric tons [52]. Though polymer in its bulk form is characterised with 

relatively low strength and stiffness, it is interesting to note that polymer has found 

applications in technology and engineering for various purposes. This is possible due to 

making polymer stronger by transforming bulk polymer into a fibre used for reinforcement. 

Secondly, is the ability to reinforce polymer as a matrix system to make composite materials 

[30], [53].  

2.1.1 Polymer matrices 

Fabrication of polymer composite materials involves the reinforcement of polymer matrix 

with reinforcement fillers. The polymer matrix is divided into two types which are thermoset 

and thermoplastic polymer matrices. 

2.1.1.1 Thermoset polymer matrix 

A typical example of thermoset polymers, alternatively referred to as thermosetting resins 

include epoxy, cyanate ester, phenolic, vinyl ester, etc. Thermoset polymers are produced 

through the process known as curing, which involves applying heat at elevated temperature 

and pressure to thermosetting resin over time for polymerisation to complete and polymer 

molecules to form cross-link of three-dimensional networks as the resin solidifies. While the 

curing process of thermosetting resin happens gradually for it to finish and when this 

happens, the thermoset resin hardens and solidifies into infusible high molecular weight solid. 

It becomes unpliable it is unable to be reformed or re-melted. An effort to reshape cured 

thermosetting resin with the application of heat even at higher temperature results in 

polymer disintegration and decomposition before it melts due to the chemical bond between 

its molecules which are irreversible. Thermoset polymer mechanical properties are 

dependent on factors like the degree of polymerisation, the density of cross-linking, curing 
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conditions and composition of the thermosetting resin [54], [55], [56], [57]. Thermoset 

polymer has been widely used in composite material fabrication due to its advantages of good 

strength and modulus, high dimensional and thermal stability, ability to withstand high 

temperature, possess good resistance to solvent and corrosion and it is relatively inexpensive 

to produce. Likewise, there are disadvantages associated with thermoset polymers which 

include; relatively high fabrication time, low ductility, brittle behaviour, inability to reshape 

or remould thermoset polymer once it is cured therefore recycling is not feasible [54], [55], 

[58]. 

Epoxy 

Epoxy is used for various applications including adhesives, printing of circuit boards, boats 

building, aerospace as composite matrices. Epoxy is produced by combining resin with a 

curing agent, i.e. hardener which reacts together chemically to produce cured thermoset 

epoxy resin. The epoxy resin consists of long-chain molecular structure with the reactive 

epoxy groups often at the end. Figure 1a shows a typical reactive epoxy group composed of 

two carbon atoms bonding to an oxygen atom and Figure 1b an idealised epoxy resin chemical 

structure with the epoxy reactive group attached at the end of the epoxy resin that are 

already bonded in some way with other atoms, i.e. hydrogen atoms. The epoxy resin reaction 

occurs with the curing agent due to the resin's reactivity during curing to form a cross-linking 

of a three-dimensional network [59], [60], [61].  

 

 

 

 

a b 

Figure 1: (a) Typical reactive epoxy group, (b) an idealised epoxy resin chemical structure. Adapted from 
ref [59] 
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The epoxy resin molecule also consists of ring groups capable of withstanding thermal and 

mechanical stresses better than linear group members of the epoxy structural molecule, 

thereby providing epoxy resin with good stiffness, strength, and heat resistant properties 

[60], [61]. While the epoxy resin needs to react with the curing agent, the mix ratio must be 

correct, i.e. mix ratio measured out by weight or volume between resin and curing agent to 

ensure a complete curing process. Considering that each resin molecule has a reactive group 

at the terminals that constitute the three-dimensional network formed and in the instance 

the mix ratio is incorrect, unreacted resin or curing agent remains within the matrix which 

affects the final properties of the epoxy after curing [59], [60], [61]. The reactivity possessed 

by the epoxy resin molecules allows for composite material fabrication with different 

reinforcement fillers, i.e. nanofillers, glass and carbon fibres, and with the possibility of 

improving the interfacial adhesion bond that exists between the epoxy resin and the 

reinforcement fillers through interfacial modification [62], [63], [64]. Research shows 

interfacial properties influence composite material mechanical properties. Therefore, various 

approaches towards enhancement of epoxy interfacial properties with reinforcement fillers 

have been reported, i.e. improving carbon fibre/epoxy interfacial shear strength through 

electrochemical oxidation and epoxy sizing [65]. Likewise, glass fibre/epoxy interfacial shear 

strength enhanced using γ-aminopropyl-triethoxysilane (γ-APS) [66]. Epoxy possesses tensile 

strength of about 35 – 100 MPa and tensile modulus 3 – 6 GPa [16]. However, the epoxy's 

high cross-linked molecular structures also provide shortcomings such as having low failure 

strain, i.e. 1 – 6 % [16]. This, coupled with a very strong interface, could cause the epoxy to 

fail in a brittle manner due to poor resistance to fracture and low fracture toughness [67], 

[68].  



14 
 

2.1.1.2 Thermoplastic polymer matrix 

 A typical example of thermoplastic polymers includes polyethylene, nylon, polystyrene, 

polypropylene, polyvinyl chloride, Polyether-ether-ketone, etc. Unlike thermoset polymers 

that are produced through a reactional process facilitated with the application of heat and 

pressure for curing to occur, thermoplastic polymer is produced through processing at a 

temperature above the melting temperature with the application of heat energy. Most 

thermoplastics at room temperatures maintains a solid state and, in such state, their 

molecular chains possess limited energy, hence, with the application of heat, the molecular 

chains gain energy and can move farther than initially possible. As the molecular chains 

continue to gain energy through heating, a temperature also known as melt temperature is 

reached when sufficient energy is gained causing the thermoplastic molecules to move freely 

having the form of a viscous fluid often referred to as melt. With the thermoplastic polymer 

melted makes it easy for shape forming and on cooling solidifies into a solid with molecules 

forming a linear or branched network. Thermoplastic polymers are divided into amorphous 

(i.e. polystyrene), and semicrystalline (i.e. high-density polyethylene - HDPE) which depends 

on the molecular chain arrangement of the polymer and affects the behaviour of the polymer 

when subjected to heat. The semicrystalline polymer is characterised by molecular chains that 

are organised and tightly packed, having some degree of crystallinity referred to as 

spherulites of various shapes and sizes while having an amorphous that exists within the 

crystalline region. Semicrystalline thermoplastics tend to have good strength, likewise good 

wear and chemical resistance. Amorphous thermoplastic polymer chains are not organised 

and tightly parked as a semicrystalline polymer; rather, the molecules are randomly oriented 

in their arrangement. Thus the molecules move relatively to each other without having the 

bonds that held the molecules together broken and as such contributes to the polymer’s high 
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strain to failure, toughness, and damage tolerance [50], [54], [69] [70]. In general, 

thermoplastic polymers are increasingly used due to its advantages, such as high recyclability, 

environmentally friendly, good resistance to high Impact and chemicals, and easy to 

reshape/reform. Also, there are disadvantages identified with thermoplastic polymers which 

include poor resistance to high temperature, particularly above the glass transition 

temperature as this decreases the polymer strength and stiffness (modulus), requires high 

processing temperature, and relatively high production cost compared to thermoset 

polymers [54], [58]. 

Nylon-6 

Nylon-6 alternatively called polyamide 6, is a semicrystalline polymer used for a wide range of 

engineering applications including tissue engineering and composite material fabrication due 

to its attractive combination of good mechanical properties and processability [71], [72]. 

Nylon-6 is produced through ring-opening polymerisation of caprolactam which is a molecule 

having six carbon atoms (Figure 2), that constitute the nylon-6 molecular chain which is 

characterised by amide groups held together by strong hydrogen bonding that provides 

nylon-6 with unique mechanical properties [73], [74], [75], [76], [77]. However, nylon-6 is 

hydrophilic, therefore susceptible to absorb moisture which causes a decrease in strength 

and stiffness but increases the ability to elongate [78], [79]. Nylon-6 tensile strength measures 

at about 88 MPa, tensile modulus 1.75 GPa, and strain at break more than 50% [80]. Like most 

composite matrix systems, nylon-6 composite is fabricated through reinforcement of nylon-6 

matrix with reinforcement fillers for improved performance, i.e. reinforcement of nylon-6 

with clay as demonstrated by Toyota [81]. The reinforcement fillers are mostly treated with a 

coupling agent to enhance adequate interfacial adhesion, using silane to promote bond 



16 
 

adhesion between nylon-6 and carbon fibre for better mechanical properties [82], similarly 

with glass fibre/nylon-6 [83]. 

 

 

 

 

 

Polyethylene 

Polyethylene is a semicrystalline polymer produced through polymer polymerisation of 

ethylene monomers, having a molecular chain characterised with hydrogen atoms bonded to 

carbon backbone in a repeating pattern (Figure 3) and has wide use including packaging film, 

agricultural purpose i.e. mulch, housewares, electrical cable insulation, oil spill clean-up, etc 

[84], [85], [86].   

 

 

 

The polymerisation of ethylene at varying conditions of temperature, process time, pressure, 

and catalyst allows for a wide range of polyethylene to be produced with a differing degree 

of chain branching, crystallinity, molecular weight, entanglements, and cross-linking, i.e. low-

density polyethylene (LDPE), linear low-density polyethylene (LLDPE), high-density 

polyethylene (HDPE) and ultrahigh-molecular-weight polyethylene (UHMWPE) [84], [85], 

Figure 2: Nylon 6 chemical structure illustrates ring opening of caprolactam. Adapted from Ref [73]  

Figure 3: Chemical structure illustration for polyethylene. Adapted from Ref [86] 
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[86], [87]. While polyethylene could be produced at varying conditions, this affects the 

morphological structure of the polyethylene which influences their mechanical properties 

(Table 1 [88]), i.e. crystallinity for  LDPE and LLDPE are less closely parked compared to HDPE, 

therefore LDPE and LLDPE possess less stiffness compared to HDPE [84], [85], [86], [87], [89], 

[90]. Additional use of polyethylene is as reinforced material for automotive application, 

hence; reinforcement of polyethylene with various reinforcement fillers including carbon and 

glass fibres has developed over time to produce composite materials. Different mechanisms 

used to ensure adequate interfacial bond adhesion to promote efficient load transfer, i.e. use 

of beam irradiation to enhance interfacial adhesion between carbon fibre and HDPE [91], 

likewise, application of sizing on glass fibre to improve bonding with polyethylene matrix [92]. 

Table 1: Polyethylene mechanical properties, adapted from ref [88] 

 Density 
(g/cm3) 

Tensile Strength 
(MPa) 

Modulus of 
Elasticity 

(GPa) 
Elongation at Break 

(%) 

LDPE 0.917 - 0.940 10 - 20 0.130 - 0.300 200 - 600 

LLDPE 0.915 - 0.950 25 - 45 0.266 - 525 300 - 900 

HDPE 0.940 - 0.970 30 - 40 0.500 - 1.100 500 - 700 

 

Polypropylene 

Polypropylene is a semicrystalline thermoplastic polymer produced through a polymerisation 

reaction of propylene monomers involving the use of catalyst, i.e. Ziegler–Natta or 

metallocene with careful control of heat and pressure [93], [94]. Like other commodity 

polymer required for commercial needs, polypropylene is used for fabrics, fibre, films, 

automotive, etc [95]. Polypropylene molecular chain structure consists of hydrogen atoms 

bonded to the carbon atom in a repeating pattern with methyl groups arranged along the 
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polymer chain. Thus, different polypropylene types are produced, i.e. isotactic, syndiotactic, 

or atactic, which depends on the polymer chain's methyl groups' position. Isostatic 

polypropylene methyl groups are positioned on the same side of the polymer chain. In 

contrast, in syndiotactic polypropylene, the methyl groups are alternated, and in atactic 

polypropylene, the methyl groups have a random arrangement along the polymer chain 

(Figure 4) [94]. Compared to isotactic and syndiotactic polypropylenes which are 

semicrystalline, atactic polypropylene is amorphous and does have less practical applications 

due to its low stiffness. However, it possesses good stretchability, reflecting its polymer 

chain's low crystallinity structure and has some niche area of applications, i.e. hot-melt 

adhesives. Isotactic and syndiotactic polypropylenes are both semicrystalline polymers with 

better mechanical properties than atactic polypropylene. Isotactic polypropylene is widely 

used for most applications and considered the most common commercially available 

polypropylene. Isotactic polypropylene is easily produced using Ziegler–Natta or metallocene 

catalysts, unlike syndiotactic polypropylenes produced with only some metallocene catalysts 

[93] [94]. Also, isotactic polypropylene exhibits better mechanical properties than 

syndiotactic polypropylene, i.e. high tensile strength and stiffness which is due to the high 

degree of crystallinity of the regular repeating structure of the polymer chain [94]. 

Polypropylene has a tensile modulus of about 1.0-1.4 GPa, tensile strength 25-38 MPa and 

failure strain more than 300% [16]. Reinforced polypropylene composite material interfacial 

adhesion is commonly enhanced for efficient load transfer to overcome poor interfacial 

adhesion exhibited due to chemically inert surface and low surface energy using techniques 

such as plasma and silane treatment of carbon fibre [96] and graft copolymerisation of glass 

fibres for reinforcement [97]. 
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2.2 Reinforcement fibres and fillers 

Over the years, material scientist and researchers have been able to gain insight into 

performance optimisation of fibres and fillers for reinforcement. These fibres and fillers are 

known to have high strength and stiffness compared to their matrices which serve as host 

and are often characterised with lower strength and stiffness but on the other hand, do have 

high strain which is often lacking in most fibres and fillers [30], [98]. 

2.2.1 Carbon fibre 

A type of carbon fibre was first produced around 1879 when Thomas Alva Edison invented 

the first incandescent light bulb, by using electricity to heat-up a thin strip of cotton material 

filament to high temperature till it begins to glows after several attempts with different 

materials, thereby causing the cotton filament to carbonised. The filaments produced by 

Figure 4: Illustration of polymer chain structure for different types of polypropylene, adapted 
from ref [94] 
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Edison has poor mechanical properties; hence, research intensifies to make carbon fibre with 

better-improved properties. The importance of having such carbon fibre is to support the 

dawn of space program in the USA, and by 1959 carbon fibre is produced from carbonised 

rayon a cellulosic base polymer like cotton. The carbonised rayon has improved properties 

and was used in high-temperature insulation applications replacing fibreglass used in rocket 

nozzle exit cones and re-entry heat shields. Improved carbon fibres satisfactorily considered 

fit for purpose within respective niches, but generally, the carbon fibre still has poor 

mechanical properties and therefore considered not suitable for structural usage. With the 

need for carbon fibre with better mechanical properties, research continued relentlessly with 

contributions made in USA, Japan and Royal Aircraft Establishment (RAE) Farnborough UK 

which has caused carbon fibre to evolve into a material used for a wide range of structural 

applications. Meanwhile, the trend continues with novel research, particularly in carbon fibre 

production, to reduce production cost [99], [100]. 

With further improvement in the fabrication process, the cellulosic rayon precursor is 

carefully controlled under the heating process to carbonise, thereby producing carbon fibre 

with improved mechanical properties [99]. These fibres were made available commercially, 

making rayon-seed carbon fibre first available commercial carbon fibre [100]. Subsequently, 

other precursors like poly-acrylonitrile (PAN) and pitch were identified and are used to 

produce carbon fibres which are also available commercially [54], [99], [100]. Though rayon 

based carbon fibre is the first commercially available carbon fibre, overtime PAN-based 

carbon fibre has become dominant with 90% of commercially produced carbon fibres being 

PAN carbon fibre, while pitch and rayon carbon fibres make up the remaining 10% [54], [101].  

This is due to reasons which include a good combination of mechanical properties exhibited 
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by PAN fibre predominantly tensile strength and reasonable production cost. On the contrary, 

highly graphitised pitch-based carbon fibre is expensive, with low tensile strength but high 

tensile modulus [54], [100]. 

The inherent properties of carbon fibre are influenced by the precursor used for their 

fabrication [100], [101]. Carbon fibre fabrication begins with polymer feedstock, often 

referred to as a precursor with long chains of molecules held together by backbone carbon 

atoms [102]. Precursors are usually held with secrecy as it is often considered as trade secret 

considering that individual carbon fibre producer determines their precursor composition and 

does vary from one producer to another [99], [101], [102]. Nevertheless, PAN carbon fibre is 

produced from precursor composition of acrylonitrile while rayon carbon fibre is produced 

from a cellulosic precursor with cellulose composition and pitch carbon fibre is produced from 

either isotropic pitch or anisotropic pitch precursors which can be processed into meso-pitch 

to produce high-performance carbon fibre [99], [103]. However, making each precursor into 

fibrous material varies using various spinning process, i.e. wet, dry and melt. However, the 

subsequent process of making the precursors into carbon fibre is quite similar. Considering 

that most commercially available carbon fibres are produced as either PAN or pitch-based 

carbon fibres, details of the process involved in fabricating the fibre is described (Figure 5).  
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Once the precursor is spun into fibre, the conversion process to make carbon fibre is started 

by making the fibre thermally stable, a process known as stabilisation for PAN fibre and 

infusibilisation for pitch fibre [54]. It involves heating the fibre in an environment with 

sufficient oxygen, i.e. atmospheric air, at a temperature range of 200 – 300°C to undergo 

oxidation which is done by passing the fibre through controlled heating chambers or hot 

rollers. Allowing the fibre to capture oxygen molecules and have their atomic bonding pattern 

rearranged to become thermally stable [99], [102]. Following the stabilisation/infusibilisation 

process is a pyrolysis process known as carbonisation. The carbonisation process involves 

heating the fibre in an inert environment, hence lacking oxygen. This prevents the fibres from 

burning when heated to high temperatures while keeping the gas pressure within the 

carbonisation furnace higher than the surrounding pressure and having the furnace's inlet 

and outlet sealed to prevent oxygen from entering. Heating the fibre to a temperature of 

about 1000°C causes the fibre to lose and expel non-carbon atoms and few atoms of carbon 

in the form of gases, leaving behind crystals of tightly bonded carbon atoms aligned along the 

fibre axis. With further heating to a temperature range of 1500 - 1800°C, high strength carbon 

Spun precursor 
fibre from PAN 
or pitch 

 

Oxidation (heating the fibre in an 
oxygen present environment up 
to 200 – 300 °C) 

 

Carbonisation (heating up 
to temperature range of 
1500 – 1800 °C) 

 

High strength carbon 
fibre 

 

Surface treatment 
of carbon fibre 

 

Carbon fibre 
sizing 

 

High modulus 
carbon fibre 

 

Graphitisation (heating the 
carbon fibre over temperature 
range of 2000 – 3000 °C)  

 

Carbon fibre 
wound unto 
bobbin or weaved 
into yarn 

 

Figure 5: Illustration of process involved in fabrication of carbon fibre 
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fibre is produced and further heating above this temperature range to over 2500°C the fibre 

lose strength (Figure 3) as it becomes more graphitised by undergoing graphitisation yielding 

high modulus carbon fibre [99], [102], [103], [104]. 

Upon completing the carbonisation process, the carbon fibre surface has a low bond affinity 

to adhere to matrix systems to fabricate composite material. Therefore, to enhance the 

carbon fibre bonding properties, the fibre surface is given an oxidative treatment using 

different methods, i.e. electrolytic or electrochemical bath or immersion in various gases such 

as ozone. The oxidative treatment allows for oxygen atoms to be added to the fibre surface 

to promote bond adhesion and also through slight etching to enhance bonding properties 

mechanically. The surface treatment needs to be carefully controlled, avoiding the formation 

of surface defects such as pits that could affect the fibre mechanical properties to decrease 

[99] [102]. Following the carbon fibre surface treatment is fibre sizing, whereby the carbon 

fibre is coated with sizing material. Selection of sizing material is often determined to be 

compatible and to provide adhesion with the intended matrix system while protecting the 

fibre from damaging when handled or weaved [54], [102]. 

 

 

 

 

 

 Figure 6: (a) Tensile strength and (b) tensile modulus as a function of heat treatment temperature of PAN 
and pitch carbon fibre during carbonisation and graphitisation processes. Adapted from Ref [104]  
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Carbon fibre properties are ultimately dependent on the fibre structure. Meanwhile, the fibre 

structure is influenced by the fibre fabrication process. Therefore, due diligence is given to 

heat treatment temperature applied to manufacture the fibre and ease graphitising the 

carbon fibre precursor. For instance, PAN-based carbon fibres exhibit turbostratic structure 

even at a high heat treatment temperature of 2000°C, thus makes graphitisation challenging 

[54]. Figure 6 shows that heat treatment temperature of carbon fibre above 2000°C causes 

the carbon fibre strength to decrease particularly for PAN-based carbon fibre but the modulus 

is not. According to Marsh-Griffith diagram (Figure 7) [105], the carbon fibre aromatic sheets 

are formed as temperature increases. The stretching applied during melt spin and high-

temperature treatment, causing the carbon fibre graphite sheets to orientate in the fibre 

direction. As graphitisation ensued at a temperature above 2000°C, the carbon fibre aromatic 

sheets formed are stacked in a graphitic layered type of structure but are not infinitely large. 

Therefore, interconnection is lacking between the aromatic sheets, which is a contributing 

factor for relatively low strength in high modulus carbon fibres and therefore does not have 

high strength. Meanwhile, to achieve high strength, the carbon fibre aromatic sheets need to 

be interlinked. Carbon fibre processed at heating treatment temperature below 2000°C, 

preferably between 1500°C - 1800°C is often characterised with high strength as the carbon 

fibre structure is turbostratically crosslinked due to interlinks that exit between the fibre 

aromatic sheets. However, at this temperature, the aromatic sheets are not fully developed 

and cannot be well aligned in the direction of the carbon fibre, thereby yielding carbon fibre 

with low modulus though characterised with high strength [30], [104]. 
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PAN-based carbon fibres are grouped according to their carbonisation temperature, i.e. PAN-

based carbon fibre carbonised at a temperature above 2000°C, 1500°C, or 1000°C are referred 

to as Type I, Type II, or Type III, respectively  [104]. Type I, II and III carbon fibres are regarded 

as high modulus carbon fibre (i.e. tensile strength 1.9 GPa and tensile modulus 517 GPa), high 

strength carbon fibre (i.e. tensile strength 3.7 GPa and tensile modulus 240 GPa) and general-

purpose carbon fibre (i.e. tensile strength 720 MPa and tensile modulus 32 GPa)respectively 

[54],  [104]. While flaws, i.e. surface and internal flaws tend to influence the carbon fibre 

mechanical properties, most carbon fibres are characterised with low failure strain, i.e. about 

2%, carbon fibres are used either as a long continuous or short fibre for reinforcement of 

matrix system [54],  [104]. For example, Zhang et al. [106] reported unidirectional carbon 

fibre/epoxy with a fibre volume fraction of 45-50% reinforcement without interface 

modification with graphene-oxide having a composite tensile strength of about 1.45 GPa and 

modulus 45 GPa, and with interfacial modification with graphene-oxide having a composite 

tensile strength of 1.95 GPa and modulus 50 GPa. Likewise, Capela, Oliveira and Ferreira [107]  

Figure 7: Progressive development of aromatic sheets during carbonisation/graphitisation with 
increase in heating treatment temperature for carbon fibre fabrication. Adapted from Ref [100] 
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reported epoxy reinforced with short carbon fibre with 5-20% fibre volume fraction having a 

composite tensile strength of 67.2 – 101.7 MPa and modulus 3.6 – 18.5 GPa depending on 

fibre volume fraction. Similarly, Karsli and Aytac [108] investigate the influence of fibre length 

and the fibre content (weight fraction 2-20%) of short carbon fibre reinforced polyamide 6 

with tensile strength 42 – 90 MPa and modulus 450 – 1600 MPa. 

2.2.2 Glass fibre 

Glass usage predates back to the ancient time during the Egyptians, Greeks, and Phoenicians 

era using glass for adornment, i.e. jewellery making and used in the decoration of vases and 

vessels for drinking [109], [110]. The ability to understand and transform melted glass into 

thin fibres to make specialised gowns was exhibited by the Venetians in the early seventeenth 

century [109]. While the use of glass exists historically, however, the development of the 

engineering and science was until recent around the 1930s, has made it possible for glass to 

be produced in fibre form for structural reinforcement in composites. In 1938, the merger of 

Owens-Illinois and Corning Glass Works forming Owens-Corning Fiberglas Corp which in the 

same year awarded patents that brought about the development of commercially practical 

production process of glass fibre [109], [110], [111]. Hence making glass fibre commercially 

available has undoubtedly created a market that has grown to 2.5 billion pounds as of 2018 

to support modern reinforcement composites production [110].  

Glass an amorphous material having three-dimensional network atomic arrangements of 

silicon atom bonded covalently to oxygen atoms in a coordinated tetrahedral pattern [111].  

Glass fibre is one of the end products of the glass production process, therefore having similar 

molecular structure arrangement as glass [109]. Different glass types exist, and the end-use 

of the individual glass determines such glass raw material composition. Therefore, the glass 
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composition is an important factor determining the glass fibre properties, adapted to 

numerous and diverse applications based on individual glass fibres’ inherent unique 

properties [109]. The main base material composition for glass production is silica which 

makes up between 50 – 75% of the entire batch composition, while other materials such as 

aluminium oxide, magnesium oxide, calcium oxide, etc. to mention few makes up the 

remaining composition at required percent proportion depending on the type of glass fibre 

to be produced, i.e. E-glass, ECR-glass, A-glass, C-glass, D-glass, R-glass and S-glass  (Table 2) 

[109], [110], [111].  

Table 2: Compositions by percentage weight for typical glass fibres, extracted and adapted from ref [111]  

Constituent E ECR C A S-2 R AR1 AR2 D 

SiO2 55.2 58.4 65 71.8 65 60 60.7 61 75.5 

Al2O3 14.8 11 4 1 25 25 - 0.5 0.5 

B2O3 7.3 0.09 5 - - - - - 20 

ZrO2 - - - - - - 21.5 13 - 

MgO 3.3 2.2 3 3.8 10 6 - 0.05 0.5 

CaO 18.7 22 14 8.8 - 9 - 5 0.5 

ZnO - 3 - - - - - - - 

TiO2 - 2.1 - - - - - 5.5 - 

Na2O 0.3 - 8.5 13.6 - - 14.5 - 3 

K2O 0.2 0.9 - 0.6 - - 2 14 

 
Li2O - - - - - - 1.3 - - 

Fe2O3 0.3 0.26 0.3 0.5 trace - trace - - 

F2 0.3 - - - - - - - - 
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Silica is the main base composition for glass fibre production, which consist of silicon and 

oxygen atoms. Meanwhile, silicon is known to have high liquefaction temperature; therefore, 

the addition of other composition materials helps to lower the melt temperature to produce 

molten glass with viscosity that would allow easy drawing of the molten glass into fibres [109]. 

Figure 8 describes the manufacturing process of glass fibre. Glass is produced by having a 

batch which is a process of dry mixing the constituent materials based on the type of glass 

fibre to be produced. After proper mixing of the batch, the next glass fibre production process 

is to feed the batch into a high-refractory furnace for melting. The melt temperature of the 

batch depends on the glass composition and could be up to 1400°C. While the batch melts, 

an effort is made to ensure uniformity and bubbles removed to eliminate fibre discontinuities, 

affecting the fibre properties.  Typical glass furnace is divided into sections with the end 

section of the furnace to be the fibre drawing furnace where the molten glass directly flows 

to during the melting process. From the fibre drawing furnace, the molten glass can be made 

into glass marble using a marble making machine, and the glass marbles can later be re-

melted and processed into a drawn fibre. Alternatively, the molten glass undergoes a process 

of fiberisation, which is direct processing into fibres [109], [110], [111].  

With fiberisation process, continuous glass fibre is formed from the molten glass through 

extrusion and glass fibre attenuation. From the glass drawing furnace, the molten glass is 

extruded through a bushing plate made of a material that is erosion resistant, i.e. 

platinum/rhodium alloy. The bushing plate has many fine orifices that could range from 200 

to 8000, allowing for the passage of extruded molten glass. For the glass to maintain constant 

viscosity, the bushing plate temperature is controlled through heating electronically. On 

exiting the bushing plate, the glass extrudes are cooled by lightly applying a jet spray of water. 
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This is followed by applying attenuation, which is drawing extruded molten glass into fibres 

with the diameter determined mechanically. The attenuation process requires high-speed 

winder to catch the extruded molten glass. The winder revolves at a much faster 

circumferential speed than the molten glass exiting the bushing plate, i.e. at an approximated 

circumferential speed of 2 miles/3 kilometres per minute. This, therefore, causes tension 

stress to be exerted on the molten glass extrude resulting in the glass extrude been drawn 

into thin glass fibres. The thin glass fibres are coated with size, which consists of lubricants 

and coupling agents. The lubricant protects the thin glass fibres from abrading and breakage 

when handled or weaved while coupling agents enhance the fibre affinity to strengthen the 

bond adhesion at the interface with matrix systems. The glass fibre dries from the sizing 

applied and collected together into a bundle to be wound unto spool for continuous fibre 

filament or chopped into short-staple fibres packaged for end-use applications [109], [110], 

[111].  
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Considering that glass fibre is produced via the formulation of glass composition requiring 

different raw materials to be dry-mixed, invariably the glass composition influences the 

amorphous three-dimensional network structure formed, which affects the glass fibre 

mechanical properties due to the chemical forces that are operational within the amorphous 

network. For instance, the use of network modifiers like alkali and alkaline earth oxide tend 

to cause a decrease in the number and strength of the chemical bonds that exist within the 

three-dimensional network, thereby causing a decrease in mechanical properties, i.e. pure 

silica glass without alkali network modifier could exhibit a tensile strength of about 7 GPa 

which reduces to about 2.5-3 GPa with network modifiers [111].  Thus, a typical E-glass tensile 

strength is about 3.5 GPa, the tensile modulus 70-80 GPa and failure strain 1.8-3.2%. 

Batching (proper dry mixing 
of glass composition) 

 

Melting (heating the glass composition to high 
temperature up to 1400 °C while having uniformity and 

bubbles removed) 

 

Glass marble (use of glass marble 
machine to make glass marbles and can 

be re-melted to make fibre through 
fiberisation process) 

 

Fiberisation (extrusion and attenuation 
of molten glass into glass fibre) 

 

Sizing (coating glass fibres with 
lubricants and coupling agents 

 

Drying and packaging (wound unto 
spool for continuous fibre filaments or 

chopped into short staple fibres) 

 

Figure 8: Melt process of producing glass fibre 
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However, glass composition does not absolutely determine glass fibre tensile strength and 

modulus rather flaws such as internal defects also contributes. When the glass fibre is drawn 

into a smaller diameter, internal defects are regarded to decrease thereby causing glass fibres 

with smaller diameter exhibit high tensile strength and modulus than glass fibre with a large 

diameter [16], [111]. Glass fibre has been used widely for reinforcement of various matrix 

systems and a common practice for efficient load transfer often requires the fibre/matrix 

surface modified. Rijsdijk, Contant and Peijs investigate the use of maleic-anhydride-modified 

polypropylene to improve glass fibre/polypropylene interfacial adhesion and determine the 

influence it has on mechanical properties at a fibre volume fraction of 58%. The investigation 

shows that the tensile modulus did not change significantly as the tensile modulus is 43.4 GPa 

without modification and 43.6 GPa for the modified interface. However, the tensile strength 

without modification and 720 MPa and 890 MPa for the modified interface [112]. Also, Mohan 

and Kanny investigate the effect of nanoclay on glass fibre/high-density polyethylene (HDPE) 

mechanical properties at 20% fibre volume fraction with neat HDPE/glass fibre having tensile 

strength 77 MPa and tensile modulus 17.3 GPa while nanoclay modified HDPE/glass fibre 

tensile strength is about 78-86 MPa and tensile modulus 17.7-23.1 GPa [113]. 

2.2.3 Glass flakes 

The existence of glass flakes originated from the effort to resolve difficulty associated with 

reinforcement of roof-light panels. A technology developed around 1959 after inadequacy 

was identified using glass fibre to reinforce polyester resin used in producing the roof-light 

panels. Unreinforced roof-light panels experienced distortion when exposed to strong 

sunlight, a shortfall with the material stiffness. To mitigate the shortfall, the polyester resin 

was reinforced with glass fibre. In a way, the glass fibre enhanced the polyester resin stiffness 
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at required volume; this resulted in light transmission through the roof-light panels to be 

severely reduced, thereby negating the purpose the roof-light meant to serve. Therefore, to 

resolve both challenge of reinforcement and maintaining good light transmission through the 

roof-light panel, a better substitute of reinforcement filler needs to be applied. Hence the 

development of glass flakes which was able to provide substantial modulus improvement to 

the polyester resin and simultaneously maintain good light transmission through the roof-

light panel thereby solving both challenges of distortion and light transmission [114].  

While the roof-light panel is one of the early applications of glass flakes, other industrial 

applications have been able to adapt and adopt glass flakes for use, i.e. coatings industry 

[114]. Glass flakes as the name connotes is a type of filler produced using glass composition 

as highlighted in section 2.2.2 (Table 2), therefore having similar properties to glass with 

regards to the raw material composition used to produce the glass flake but produced using 

a different production process [114], [115]. Compared to glass fibres that provide anisotropic 

reinforcement, glass flake is a typical example of planar reinforcement platelet fillers capable 

of providing reinforcement in the platelet two principal planes. With such reinforcement 

arrangement parallel to the principal planes of a composite material system and harnessing 

the isotropic reinforcement capability of such platelet, filler tends to achieve high 

performance compared to fibre reinforcements for loading condition that is two dimensional 

[116], [117].  

Amidst various qualities that could affect the performance of glass flakes, the thickness is of 

high importance. While glass flakes thickness varies, due diligence needs to be given to the 

glass flakes' production process to produce glass flakes with consistent thickness and narrow 

distribution [114], [118]. Therefore, to produce glass flakes, several methods can be applied, 
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which include the bubble, spun and liquid phase deposition (LPD) methods [114], [119]. The 

bubble method is considered much more cost-effective as it allows for high production 

throughput [114]. With the bubble method of producing glass flakes, molten glass is inflated 

with gas through a nozzle to the required thickness of the glass bubble by controlling the gas 

volume. Inflated glass bubble is then smashed and milled into various sizes. Glass flakes 

thickness produced using the bubble method tends to range from 1-18 µm on average. While 

the bubble method might be cost-effective economically, the technique also has limitation 

such as producing curved glass flake which is dependent on glass bubble size [114], [120]. 

Producing glass flakes via spun glass method has the advantage of producing glass flakes with 

no curved flakes and tighter product control to produce glass flakes that have a thickness less 

than 1 µm from molten glass using centrifugal force. Molten glass is fed downward into a 

rotary cup that spins the molten glass around the rotating cup thereby forming a film of glass 

round the cup when cooled and the glass film formed is crushed into glass flakes [114], [121], 

[122]. Unlike bubble and spun methods for producing glass flakes from molten glass, LPD 

method uses a sol-gel technique to produce ultra-thin glass flakes by coating stainless sheet 

substrate with silica sol solution at near room temperature of 50 – 60°C after the silica sol 

solution has reached desired viscosity. Applied silica sol solution dries at 120 – 150°C to form 

film gel which is peeled off from the substrate to be sintered at 900 – 1200°C to form glass 

then processed into glass flakes with an average thickness of 0.588 µm [119]. Considering that 

glass flake is relatively similar to glass fibre; therefore, theoretical tensile strength and 

modulus are the same as ideal glass molecular tensile strength and modulus. However, like 

glass fibre, glass flakes tensile strength and modulus depend on the glass flakes' thickness 

with thinner glass flakes exhibiting higher tensile strength and modulus than thicker flakes 

[116], [123]. Though the reinforcement of composite materials with glass flakes is not as 
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popular as glass fibre, research has shown improvement in composite material mechanical 

properties using glass flakes as the reinforcement filler [116]. Li [124] investigate the 

enhancement of polymer composite of glass flakes/nylon-6 using 25% weight fraction of glass 

flakes with a sub-micron thickness of 350nm glass flakes, with the composite material without 

surface modification having a tensile strength of about 74.1 MPa and tensile modulus 4.13 

GPa and with surface modification with an amino-silane tensile strength of 68.32 MPa and 

tensile modulus of 6.11 GPa. Broughton, Lodeiro and Pilkington investigate coupling agents' 

influence on glass flakes reinforced polypropylene behaviour using glass flakes with an 

average thickness of 7μm and average volume fraction of 13%. Untreated glass 

flakes/polypropylene exhibited a tensile strength of about 24.4 MPa and tensile modulus of 

4.2 GPa, while treated composite material with amino-silane and titanate exhibit an average 

tensile strength 28.9-29.4 MPa and 23.4-24.3 MPa respectively and tensile modulus 4.77-4.91 

and 4.05-4.67 GPa respectively [125]. 

2.2.4 Graphene 

Graphene is a single layer of two-dimensional lattice array of carbon atoms covalently bonded 

together, forming a honeycomb-like structure [126], [127]. Graphene is described to be the 

lightest, strongest and thinnest material discovered with many hypothesised superlative 

potentials that can be harnessed for various applications ranging from energy, sensors, 

electronics, coatings and composites to mention few [128], [129], [130]. However, graphene 

is a monolayer material but regarded as the parent form of many carbon materials i.e. 

graphite and carbon nanotubes [126]. Regarding composite application and considering that 

graphene is a relatively flat material with high surface area to volume ratio. Also, with the 

graphene atoms at the surface, therefore, have accessibility from both sides to surrounding 
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molecules to interact with. This coupled with the strength of the covalent bonds that exist 

between the carbon atoms along the plane provides graphene with high tensile strength of 

about 130 GPa, a tensile modulus of 1 TPa and elastic tensile strain up to 25% making it 

appealing and possibly ideal filler for use in composite material applications [126], [130], 

[131]. 

While graphene predates back to the nineteenth century with Benjamin Collins Brodie's 

knowledge contributions recognising the highly layered nature of thermally reduced graphite 

oxide and determining the graphite atomic weight in 1859 [127]. Likewise, in 1947 Phil 

Wallace was the first to calculate graphene band structure, providing a starting point to help 

understand bulk graphite electronic properties, which is a stacked layer of graphene sheets 

held together by weak Van der Waal's forces [129], [132]. Similarly, several other 

contributions have been made towards graphene with reports published before 2004 with 

the inclusion of synthesising monolayer of graphene which was achieved through the use of 

silicon carbide substrates in 1975 [129], [132]. With many reports published about graphene 

before 2005, none of the reports identifies the unique properties of graphene until the work 

of Geim and Novoselov which received physics Nobel Prized award in 2010 for their 

pioneering contribution of simple exfoliation technique to isolate pristine graphene using 

scotch tape and effort made to identify the unique properties of graphene [127], [129], [132]. 

Through Geim and Novoselov contributions towards development and identifying graphene's 

unique properties has led to an increase in research on graphene application and further 

exploration of graphene properties. As well as developing a reliable process of producing 

graphene at large scale to support graphene required applications considering that method 

of scotch tape to isolate graphene is limited to laboratory applications [129]. 
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Graphene is produced using several methods; liquid-phase exfoliation of graphite, reduction 

of graphite oxide, chemical vapour deposition (CVD), and synthesis on silicon carbide (SiC) 

substrate, etc. Concerning graphene unique properties, some of these properties have been 

achieved solely with highest quality samples of graphene such as pristine graphene 

mechanically exfoliated using scotch tape and graphene deposited on special substrates like 

hexagonal boron nitride. However, the equivalent of some properties trends is yet to be 

witnessed with some of these techniques used to produce graphene. Improvement of these 

techniques to produce graphene with the same outstanding performance as graphene 

produced in laboratories pose an advantage for industrial application on large scale 

production and hence the need for development of such production process [129], [130]. 

Taking advantage of graphene awesome mechanical properties to reinforce matrix system, 

Rafiee et al. investigate comparative studies of different nanocomposite mechanical 

properties with epoxy reinforced at 0.1% weight fraction, epoxy/graphene sheets exhibit a 

tensile strength of about 78 MPa and 3.74 GPa compared to neat epoxy which exhibits a 

tensile strength about 55 Mpa and modulus of about 2.85 GPa [133]. Also, Huang et al. report 

polypropylene performance reinforced with different weight fraction of graphene sheets (1-

20 wt.%) exhibiting tensile strength 33.74 to 22.28 MPa and tensile modulus 1.621-4.037 GPa 

respectively with an increase in weight fraction [134]. 

2.2.5 Carbon nanotubes 

While graphene is a relatively flat material, carbon nanotubes could be considered the rolled 

form of a graphene sheet in single-wall carbon nanotube and rolled stacks of graphene sheets 

for multiwall carbon nanotube [135]. Carbon nanotube exists as either single-walled carbon 

nanotube having single well or multi-walled carbon nanotubes that has more than one well 
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and can range from two walls of carbon nanotube often referred to as double-walled carbon 

nanotube, triple-walled carbon nanotube that has three walls of carbon nanotube and 

multiple walls of carbon nanotube ranging from four upwards up to about fifty [136], [137], 

[138]. Depending on the carbon nanotube roll-up into a cylindrical one-dimensional structure, 

single-walled carbon nanotube takes a structural form of either armchair, chiral or zigzag 

which affects the nanotubes electrical properties (Figure 9) [135], [136], [139]. The multi-

walled carbon nanotubes have two types of structural models which are the Russian Doll and 

Parchment. A multi-walled carbon nanotube characterised such that thinner nanotube is 

contained within another nanotube with greater diameter is referred to as Russian Doll 

model, and the Parchment model looks like a single graphene sheet rolled up into a scroll 

form having manifold round itself (Figure 10) [136], [140]. 

 

 

 

 

 

 

 

 

 

Figure 9: Schematic illustration of (a) an armchair 
nanotube, (b) a zig-zag nanotube, and (c) a chiral 
nanotube. Adapted from Ref [135] 
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Multi-walled carbon nanotube was discovered and reported by Lijima in 1991 [137]; later in 

1993, single-walled was reported by Lijima and Ichihashi [138]. Most of the carbon nanotube 

physical properties are relatively similar to graphene and realisation of their properties 

including mechanical, thermal, and electrical has encouraged many researchers to explore 

the potentials of carbon nanotubes particularly in the area of composite material fabrication 

due to the high aspect ratio carbon nanotube possess together with remarkable Young’s 

modulus of about 1 TPa, tensile strengths up to 63 GPa and failure strain of about 12% [141], 

[142]. The carbon nanotube is produced using either chemical vapour deposition technique, 

laser ablation technique or carbon arc discharge technique. Syntheses of carbon nanotube 

were usually through laser ablation or arc discharge however chemical vapour deposition has 

become an alternative as the high temperature required for laser ablation, and arc discharge 

fabrication process contributes to the high cost of production. Though carbon nanotubes 

produced using arc discharge and laser ablation often have fewer defects than the chemical 

Figure 10: Schematic model illustration of (A) Russian doll multi-walled carbon nanotube (B) sketch of 
Russian doll layer arrangement and (C) Parchment model layer arrangement of multi-walled carbon 
nanotube. Adapted from Ref [140]  

 

Figure 7: Schematic model illustration of (A) Russian doll multi-walled carbon nanotube (B) sketch of 
Russian doll layer arrangement and (C) Parchment model layer arrangement of multi-walled carbon 
nanotube. Adapted from Ref [140]  
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vapour deposition technique, which affects the nanotube properties. However, chemical 

vapour deposition allows for fine-tuning the nanotube, unlike arc discharge and laser ablation 

techniques [136], [141]. Like graphene, carbon nanotubes have been employed as 

reinforcement filler to enhance polymers mechanical properties, i.e. 0.5% weight fraction 

surface-modified single-wall carbon nanotube/polyethylene composite with tensile strength  

33.3 MPa and tensile modulus 800 MPa [143], and 0.1% weight fraction of SWCNT/epoxy 

exhibit a tensile strength of about 65 MPa and tensile modulus about 3 GPa [133]. 

2.2.6 Clay – montmorillonite (MMT) 

Clay alternatively referred to as nanoclays are a type of nanoparticles made of layered mineral 

silicates having layered structural units that form complex clay crystallites through the 

stacking of the mineral silicate layers [144]. A unit layer consists of an array of octahedral and 

tetrahedral sheets arrangement. The octahedral sheet has aluminium or magnesium bonded 

in six-fold coordination with oxygen atom that forms a bond attachment with a tetrahedral 

sheet and hydroxyl. The Tetrahedral sheets are composed of silicon-oxygen tetrahedral which 

links together with neighbouring tetrahedral such that the three corners of the tetrahedra 

are shared while the fourth corner of each tetrahedron within the tetrahedral sheet connects 

with adjacent octahedral sheet through a covalent bond (Figure 11) [144], [145]. Depending 

on these sheets' arrangements, which impact various defining and distinguishing aspects of 

the nanoclays and their mineralogical composition. There exist different types of nanoclays 

which are used for various applications depending on the nanoclay properties. The nanoclay 

properties are characterised by the nanoclays’ chemical composition and particle morphology 

used in organising the nanoclays into several classes such as kaolinite, smectite, illite and 

chlorite [145]. There are three common noticeable sheet arrangements with nanoclays, 
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having structural array identified as 1:1, 2:1 and 2:1:1 sheet arrangements. Nanoclays with 

1:1 sheets arrangement has individual tetrahedral sheet linked to one octahedral sheet, 2:1 

sheets arrangement has individual octahedral sheet attached to two tetrahedral sheets with 

one sheet linked on each side, while a 2:1:1 sheets arrangement has individual octahedral 

sheet adjacent to another octahedral sheet that is attached to two tetrahedral sheets [144], 

[145].  

Montmorillonite is a layered plate-like nanoclay that belongs to the smectite clay class and 

has 2:1 octahedral and tetrahedral sheets arrangement (Figure 11). Each layer is about 1nm 

thick, consisting of alumina-silicate with layers surface having metal cations stacked in 

multilayer of about 10nm approximately [144], [145]. Montmorillonite is commonly used in 

polymer applications by having the nanoclay staked layers dispersed in the polymer matrix as 

either fillers or additives to enhance polymer/nanoclay composites performance. With such 

applications, having the montmorillonite nanoclay, which can allow the interlayer space to 

expand due to high cation exchange capability, allows for polymer monomers or chains to 

intercalate within the clay structure. Thereby enabling the fabrication of nano polymer 

composites by allowing the individual nanoclay layer in-plane tensile strength about 3GPa and 

tensile modulus 160 GPa to be harnessed for reinforcement of polymer matrix systems [144], 

[145], [146], [147], [148]. This attributes provides smectite clay like montmorillonite to be 

used in polymer nanocomposite reinforcement, i.e. modified montmorillonite clay/nylon-6 at 

2.7-4.5 % weight fraction exhibits a tensile strength 79.5-87.7 MPa and tensile modulus 3.49-

4.32 GPa [149]. Likewise, epoxy/exfoliated clay at varied weight fraction 0-5% exhibits tensile 

modulus 2-2.75 GPa with an increase in weight fraction while tensile strength decreases 

exhibiting 70-55 MPa correspondently [150]. 
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2.3 Reinforcement of composite systems and limitations associated with current 

technologies 

With the understanding that composite material is described as the combination of two or 

more constituent materials to produce a new type of material that has property 

characteristics that supersede its constituent materials. It is indicative that the constituent 

materials are optimum components that determine the composite material’s mechanical 

properties [151], together with the knowledge to fine-tune through manoeuvring various 

parameters of the composite material system, i.e. volumetric content, filler size, orientation, 

aspect ratio and filler/matrix interfacial interaction [27], [152]. The knowledge in tuning these 

parameters for optimum performance is important and presents an exciting and significant 

challenge in materials science. Nevertheless, despite the vast number of possibilities, i.e. 

~1nm 

Figure 11: Schematic illustration of octahedral and tetrahedral sheets arrangement of 
montmorillonite nanoclay layer. Adapted and modified from Ref [147]  

 

Figure 9: Illustration of embedded silicate clay layers for polymer reinforcement. Adapted 
from Ref [147]Figure 10: Schematic illustration of octahedral and tetrahedral sheets 
arrangement of montmorillonite nanoclay layer. Adapted and modified from Ref [147]  
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composite reinforcement with fibres, particles, flakes and fillers; there are mainly few designs 

that currently dominate the engineering world which can be categorised into, fibre reinforced 

composites which mostly dominates micro-scale composite reinforcement and 

nanocomposite technologies but yet to fabricate composite material that is strong, stiff and 

tough remains a challenge [152], [153]. 

2.3.1 Limitation of fibre reinforcement technology to develop strong, stiff 

and tough composite material 

Fibre reinforcement technology has evolved and has been used widely for various 

applications with different fibres used to reinforce composite material systems with polymer 

matrices. While it is evident that these fibres have higher strength and stiffness than their 

host matrices which are characterised with low strength and stiffness but possess high strain 

which is often lacking in most fibres. Thus, knowing that these fibres' properties invariably 

influence the properties of their composite material system [98]. High-performance fibres are 

mostly of interest for high-tech engineering applications, although the definition of high-

performance fibre is not discrete [154]. However high-performance fibres are expected to 

possess high strength, high stiffness (modulus), toughness, durability, resistance to chemical, 

flame resistance, etc., but unfortunately, most fibres used for composite reinforcement do 

not ultimately possess multiple properties as expected [154], [155]. 

For example, carbon fibre is manufactured in either high strength or high modulus fibre [31], 

[155] which is dependent on the precursor used for the production of the carbon fibre [31], 

[154]. Carbon fibres are manufactured through the extrusion of their precursor materials, 

stabilisation and carbonisation processes to make the precursor filaments into carbon fibres. 

Thus, based on the precursor of the carbon fibre and processing conditions, the end product 
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of the carbon fibre tends to have a different microstructure and also different properties 

[154]. With the structure of carbon fibres influencing their properties, PAN-based carbon 

fibres have microstructural arrangement reported to be disordered in its arrangement. It is 

turbostratic and is considered the reason for its high tensile strengths. Considering the 

difference in the structural property, this has led to carbon fibre selection to be on the merit 

of desired properties for the intended application, to utilise the benefit of each type of carbon 

fibre optimally. Thus, most PAN-based Type II carbon fibres are used for applications where 

strength is essential, and pitch-based carbon fibres are used for applications that require a 

high stiffness material. Meanwhile, rayon-based carbon fibres have witnessed a decrease in 

its use compared to PAN or pitch-based carbon fibre. It has a comparatively low tensile 

strength, and the cost of production is high compared to other precursors type of carbon 

fibres [154], [155].  

The effect of fibre mechanical properties been dependent on its morphological structure has 

led researchers and material scientist to explore a different mechanism to enhance fibre 

mechanical properties [156], [157]. Research shows that most fibres strength and stiffness 

are below their theoretical strength, hence the possibilities to further improve the fibres' 

strength and modulus through optimisation of their production process [31]. Mikhailova et 

al. [158] reported that PAN carbon fibre could be produced with a high tensile strength of 

about 3 - 3.5 GPa and high tensile modulus higher than 700 GPa through fabrication process 

that involves heat treatment at a temperature range of 2700 - 2900˚C together with 

boronation process. The boronation process allows for the integration of boron into the 

microstructure of PAN carbon fibre compared to carbon fibre that would ordinarily be spun 

from PAN carbon fibre precursor at such high graphitisation temperature which often is 
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characterised with low strength around 2 GPa or less and about 650 GPa tensile modulus 

[156]. Also, Chae et al. [31] reported a different approach to accustom gel spinning technique 

for PAN precursor carbon fibre which usually undergoes carbonisation in batches. A different 

approach was taken in their work with carbonisation process done as a continuous process 

using poly(acrylonitrile-co-methacrylic acid) (PAN-co-MAA) copolymer to fabricate high 

strength, high modulus PAN carbon fibre with a tensile strength of 5.5 - 5.8 GPa and tensile 

modulus of 354 - 375 GPa as average mechanical properties. 

Carbon fibre has been reported with various mechanical properties (Mikhailova et al. and 

Chae et al.), particularly for PAN carbon fibre, as research shows that other PAN carbon fibre 

have been reported with values reported for both tensile strength and tensile modulus, i.e. 

IM7 carbon fibre produced by Hexcel widely used for the aerospace application having a 

tensile strength of 5.6 GPa and tensile modulus of 276 GPa and T1100G carbon fibre 

manufactured by Toray has a tensile strength of 6.6 GPa and tensile modulus of 324 GPa [31]. 

While pitch precursor carbon fibre is reported to have a tensile strength of about 3.1 - 3.3 

GPa and tensile modulus as high as 820 - 965 GPa [31], [159]. Therefore, it is evident that 

carbon fibre is fabricated with a wide spectrum of mechanical properties values (tensile 

strength and tensile modulus). Hence the need for carbon fibres to be classified for easy 

referencing. International Union of Pure and Applied Chemistry (IUPAC) cited criteria that has 

put the classification in perspective by providing detailed criteria for fibres classification as 

follows [54], [159]; 

• “Ultra-high modulus type: carbon fibres with modulus greater than 500 GPa 

• High modulus type: carbon fibres with modulus greater than 300 GPa and strength-to-

modulus ratio less than 1% 
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• Intermediate modulus type: carbon fibres with modulus up to 300 GPa and strength-

to-modulus ratio above 1 x 10-2 

• Low modulus type: carbon fibres with modulus as low as 100 GPa and low strength. 

They have an isotropic structure 

• High strength type: carbon fibres with strength greater than 3 GPa and strength-to-

modulus ratio between 1.5 and 2 x 10-2” 

With the improvement made so far, carbon fibres indicate that obtainable mechanical 

properties like strength and stiffness (modulus) are still remarkably below theoretically 

predicted values. Considering that carbon fibre is known to have at least about 92 % wt., the 

composition of carbon atoms which are arranged within in-plane layer having honeycomb-

like structures and held together via covalent bond that exist within the atoms thereby having 

similar crystal structure to graphene which has an in-plane tensile strength of 100 GPa and 

tensile modulus of about 1TPa theoretically [54]. Despite the improvement in tensile strength 

and tensile modulus over the years, PAN carbon fibre which is widely used due to its strength 

measures at about 7 GPa approximately for tensile strength, a value less than 10% its 

theoretical carbon-carbon bond strength and 324 GPa for modulus which is about 30% its 

theoretical value [31], [54]. Although tensile modulus over 600 GPa has been reported for 

PAN carbon fibre, this is achieved at the expense of the tensile strength [158]. Meanwhile, 

carbon fibre produced from pitch precursor could have a high modulus of about 965 GPa 

which is above 90% the theoretical value, but the fibre is accompanied with low strength [31], 

[32], [160]. 

Similarly, theoretical value for melt-spun polyethylene (PE) fibre is estimated to have 300 GPa 

modulus and about 30 GPa strength, but so far obtainable values reported is 60 GPa for 
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modulus and 1.3 - 3 GPa for strength via a melt-spun process. Although 100 GPa has been 

reported for modulus for fibre produced using gel spinning, which is still less than 50%, the 

theoretically predicted value [161]. Likewise, fibres like Kevlar, Spectra, M5 

poly(hydroquinone−diimidazopyridine) (PIPD) and Poly-p-phenylenebenzobisoxazole (PBO) 

has also been reported with tensile modulus below their theoretical values, and tensile 

strengths of about 40-50% of their theoretical values have been achieved so far [154]. This 

indicates that there might be possibilities to optimise the fibre properties, but the effort to 

improve these mechanical properties in a single type of fibre often result in property trade-

off and more, so improvement seen is still below theoretically predicted values [31], [155]. 

Research shows that most fibres do not ultimately possess multiple properties as desired 

especially properties like strength, stiffness and toughness in a fibre. While to some extent, 

there have been possibilities to improve these mechanical properties in fibre, as research 

shows, fibre fabrication processes influence fibre mechanical properties.  

Smith and Lemstra [162] investigate fabrication process of ultra-high-strength polyethylene 

fibre using solution spinning and hot drawing technique to improve polyethylene fibre, which 

exhibits a tensile strength at break of about 3 GPa and tensile modulus (stiffness) 90 GPa, 

compared to solid-state extruded polyethylene fibre which has a modulus of about 70 GPa 

and strength below 1 GPa. Also, use of the gel-spinning process by Chae et al. to improve 

mechanical properties of poly(acrylonitrile-co-methacrylic acid) (PAN-co-MAA) copolymer 

carbon fibre carbonised subsequently in a continuous process to produce fibres with a high 

level of structural orientation and crystallinity, thereby improving fibre mechanical properties 

[31], [163]. Kitagawa et al. [164] investigate the fabrication of Poly-p-

phenylenebenzobisoxazole (PBO) fibre using non-aqueous coagulation and conventional heat 
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treatment which is different to the usual process that involves fabrication of PBO fibre 

through aqueous coagulation process. The resulting fibre from non-aqueous coagulation 

method is reported to have its modulus enhanced by approximately 27% compared to 

aqueous coagulation method. The non-aqueous coagulation method influences the PBO fibre 

molecular orientation causing it to be more orientated in the fibre axis direction. 

Research shows that fibre fabrication process development or modification could improve 

mechanical properties like fibres' strength and stiffness. Otto [165] expressed a similar view 

investigating the relationship of the tensile strength of glass fibre to diameter, hence having 

a varied stance to Griffith [123] which has been given credence by other researchers tensile 

strength of glass fibre increases with reduction in fibre diameter. In Otto’s work, the 

improvement of fibre strength is influenced by careful control of conditions at which the fibre 

is formed, i.e. temperature and pulling speed (drawability) rather than diameter-pendent 

[165]. While it is indicative that fibre fabrication process influences the mechanical properties 

of fibres as the process appears to enhance desired mechanical properties like strength and 

modulus, but there exist some shortcomings associated with some of these processes. For 

example, high-performance polymer fibres processed via gel spun often use solvent as part 

of the process that is considered to be hazardous to health and environment, i.e. gel spun 

ultra-high molecular weight polyethylene (UHMWPE) fibre [154], [166]. Other non-hazardous 

solvents have been investigated as an alternative solvent for fabricating such fibres by various 

researchers. However, significant success is yet to be reached as results reported were not 

definite whether or not the newly aimed solvents are a factor in enhancing mechanical 

properties but could help achieve higher drawability [167]. Regarding fibre forming process, 

while Otto indicated that conditions at which fibres are formed influences there strength 
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rather than general acceptance of Griffith’s work, Anderegg  [168] cited similar views to Otto 

but buttressed the position of Griffith. Anderegg’s work involving glass fibres cited that fibres 

solidify from melt process often contain impurities, i.e. collected dissolved and undissolved 

gas present within the fibre, thereby causing discontinuities within the fibre giving rise to 

defects  [168]. 

Thus, to ensure homogeneity and eliminate defect with attention given to the fibre forming 

process by maintaining purity and uniform dispersion, together with adequate measures to 

ensure as far as practicable to eliminate gas bubbles. While such a process is considered an 

ideal approach, it undoubtedly remains a daunting technical process  [168]. Meanwhile, when 

the fibres are drawn into a smaller diameter, the tendency of defect present such as gas 

bubbles reduces and reported strength and modulus of fibres is noted to increase as the fibre 

diameter decreases as Griffith reported [123],  [168]. Most conventional fibres, i.e. carbon 

fibres, glass fibres, ceramic fibres, aramid fibre, etc. have been reported to increase in 

strength and modulus with the decrease in diameter [123],  [168], [169], [170]. However, 

fibres used in fibre reinforcement technology are still few microns thick without the absolute 

certainty of being defect-free regardless of the fabrication process used, thus affecting the 

composite material system mechanical properties. Studies show that ultrafine fibre, which is 

less than a micron in diameter size compared to conventional fibres possess mechanical 

properties that surpass conventional fibres [154], [171], [172] but are lacking in strain like 

conventional fibre due to high draw ratio [173].  

Nevertheless, that most available fibres mechanical properties are below their theoretical 

predicted values; however, based on their available mechanical properties like strength and 

stiffness, these fibres have been adequately employed to fabricate composite materials. Due 
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to stretching fibres undergoes during the fibre production process, their ability to elongate 

like the host matrix poses toughness challenges. Therefore, to fabricate composite material 

that is strong, stiff and tough with fibre reinforcement technology is limited as there is often 

a trade-off in properties. While fibre reinforced composite material system could be 

processed in either short or long continuous fibre reinforcement within a matrix system, i.e. 

thermoplastic and thermosetting polymers [174]. To complement the inherent properties of 

the reinforcement fibre, the interplay of various parameters such as fibre/matrix interfacial 

adhesion, the aspect ratio of fibre, orientation of fibre, fibre volume fraction, and fibre 

distribution to allow for efficient transfer of stress load from the matrix to the fibre requires 

consideration to ensure the optimum design of a composite material system with best 

mechanical properties is important [16], [175], [176]. While interfacial adhesion is necessary 

to be adequate for transfer of stress from the matrix to the fibre, the fibre volume fraction is 

required to be sufficiently high for the composite material strength and stiffness to be 

maintained, but the composite material toughness is often sacrificed [17], [177]. Considering 

that the fibre cannot withstand significant elongation like the matrix and when stressed to 

the point of fracture, the applied stress is redistributed to nearby fibre through the 

fibre/matrix interface causing a high-stress concentration thereby causing successive fibre 

breakage which leads to the composite material to experience fibre dominated failure as a 

result of failure at fibre strain which is often characterised with a brittle failure [33], [34]. 

2.3.2 Shortfall of nanocomposite technology in developing strong, stiff, and tough composite 

material 

Whilst filler reinforcement volume fraction is one of the parameters that influence composite 

system reinforcement, and fibre reinforced technology been reported of the inefficiency to 
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provide adequate reinforcement at low volume fraction [23]. Meanwhile, nanocomposite 

technology has taken advantage of inherent filler properties to reinforce matrices at low 

volume fraction with better performance than fibre technology [22], [23]. For example, the 

reinforcement of nylon 6 with exfoliated clay yields improved mechanical properties (strength 

and stiffness) of the matrix systems with <10 wt. % volume fraction of clay [23], [178]. The 

nanofillers are regarded as close to ideal defect-free material and therefore possess high 

strength and stiffness compared to their counterpart reinforcement fillers in the micron size 

range [42]. Taking advantage of their large surface area to volume ratio and high aspect ratio 

to utilise their inherent mechanical properties (high strength and stiffness) in reinforcing 

matrix systems [19]. Meanwhile, with the understanding that increasing the volume fraction 

of reinforcement filler within a composite system should ideally result in the corresponding 

improvement of the composite system mechanical properties. This is not the reality with 

nanocomposite materials at high volume fraction due to various difficulties, i.e. 

agglomeration formation. Though, nanofillers could improve composite material mechanical 

properties at low volume fraction, nevertheless, when compared to fibre reinforced 

composite materials at high volume fraction; fibre reinforcement provides better 

reinforcement efficiency with regards to improved mechanical properties [23], [42], [179]. 

Nanocomposite systems modelled through continuum mechanics considers fillers form and 

volume fraction loading within a matrix system as required parameters to predict the 

composite system properties [178], [180]. The improvement of nanocomposites mechanical 

properties at low volume fraction with nanofillers was considered astonishing as it was not 

initially expected [178]. This has propelled researchers’ interest to explore further nanofillers 

potentials which have been adapted to other applications such as flame resistance, 
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biomedical, thermal, electrical and barrier properties to mention few [178], [181], [182], 

[183]. Nanocomposites' underperformance at high volume fraction has been investigated to 

gain insight into such unimpressive performance, and some factors are identified and 

considered to influence the nanocomposites materials' mechanical properties. This includes 

morphology of the nanofillers and composite material, method of processing and matrix/filler 

interactions [184]. 

Morphology reflects the size and structural array of nanofillers embedded within the matrix 

to provide reinforcement. Nanocomposite matrices are reinforced with nanofillers having at 

least one of the nanometer scale's geometry sizes below 100 nm while ensuring uniform 

distribution of nanofillers within the nanocomposite, the process used in fabricating the 

nanocomposites contributes to the fillers' effectiveness to provide reinforcement [147]. 

Different techniques have been used to fabricate nanocomposites, i.e. in-situ polymerisation, 

solution induced intercalation, melt intercalation, etc. [19], [23], [147]; however, fabrication 

process needs to be adequate to ensure composite material with improved properties can be 

produced. For example, layered fillers such as clays show different interaction between the 

filler and the polymer in Figure 12. Figure 12c illustrates the exfoliated clay nanocomposites 

fillers can effectively use their inherent mechanical properties compared to Figure 12a, which 

is phase-separated with the fillers stacked, and invariably the reinforcing element cannot 

effectively provide reinforcement [19]. More so, with the clay exfoliated increases the filler 

aspect ratio, a parameter that influences composite mechanical properties [147]. 

So far with these processes, research shows that effective reinforcement is mainly obtainable 

at a low weight fraction of about <5%wt [23], [185]; meanwhile, composite material tensile 

strength and modulus achieved is incomparable to fibre reinforced technology at high volume 
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fraction [23]. Podsiadlo, P. et al., [42] showed a possible approach to increase weight fraction 

of nanofillers in a composite system using a bottom-up assembly approach known as layer-

by-layer fabricate composite material with high filler volume fraction using Montmorillonite 

(MTM) clay as reinforcement filler in poly(vinyl alcohol) up to about 70% wt (≈50 volume %) 

which yield improvement in strength and stiffness of about 100% and 62% respectively 

compared to neat poly(vinyl alcohol), but unfortunately, the challenge to maintain toughness 

persist as the material’s toughness is significantly reduced (Table 3). 

 

 

 

 

 

 

 

 

 

Figure 12: Illustration of embedded silicate clay layers for polymer reinforcement. 
Adapted from Ref [147] 

Table 3: Using layer-by-layer to increase nanofiller (Montmorillonite) in poly(vinyl alcohol). Adapted from Ref [42] 

 

Figure 11: Schematic structure of nacre showing its brick and mortar arrangement aragonite platelets in organic matrix. Adapted 
from Ref [206] Table 4: Using layer-by-layer to increase nanofiller (Montmorillonite) in poly(vinyl alcohol). Adapted from Ref [42] 
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2.3.3 Current progress on toughness enhancement mechanism to develop strong, stiff, and 

tough materials 

The ability to maintain toughness in either fibre reinforced composite and nanocomposite has 

kept researchers and material scientists to continue to intensify effort to make a 

breakthrough with the intension to design composite material that is strong, stiff and tough. 

Considering that both technologies could have synthesised composite material achieve 

improved strength and stiffness compared to the neat polymer matrix but often challenging 

to maintain toughness and vice-versa [186], [187]. While the reinforcement filler could be 

similar or dissimilar to the matrix in nature, thereby having an interface between the matrix 

and reinforcement filler [188]. Despite this and through research, both technologies have 

been adapted such that the interface can transfer stress subjected to the matrix unto the 

reinforcement filler. Hence, there must exit good bond adhesion at the interface between the 

matrix and the reinforcement filler without toughness being compromised [16], [188].  

The existence of good interfacial bond adhesion has a synergistic effect of the interfacial 

region together with the composite material fillers size, volume fraction, aspect ratio, state 

of dispersion and alignment in affecting the material fracture toughness and correspondingly 

other composite material mechanical properties [16], [188], [189]. The interfacial bond 

adhesion is influenced through various mechanisms which include, i.e. wetting, adsorption, 

chemical bonding, electrostatic attraction and mechanical. However, optimisation of 

conditions at the interfacial region is often achieved through modification mechanically, i.e. 

fibre etching to introduce surface roughness that interlocks with the matrix and chemically, 

i.e. through the use of coupling agents like silane [189]. Thus, a process achieved through 
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approaches involving reinforcement filler modification such as surface treatment using 

silanes, plasma, alkalies, etc.; matrix modification such as the introduction of specific 

functional group in a matrix structure, i.e. maleic anhydride grafted polypropylene (PP-g-MA) 

or both [97], [190]. While it is important to have adequate interfacial bond adhesion for 

efficient stress transfer, to maintain toughness the prime importance is to have composite 

materials absorb as much fracture energy as possible before failure, thus exhibiting different 

fracture mechanisms such as crack bridging, crack deflection, pull-out, etc. [191], [192]. 

Therefore, to increase composite material toughness, various techniques have been 

developed, such as introducing rubber, i.e. nitrile liquid rubber, to the matrix system [35]. 

While this approach has shown to be efficient to improve composite material toughness, it is 

at the expense of other properties such as the decrease in either tensile strength or tensile 

modulus and possibly both [187], [193]. For example, Laura et al. [194] investigate rubber 

toughened nylon-6 composite material reinforced with glass fibre surface-treated with 

different modifiers, while the effect of the rubber yield significant improvement, no 

considerable changes with tensile modulus, however, the tensile strength for each composite 

material drastically reduces and several other research has reported similar trend considering 

that rubber possesses relatively low tensile strength and tensile modulus and composite 

material properties depend on its constituents materials [35], [195], [196]. 

Likewise, research has also shown the use of nanomaterials like graphene, nanoclay, and 

carbon nanotubes as second phase reinforcement filler to optimise composite material 

mechanical properties with the inclusion of maintaining toughness in reinforced polymer 

composites [187], [197], [198]. The nanomaterial is either dispersed within the matrix system 

or grown on fibres to impede crack growth and increase toughness, thereby exhibiting various 
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toughness enhancement mechanism such as crack pinning, crack deflection, debonding, pull-

out, etc. [199]. While some reports show an increase in composite toughness, others reported 

contrary results. Also, the tensile strength and tensile modulus often exhibit no significant 

improvement and decrease in value than composite material reinforced without 

nanomaterial, thereby providing less reinforcement efficiency [199], [200], [201]. Meanwhile, 

delamination is recognised to undermine composite material fracture toughness and other 

mechanical properties, particularly in laminated composite materials. Various techniques 

have been applied to maintain toughness; this includes reinforcement in the through-

thickness direction of the composite material using techniques such as stitching and z-

pinning. Stitching uses high tensile strength yarn, i.e. glass, carbon or Kevlar sewn through the 

thickness of the composite material, while z-pinning uses high stiffness, high strength thin 

metal or fibrous pins, i.e. titanium alloy, steel or fibrous carbon. Reinforcement in the 

through-thickness direction has been reported to enhance composite material elastic 

properties while delamination toughness is improved. However, the composite material's in-

plane properties decrease due to defect caused by reinforcement of the composite through-

thickness such as fibre breakage and waviness [38], [39], [40], [41]. Similarly, to maintain 

toughness, interleaving technique has been applied by integrating a thin, tough, flexible 

material between composite layers to improve the composite material damage tolerance. 

The interleaving material could be incorporated in the form of particles, film or fibre material 

between the plies to promote interlaminar toughness and decrease delamination. While 

improvement is achieved regarding toughness, this is accompanied by a decrease in 

composite material in-plane strength and stiffness [202], [203]. 
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2.4 Bio-inspired composite in developing strong, stiff and tough materials such 

as nacre  

Nature has been able to circumvent the challenge of maintaining the trio mechanical 

properties, unlike synthesised materials. Naturally developed composite materials like nacre 

and bone are typical examples of materials scientists have tried to replicate to design 

composite materials with strength, stiffness and toughness. Biological material like nacre is 

part of the hierarchical structure of shell anatomies of mollusc and gastropods located at their 

shell's inner layer (Figure 13). Nacre is composed of polygonal aragonite and organic 

materials. The aragonite is a nanometer-sized crystallographic form of calcium carbonate 

(CaCO3) having a width of about 5µm and thickness 500nm that constitutes about 95wt.% of 

the nacre structure and reinforces the 5wt.% organic material consisting of proteins and 

polysaccharides which act as the matrix system [45], [204]. Considering such percentage of 

reinforcement phase (aragonite) of material with the organic matrix which plays a significant 

role in spatial and chemical control of crystal nucleation and growth of aragonites, forming a 

brick-and-mortar like microstructure with aragonite to provide toughness via dissipation of 

fracture energy, by enhancing crack deflection and slip resistance, which has led to extensive 

studies of nacre [204], [205], [206].  

 

 

 

 

 



57 
 

 

 

 

 

 

 

 

Research shows that nacre excellent mechanical properties is influenced by its architecture 

structural array [204], [205], [206]. The aragonite platelets show firmly interlocked structural 

arrangement within the organic matrix and depending on nacre’s hydration condition exhibits 

different mechanical response (Figure 14). Under tensile stress, hydrated nacre deforms 

elastically and afterwards exhibit work-hardening behaviour due to further deformation 

(Figure 14a). The interlocked platelets deform linearly and after yielding point reached begins 

to slide along the interface between the platelets. Exerted stress beyond the yield point 

causes work hardening to ensue through debonding of the platelets at the boundaries (Figure 

14b) for sliding to proceed resulting in the macroscopic elongation of the nacre leading to 

successive accumulation of pull-out of the platelets entirely to cause a failure (Figure 14c). 

Meanwhile, dried nacre exhibits a brittle failure showing linear deformation up to the yielding 

point and fractures catastrophically. However, though the failure is catastrophic yet indicates 

that the platelets get pulled out [206]. Hydrated nacre shows higher toughness than dried 

nacre, though the interface's morphology cannot solely explain the dependence of the nacre’s 

Figure 13: Schematic structure of nacre showing its brick and mortar arrangement aragonite platelets in 
organic matrix. Adapted from Ref [206]   
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mechanical response on its hydrated condition. However, it is considered that the organic 

matrix between the platelets plays a crucial role to control the interface sliding behaviour of 

hydrated nacre. With the organic matrix sensitive to water, the nacre interfacial properties 

are altered due to hydration, thereby influencing the nacre's macroscopic mechanical 

response. The hydrated organic matrix functions as a lubricant to control the interface shear 

sliding, unlike dried nacre, which has the organic matrix dehydrated and stiffened as flexibility 

and fluidity lost [206]. 

 

 

 

 

 

 

 

 

Furthermore, in addition to the interface influence of nacre exhibiting adhesion and 

viscoelastic of the organic interface, the toughening effect of nacre has been attributed to 

several other toughening mechanisms, i.e. fracturing and delamination to create new fracture 

surface, crack deflection, pull-out of the platelets, crack bridging etc.; while different factors 

such as nanoasperity on platelets, mineral bridging and platelet waviness are considered 

components influencing the toughening mechanism exhibited. However, the interlocking of 

Figure 14: (a) Stress-strain curve of fractured hydrated and dried nacre, (b) debonding of polygonal 
aragonite platelet at the boundary with the organic matrix without platelet fracture  and (c) pulled 
out platelets. Adapted from Ref [206] 
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the platelets and their accumulative pull-out to fracture has been the dominant influence on 

nacre toughness while maintaining strength and stiffness as cumulative stress is required for 

successive accumulation of platelets pull-out to occur during work hardening [206], [207]. 

Mimicking structural array of nacre to fabricate bio-inspired synthesised composite material 

has been explored by several researchers using various fabrication methods such as; layer-

by-layer, electrophoretic deposition, sputtering, spin coating and ice templating [206]. 

Research shows that improved strength and stiffness achievable with toughness maintained; 

however, this is achieved at a relatively low volume fraction of about 20% [26], [45]. 

Meanwhile, increasing the volume fraction to higher percentage result in increased strength 

and stiffness with sufficiently high fracture toughness but fails without indication of plastic 

deformation, which is often catastrophic and brittle [42], [45].  

2.5 Composite modelling 

Modelling of the composite system has been used as an accessible tool to predict material 

behaviour through computational (i.e. numerical and analytical) evaluation to understand the 

physical mechanisms that govern a material's behaviour. Hence, it provides the knowledge 

that can be used to design, improve, and effectively tailor material properties such that 

components and morphology structures of composite materials can be investigated in depth 

[208]. With various developed models used in composite material system modelling, it is 

essential that when adopting a model for composite system analysis, the model adequately 

considered closely representing problem been investigated with underlying assumptions 

[208], [209]. Some of the commonly used modulus and strength prediction models include 

the Rule of Mixtures, Shear Lag, dilute Eshelby, Halpin-Tsai, and Mori-Tanaka. Accordingly, 

these models are modified to suit the modelling analysis to adequately represent the problem 
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investigated [124], [210]. Most of the model micro-mechanical analysis often involves the 

concept of representative volume element (RVE) [211], [212]. Rule of Mixture is the simplistic 

model to predict composite material system mechanical properties; however, Shear Lag 

model is used within the scope of this research to predict composite strength and Halpin-Tsai 

model composite modulus under tough fracture.  

Cox developed the shear-lag model in 1952 on the basis that the force balance between the 

matrix and fibre is due to the matrix being able to transfer exerted stress unto the fibre via 

shear stresses at the interface [213]. The model is widely used for theoretical prediction of 

strength and damage failure of both long and short fibre reinforced composites and 

nanocomposites [211], [214], [215], [216], [217], [218]. Comparing the Shear Lag model with 

Rule of Mixture accordingly, it is credible to consider that with the introduction of fracture 

term (α) the Shear Lag model could be regarded as modified Rule of Mixture model [218]. The 

Rule of Mixtures model is a relatively simple model used to predict mechanical properties of 

composite material systems, particularly the bi-component material system like long fibres 

aligned parallel in the same direction within a matrix [124]. When the loading condition is in 

the direction of the reinforcement filler, i.e. parallel to fibre length, Rule of Mixture model 

assumed that both the matrix and fibre experience same strain (isostrain) when subjected to 

external load stress exerted in the fibre longitudinal direction. Though the Poisson contraction 

of the fibre differs from that of the matrix, resulting in additional stress unaccounted for, this 

is regarded to be about 2% of an error compared to experimental verification and could be 

considered as inconsequential. However, Rule of Mixture does not consider other parameters 

that influence composite material mechanical properties, i.e. aspect ratio, the interfacial 

property, etc. which are accounted for in modified Rule of Mixture [16], [218].  
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Furthermore, according to the Rule of Mixture, when the composite system is loaded in the 

transverse direction (perpendicular direction to the longitudinal direction). It is assumed that 

both the fibre and matrix experience the same exerted stress (isostress). However, the 

composite material experiences non-uniform strain distribution, resulting in strain 

magnification within the composite system. Meanwhile, Hapin-Tsai simplified the solution by 

making more realistic assumptions that consider the various composite system 

characteristics, i.e. aspect ratio, packing geometry, and loading condition, in making better 

estimations unlike Rule of Mixture model [16].  

Hence, using Shear Lag and Hapin-Tsai models for modelling different reinforcement fillers to 

investigate the feasibility to produce composite materials material with strength, stiffness, 

and toughness through an approach based on data-driven material characterisation 

methodology [219], [220], [221]. Four types of polymer matrices (epoxy, nylon, polypropylene 

and polyethylene) are modelled with different reinforcement fillers (glass fibre, carbon fibre, 

glass flakes, montmorillonite clay, graphene and single-wall carbon nanotube). Theoretical 

analysis of these fillers having different thickness sizes is assessed to determine obtainable 

mechanical properties within their size range to identify ideal filler in developing a novel 

composite material system under tough fracture with modelling data extracted from 

published literature. 
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  3.0 Methodology 

The chapter provides details of experimental procedures carried out and modelling work 

conducted regarding the research aims. The experimental procedure describes materials used 

and techniques applied for material characterisation to support modelling work performed 

on various reinforcement fillers. The modelling work focuses on providing details involved in 

gathering data for different reinforcement fillers to compute modelling for comparable 

analysis using existing composites models to determine composite material mechanical 

properties. Section 3.1 describes the material characterisation of size and distribution to 

establish the average aspect ratio of each glass flakes investigated. This involves identifying 

the type of glass flakes to be examined, details of procedures used to determine the size and 

distribution of individual glass flakes investigated, and the inclusion of statistical analysis 

used. Section 3.2 focuses on the modelling work and details how values used in composite 

models have been generated to determine obtainable mechanical performance of a typical 

composite system of different fillers investigated to reinforce commonly used matrices. 

3.1 Material characterisation – Glass flakes 

The glass flakes used in this study were supplied by Glass Flakes Ltd in various thickness 

namely 100nm milled, 350nm milled, 350nm unmilled, 850nm milled, 850nm unmilled, 0.8 - 

1.3µm and 2.3 - 3.3µm. The glass flakes were labelled as untreated E-glass type. This was 

confirmed and identified as untreated E glass type via FT-IR analysis using Perkin-Elmer 

Universal ATR Sampling Accessory (Spectrum 100 FT-TR) spectrometer at 2cm-1 spectra 

resolution with FTIR spectra scanning in the range of 4000 - 650cm-1. To determine the 

average aspect ratio of each glass flake which is the ratio of the glass flakes length to 
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thickness, thickness size and length distribution characterisation of the glass flakes are 

required, hence details of the characterisation procedures are given in subsequent sections. 

3.1.1 Size Characterisation – Thickness Measurement 

Though the supplier specified the glass flakes thickness, the importance of filler’s aspect ratio 

to support the modelling work requires that the glass flakes thickness be ascertained. Each of 

the glass flakes thickness was measured using a scanning electron microscope (SEM). Samples 

were prepared for each glass flakes by having 2-3mg of the glass flakes dispersed on a carbon 

tape affixed to the angular face of an angled etched SEM stud. The stud's dispersed glass 

flakes were given a 10nm gold coating using Quorum (Q150R ES) gold coater before the stud 

been placed in JEOL Field Emission Scanning Electron Microscope (JSM-7100F) and operated 

at 1kV acceleration voltages for thickness examination. An angular etched SEM stud was 

preferred as it helps with effective positioning, i.e. tilt of dispersed glass flake for easy view 

analysis. Sample images were taken and analysed using Image-J, which is an image processing 

software.  

3.1.2 Size Distribution – Length Measurement 

To determine individual glass flakes aspect ratio; the average length of the glass flakes was 

measured with Celestron LCD Digital optical microscope using objective lens 4x. The camera 

sensor provides 10x the objective lens to yield 40x object magnification. For each glass flakes, 

3-5mg is placed on a microscope slide and spread out using a spatula. The micrographs of the 

dispersed glass flakes were taken under the optical microscope. Micrograph of a graticule was 

also taken to enable length measurement of the micrographs taken for the dispersed glass 

flakes using Image-J1 for each glass flakes investigated. Similarly, the same procedure was 

 
1 ImageJ; National Institutes of Health (NIH) version 1.52 
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repeated to determine the aspect ratio after manoeuvring each glass flakes via ball milling. 

Individual glass flakes aspect ratio was altered via ball milling by filling 50ml centrifuge tubes 

for each glass flakes and 11 milling balls which are 13mm in diameter to breakdown the glass 

flakes aspect ratio over time through handshaking. Each centrifuge tube was filled as follows; 

0.5g for 100nm, 1g for 350nm milled, 1g for 350nm unmilled, 1.5g for 850nm milled, 1.5g for 

850nm unmilled and 1.5g for 0.8 - 1.3µm respectively.  

Manual shaking the centrifuge tubes through a handshake to breakdown the glass flakes at 

times duration of 2.5mins, 5mins and 7.5mins, except for 100nm milled glass flakes at times 

duration of 1.5mins, 3mins and 4.5mins. While 2.3 - 3.3µm glass flakes were excluded from 

aspect ratio breakdown, its aspect ratio without breakdown is very small and does not require 

further chopping down. Data of length measurement obtained from micrographs processed 

with Image-J for glass flakes without size breakdown and those with size breakdown was 

analysed statistically using Minitab2. 

3.2 Modelling Work 

The modelling analysis is computed for different reinforcement fillers investigated through a 

data-driven approach with commodity polymers. Reinforcement fillers investigated include 

glass flakes, glass fibre, carbon fibre, montmorillonite clay, graphene, and single-wall carbon 

nanotube (SWCNT). Each filler is modelled with polypropylene, polyethylene, nylon 6, and 

epoxy matrix systems using shear-lag and Hapin-Tsai models. Based on these models, 

reinforcement filler and matrix system tensile strength and tensile modulus were obtained 

through a literature search of published data; likewise, the interfacial shear strength (IFSS) for 

individual filler/matrix system used in computing the modelling analysis. For glass and carbon 

 
2 Minitab; Minitab, LLC version Minitab 19 
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fibres, considering that the fibre diameter correlates to the fibre tensile strength and tensile 

modulus. The data obtained is processed through the application of logarithm to have a linear 

equation. The linear equation's anti-logarithm provides an equation used to determine the 

fibre mechanical properties at specified diameter, i.e. 3µm and 7µm for glass fibre and carbon 

fibre respectively. Furthermore, glass flakes' mechanical properties are determined using the 

equation obtained for glass fibre at each glass flakes determined thickness, in-view that the 

glass flakes are identified to be the same type of glass material considered for glass fibre. 

Whilst tensile strength and tensile modulus of graphene, clay and SWCNT are applied directly 

for modelling analysis. IFSS for each matrix system is determined at maximum and minimum 

values for glass fibre and carbon fibre. However, IFSS values for glass flakes is taken to be 

same for glass fibre as it is the same glass material. Also, the IFSS value of montmorillonite 

clay is as well taken as that of glass fibre on the assumption that their morphology 

composition is relatively similar for modelling purposes. Likewise, for graphene and SWCNT, 

IFSS value for carbon fibre is applied on the assumptions that the fillers are carbonaceous.  

3.2.1 Glass fibre/glass flakes tensile strength and tensile modulus 

Identifying the type of glass, the glass flakes are manufactured from through Fourier 

Transform Infra-Red (FT-IR) analysis helps minimise error and likewise serve as a guide in 

searching for publications related to the type of glass flakes identified. Figure 15 shows the 

FT-IR analysis plotted for 350nm milled glass flakes, while all studied glass flakes exhibited the 

same trend. Comparing the FT-IR result with reported article FT-IR on E-glass fibre (Figure 16) 

[222], shows that the FT-IR profile is similar to untreated E-glass fibre as the peaks tend to 

exhibit the stretching of the Si-O vibration which is around approximately 1000cm-1 [222], 

[223]. Therefore, ascertains that the glass flakes are also surface untreated. On this basis, 

investigated glass flakes are considered to be E-glass type without surface treatment. 
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Figure 16: FT-IR analysis of E glass (a) nonsilanised (surface untreated) and (b) silane 
treated. Adapted from Ref [222]   

Figure 15: FT-IR profile for investigated glass flakes (350nm milled) 
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The glass flakes identified as E-glass type, tensile strength and tensile modulus for E-glass 

extracted from published literature Ref [224] and [225] respectively. Using Web-plot Digitizer 

[226], Figures 17 and 18 shows the extracted tensile strength and tensile modulus data 

plotted against fibre diameter for E-glass, respectively. Extracted data translated into log-plot 

by taking the logarithm value of data points from which a linear equation is obtained for 

tensile strength (Figure 19) and tensile modulus (Figure 20). Determining the anti-log for the 

linear equation; a general equation is obtained. Hence, for glass fibre and glass flakes, 

Equation 1 and 2 are the general equations for tensile strength and tensile modulus, 

respectively. Therefore, tensile strength and tensile modulus for investigated glass flakes 

determined at their known thickness. Though the mechanical properties are fibre related and 

studied glass flakes are irregularly flat/non-spherical shape. However, research shows that 

dependency of material mechanical properties on shape decreases as the material increase 

in size, (i.e. > 50nm) [227], [228]. Meanwhile, the thinnest glass flakes investigated has an 

average thickness of 100nm. Likewise, the tensile strength and tensile modulus for glass fibre 

analysed at 3µm diameter are determined using Equation 1 and 2. 
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Figure 17: E-glass strength plotted against fibre diameter. Adapted from Ref [224]     

Figure 18: E-glass modulus plotted against fibre diameter. Adapted from Ref [225]    
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Figure 19: Log-plot for E-glass strength plotted against fibre diameter 

Figure 20: Log-plot for E-glass modulus plotted against fibre diameter 
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Equation 1: 𝜎𝑓 =  
109.646 × 𝑡−0.396

109
 

Equation 2: 𝐸𝑓 =  
1011.102 × 𝑡−0.223

109
 

Where σf and Ef represent glass flakes ultimate tensile strength and modulus respectively, and 

t represents glass flakes thickness. 

 

3.2.2 Carbon fibre tensile strength and modulus 

Tensile strength and tensile modulus for carbon fibre extracted from published literature Ref 

[54], which involve considering classification criteria for high-strength type carbon fibres. 

According to IUPAC classification criteria, high-strength types carbon fibres are considered to 

have strength greater than 3 GPa and the strength-to-modulus ratio between 1.5 and 2 x 10-

2.  Table 4 shows mechanical properties for high-strength type carbon fibres. Thus, taking the 

logarithm value for both tensile strength and tensile modulus (Table 4), the logarithm values 

are plotted in Figure 21 and 22 for tensile strength and tensile modulus respectively with their 

corresponding linear equations shown. Finding the linear equation's anti-log is used as a 

general equation to determine the carbon fibre tensile strength (Equation 3) and tensile 

modulus (Equation 4) at known fibre diameter. 
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Table 4: Mechanical properties of carbon fibre. Adapted from Ref [54] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diameter 
(um) 

Ultimate 
Tensile strength 

(MPa) 

Tensile 
modulus 

(GPa) 

Strength to 
Modulus 

ratio (10-2) 

5 5490 294 1.87 

5 4382 276 1.59 

5 4140 242 1.71 

5.2 5590 294 1.90 

6 5490 323 1.70 

7 4410 250 1.76 

7 3530 230 1.53 

8 3795 235 1.61 

Figure 21: Log-plot for carbon fibre strength plotted against fibre diameter 
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Equation 3: 𝜎𝑓 =  
1010.079 × 𝑑−0.5452

109
 

Equation 4: 𝐸𝑓 =  
1011.703 × 𝑑−0.3594

109
 

Where σf and Ef represent carbon fibre ultimate tensile strength and modulus respectively, 

and d represents carbon fibre diameter. 

 

 

 

 

Figure 22: Log-plot for carbon fibre modulus plotted against fibre diameter 



73 
 

3.2.3 Investigated nanofillers tensile strength and tensile modulus 

For various nanofillers investigated, tensile strength and modulus obtained for each filler 

detailed in Table 5. 

Table 5: Nanofillers mechanical and physical properties 

Type of Nanofiller Strength (GPa) Modulus (GPa) 

Graphene  [229] 130  1000  

SWCNT [230] 30  1000   

MMT [148] 3   160  

 

 

3.2.4 Polymer tensile strength and tensile modulus 

Similar to reinforcement fillers, polymer matrix system tensile strength and tensile modulus 

obtained detailed in Table 6. 

Table 6: Matrix mechanical properties used in computing modelling of composite material system mechanical properties 
(for epoxy and polypropylene data given in range, therefore mean value used. * indicate average value) 

Matrix system Ultimate Tensile 
Strength (GPa) 

Elastic 
Modulus (GPa) 

Density 
(g/cm3) 

Epoxy* [16] 0.068 4.5 1.25 

Polypropylene* [16] 0.032 1.2 0.905 

Nylon 6 [80]  0.088  1.75  1.15 

Polyethylene (HDPE) [231]  0.035 1.15 0.95 
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3.2.5 Interfacial shear strength (IFSS) 

Glass fibre 

The modelling analysis requires the interfacial property of reinforcement/matrix system 

known. Table 7 details the IFSS values obtained for glass fibre with specified polymer matrix 

systems and plotted in Figure 23. As stated above, the IFSS values would also be applied for 

glass flakes and MMT nanoclay composite systems. 

Table 7: Interfacial shear strength (IFSS) value range for different matrix systems with E-glass 

Interfacial Shear Strength (IFSS) – τ (Mpa) 

 Min Max 

Epoxy [66], [232], [233], [234]  30 73 

Polypropylene [97], [235], [236], [237]     3.2 19.4 

Nylon 6 [238], [239], [240], [241]  24 88 

Polyethylene [240], [242], [243]    4.6 15.1 
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Carbon fibre 

Listed in Table 8 is the IFSS values for carbon fibre with specified polymer matrix systems 

plotted in Figure 24, which will also be used for composite system relating to other 

carbonaceous fillers, i.e. graphene and SWCNT to compute the modelling analysis. 

Table 8:Interfacial shear strength (IFSS) value range for different matrix systems with carbon fibre 

Interfacial Shear Strength (IFSS) – τ (Mpa) 

 Min Max 

Epoxy [65], [244], [245], [246] 11.8 80 

Polypropylene [247], [248], [249], [250] 7.5 35.4 

Nylon 6 [251], [252], [253], [254]  35 68 

Polyethylene [91], [255], [256]  21 61 

 

Figure 23: Interfacial shear strength value for specified matrix systems with E-glass 



76 
 

 

 

 

 

 

 

 

 

 

  

Figure 24: Interfacial shear strength value for specified matrix systems with carbon fibre 



77 
 

4.0 Result and Discussion 

Whilst there are various parameters to consider that influence composite material 

mechanical properties. The reinforcement fillers’ aspect ratio has been reported to influence 

composite material mechanical properties [257]. Composite material systems reinforced with 

reinforcement filler having high aspect ratio are reported to provide good reinforcement 

efficiency and better mechanical performance than the reinforcement filler with low aspect 

ratio [257], [258]. However, for a composite material system to achieve adequate strength, 

stiffness, and toughness; the reinforcement filler aspect ratio needs to complement the 

interfacial property between the reinforcement filler and the matrix [232].  Thus, while high 

aspect ratio is important for composite material to have good strength and stiffness, the 

interfacial adhesion bond between the reinforcement filler and the matrix system is also 

important to harness the reinforcement filler's inherent strength and stiffness [189], [259]. 

Most reinforcement fillers have a limited strain range, unlike their host matrix. When the 

reinforcement filler aspect ratio is very high, the interfacial shear strength at the interface is 

also high, coupled with the composite material having a high volume fraction. Thus, such 

composite material's strength and stiffness improve but adversely affect the composite 

material toughness, as the reinforcement filler dominates the composite failure. 

Consequently, causing the composite material to fail at the reinforcement filler strain, which 

is often characterised by a brittle failure such as seen with fibre reinforcement and 

nanocomposite technologies [42]. 

Meanwhile, suppose the aspect ratio is reduced, i.e. by decreasing the reinforcement filler 

length or increasing the diameter/thickness. In that case, this causes the composite material 

strength and stiffness to decrease though toughness is enhanced while maintaining good 
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interfacial adhesion [258]. The contrary is not to reduce the aspect ratio of the filler but 

compromise on the interfacial adhesion; this would undermine the reinforcement efficiency 

of the composite material mechanical properties as the reinforcement filler's inherent 

strength, and stiffness cannot be harnessed. This, therefore, requires a balance to be achieved 

between the interfacial adhesion and the reinforcement filler aspect ratio by determining the 

threshold where toughness is not sacrificed at the expense of strength or stiffness and vice 

versa. While this threshold varies based on composite systems, hence, fibre reinforcement 

technology achieving such balance is challenging. As an adequate interfacial adhesion is 

desired and to maintain toughness, this would therefore require the aspect ratio decreased 

which invariably would have strength and stiffness compromised. Meanwhile, for composite 

materials reinforced with nanofillers known to have a very high aspect ratio, which exceeds 

the threshold, hence often achieving high strength and stiffness but toughness compromised. 

Understanding the shortcomings of existing technologies in achieving comprehensive 

strength, stiffness, and toughness concurrently is why the research investigates suitable 

reinforcing fillers with rationale on their potential and feasibility to reinforce commodity 

polymers with the trio mechanical properties maintained through modelling analysis. Glass 

flakes is investigated as a model reinforcing filler in comparable analysis with other existing 

reinforcing fillers. The chapter provides details of results obtained for experimental work 

conducted and computational modelling analysis. Section 4.1 includes thickness 

measurement, size characterisation, and glass flakes distribution for both non-chopped and 

chopped-down glass flakes aspect ratios. Statistical process employed to determine individual 

glass flakes average length to determine their average aspect ratios is also stated. Section 4.2 

focuses on modelling work computed using Shear-Lag and Hapin-Tsai models to determine 
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composite material systems strength and modulus with toughness maintained, respectively, 

by computing modelling analysis of composite material system failure under tough fracture.  

4.1 Investigation of suitable fillers for the new composite in practical application  

Due to the project's time restriction, fabrication technology to produce samples for validation 

became a constrain. Instead, the project is designed to exploit if a filler system could be 

available and tailorable to fit into the new composite design. If successful, the ideal 

reinforcement filler's size range would need to be determined, i.e., micron, submicron or 

nano-composites. For this purpose, glass flakes is selected since it is possible to be made in 

different size range and available commercially. This section will present the experimental 

study of these commercially available glass flakes and how to change these materials' aspect 

ratio in a manufacturing process. 

Considering that reinforcement filler's aspect ratio has been a contributing factor influencing 

the composite material system mechanical properties [257]. Hence the reason for ensuring 

adequate characterisation of each glass flakes investigated to determine their average aspect 

ratio. Reinforcement filler aspect ratio (l/d or l/t) is the length (l) of the filler divided by its 

diameter (d) for fibrous fillers, while the thickness (t) substitutes for diameter if the filler is a 

plate-like material (platelet) like glass flakes. 

4.1.1 Glass flakes thickness measurement  

Figure 25 - 31 shows a typical image illustration of each glass flakes thickness. Individual glass 

flakes thickness was measured using Image-J to process images taken for each glass flakes 

from the SEM analysis. Thickness measurement obtained from Image-J for each glass flakes 

is statistically analysed using basic statistics (mean and standard deviation), and this is 

reported in Table 9. 



80 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: SEM image illustration of 0.8-1.3µm glass flakes 

Figure 25: SEM image illustration of 2.3 - 3.3µm glass flakes 



81 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: SEM image illustration of 850nm unmilled glass flakes 

Figure 28: SEM image illustration of 850nm milled glass flakes 
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Figure 29: SEM image illustration of 350nm unmilled glass flakes 

Figure 30: SEM image illustration of 350nm milled glass flakes 



83 
 

 

 

 

 

 

 

 

 

 

 

 

Table 9 Thickness measurement of each glass flakes investigated 

Glass flakes 
thickness size 

No of sample 
measurement 

Mean Standard deviation 

2.3 - 3.3µm 106 2.75µm 0.55 

0.8 - 1.3µm 118 1.87µm 0.16 

850nm Milled 115 830nm 41 

850nm Unmilled 110 746nm 49 

350 Unmilled 108 362nm 30 

350nm Milled 110 363nm 28 

100nm Milled 112 120nm 15 

 

Figure 31: SEM image illustration of 100nm milled glass flakes 
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While Table 9 shows that most of the glass flakes average thickness measurements are within 

proximity to specified thickness size by the supplier, 850nm unmilled is not, and 0.8 – 1.3µm 

is out of specified range. This further buttresses the need for size characterisation to 

determine the glass flakes' average thickness, considering that the glass flakes aspect ratio 

changes when the thickness changes. 

4.1.2 Glass flakes Length measurement 

In determining each glass flakes aspect ratio, their average length is determined by having 

images taken using an optical microscope for each glass flakes and processed in Image-J. 

Figure 32 shows a typical dispersion of each glass flakes on a microscopic glass slide. Figure 

33 shows how the length is measured, considering that the glass flakes have irregular shapes. 

For every glass flake, the longest length is measured, as shown in Figure 33. 

 

 

 

 

 

 

 

 

 

 

Figure 32: Image illustration of dispersed glass flakes on microscope slide taken using optical 
microscope 
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The length measurement obtained from Image-J is used to determine the mean length for 

each glass flakes. Using Minitab to compute dot plot for length measured for each glass flakes 

(Figure 34). The plot obtained for each glass flakes exhibited a similar asymmetric tendency 

of skewness to the right, as seen in Figure 34 for 350nm milled glass flakes. In order to make 

the distribution more representative of a normal distribution, a probability distribution fit-

test was done on measured length data obtained using Minitab. The fit-test from Minitab 

(Figure 35) shows that lognormal has a better fit and good representation of the glass flakes 

distribution, considering that the glass flakes measured length is continuously random. 

Therefore, the measured length for each glass flakes is processed by using Minitab to take log 

value of each entry (measured length) of glass flakes to produce lognormal distribution. Figure 

36 shows a histogram of log-length with lognormal distribution for 350nm milled glass flakes, 

indicating a better fit of the distribution, giving mean value and standard deviation in log form. 

Glass flakes 

Figure 33: Glass flakes length are determined by measuring two longest separated points 
on the glass flakes perimeter   
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These values are converted using anti-log to determine the mean length in microns used to 

estimate the glass flakes aspect ratio. While N is the total number of glass flakes measured 

for each glass flakes with 546, 526, 499, 537, 536 and 517 for 2.3 - 3.3µm, 0.8 - 1.3µm, 850nm 

unmilled, 850nm milled, 350nm unmilled and 100nm milled glass flakes, respectively. 

Lognormal is used to determine the mean length of all glass flakes investigated and the mean 

lengths for each glass flakes shown in Table 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Dot plot for 350nm milled glass flakes measured length 
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 Figure 36: Log-normal distribution of 350nm milled glass flakes 

Figure 35: Fit test analysis using Minitab to determine adequate statistic applicable to 
process measured length distribution 
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Table 10: Average length measured for each glass flakes investigated before ball milling  

 
2.3 - 
3.3µm  

0.8 - 
1.3µm 

850nm 
Unmilled 

850nm 
Milled 

350nm 
Unmilled 

350nm 
Milled 

100nm 
Milled 

No of Glass 
Flakes 

546 526 499 537 536 527 517 

Mean Log 
Length (µm)  

3.183 4.932 5.317 4.750 4.924 4.978 4.688 

Log Length 
Standard 
Deviation (µm)  

0.2745 0.5272 0.3565 0.4722 0.5704 0.4378 0.4661 

Mean Length 
(µm)  

24.12 138.66 203.77 115.58 137.55 145.18 108.64 

Standard 
Deviation (µm)  

18.39 - 
31.74 

81.84 - 
234.91 

142.67 - 
291.05 

72.08 - 
185.34 

77.76 - 
243.33 

93.71 - 
224.93 

68.16 - 
173.14 

 

With the average thickness (Table 9) and length (Table 10) determined for each glass flakes, 

their aspect ratio before ball milling reported in Table 11. 

Table 11: Average aspect ratio determined for each glass flakes investigated before ball milling 

 
2.3 - 

3.3µm  
0.8 - 

1.3µm 
850nm 
Milled 

850nm 
UnMilled 

350nm 
Unmilled 

350nm 
Milled 

100nm 
Milled 

Average 
Thickness 

(µm)  

2.75 1.87 0.830 0.746 0.362 0.363 0.120 

Mean Length 
(µm)  

24.12 138.66 115.58 203.77 137.55 145.18 108.64 

Average 
Aspect Ratio 

9 74 139 273 380 400 905 
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Similar characterisation procedure and statistics analysis employed for non-ball milled was 

applied to each glass flakes after ball milling to determine their average length. The length 

measurement is used to determine each glass flakes' aspect ratio after ball milling for each 

milling time to control the filler’s aspect ratio. All glass flakes could have their aspect ratio 

reduced through ball milling except for 2.3 - 3.3µm glass flakes with a relatively small aspect 

ratio (Table 11).  Table 12 - 17 shows the length measured and the aspect ratio over time 

duration for milling. This is consequently plotted into graphs shown in Figure 37 – 42 for each 

glass flakes. 

Table 12: Average aspect ratio determined for 100nm milled glass flakes at different milling time duration 

100nm Milled 0 min 1.5 mins 3 mins 4.5 mins 

Average Thickness 
(µm) 

0.120 0.120 0.120 0.120 

No of Glass Flakes 517 523 532 532 

Mean Log Length 
(µm) 

4.688 4.415 4.284 4.206 

Log Length Standard 
Deviation (µm) 

0.4661 0.4033 0.3206 0.2933 

Mean Length (µm) 108.64 82.68 72.53 67.09 

Standard Deviation 
(µm) 

68.16 - 173.14 55.24 - 123.75 52.64 - 99.94 50.03 - 89.95 

Average aspect Ratio 905 689 604 559 
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Table 13: Average aspect ratio determined for 350nm milled glass flakes at different milling time duration 

350nm Milled 0 min 2.5 mins 5 mins 7.5 mins 

Average Thickness (µm) 0.363 0.363 0.363 0.363 

No of Glass Flakes 527 535 541 534 

Mean Log Length (µm) 4.978 4.613 4.197 4.074 

Log Length Standard 
Deviation (µm) 

0.4378 0.4634 0.3333 0.3016 

Mean Length (µm) 145.18 100.79 66.49 58.79 

Standard Deviation (µm) 93.71 - 224.93 63 - 160.2 47.64 - 92.79 43.48 - 79.49 

Average Aspect Ratio 400 278 183 162 

 

Figure 37: Balled milled aspect ratio with respect to time - 100nm milled glass flakes 
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Table 14: Average aspect ratio determined for 350nm unmilled glass flakes at different milling time duration 

350nm Unmilled 0 min 2.5 mins 5 mins 7.5 mins 

Average Thickness 
(µm) 

0.362 0.362 0.362 0.362 

No of Glass Flakes 536 556 572 544 

Mean Log length 
(µm) 

4.924 4.449 3.998 3.952 

Log Length Standard 
Deviation (µm) 

0.5704 0.4608 0.2836 0.2480 

Mean Length (µm) 137.55 85.54 54.49 52.04 

Standard Deviation 
(µm) 

77.76 - 243.33 53.96 - 135.61 41.03 - 72.36 40.61 - 66.67 

Average Aspect Ratio 380 236 151 144 

 

Figure 38: Balled milled aspect ratio with respect to time - 350nm milled glass flakes 
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Table 15: Average aspect ratio determined for 850nm milled glass flakes at different milling time duration 

850nm Milled 0 min 2.5 mins 5 mins 7.5 mins 

Average Thickness 
(µm) 

0.830 0.830 0.830 0.830 

No of Glass Flakes 537 531 537 532 

Mean Log Length 
(µm) 

4.750 4.071 3.831 3.367 

Log Length 
Standard Deviation 

(µm) 
0.4722 0.2564 0.2338 0.3100 

Mean Length (µm) 115.58 58.62 46.11 28.99 

Standard Deviation 
(µm) 

72.08 - 185.34 45.36 - 75.75 36.5 - 58.25 21.26 - 39.53 

Average Aspect 
Ratio 

139 71 56 35 

 

Figure 39: Balled milled aspect ratio with respect to time - 350nm unmilled glass flakes 
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Table 16: Average aspect ratio determined for 850nm unmilled glass flakes at different milling time duration 

850nm Unmilled 0 min 2.5 mins 5 mins 7.5 mins 

Average Thickness 
(µm) 

0.746 0.746 0.746 0.746 

No of Glass Flakes 499 526 541 540 

Mean Log Length 
(µm) 

5.317 4.194 3.861 3.326 

Log Length 
Standard 

Deviation (µm) 
0.3565 0.2929 0.2322 0.3046 

Mean Length (µm) 203.77 66.29 47.51 27.83 

Standard 
Deviation (µm) 

142.67 - 291.05 49.46 - 88.85 37.67 - 59.93 20.52 - 37.74 

Average Aspect 
Ratio 

273 89 64 37 

 

Figure 40: Balled milled aspect ratio with respect to time - 850nm milled glass flakes 
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Table 17: Average aspect ratio determined for 0.8 - 1.3µm glass flakes at different milling time duration 

0.8 - 1.3µm 0 min 2.5 mins 5 mins 7.5 mins 

Average Thickness 
(µm) 

1.87 1.87 1.87 1.87 

No of Glass Flakes 526 544 556 567 

Mean Log Length 
(µm) 

4.932 3.962 3.799 3.746 

Log Length 
Standard 

Deviation (µm) 

0.5272 0.3667 0.2983 0.2877 

Mean Length (µm) 138.66 52.56 44.66 42.35 

Standard 
Deviation (µm) 

81.84 - 234.91 36.43 - 75.85 33.14 - 60.18 31.76 - 56.47 

Average Aspect 
Ratio 

74 28 24 23 

 

 

Figure 41: Balled milled aspect ratio with respect to time - 850nm unmilled glass flakes 
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4.2 Computation of modelling work and analysis  

Figure 43 shows a relative volume element (RVE) representation of a typical composite 

material system. Assuming that stress is applied along the fibre's longitudinal length and both 

the fibre and matrix undergoes equal strain (isostrain) (Figure 44) [16] [260]. Rule of Mixture 

predicts the composite material mechanical properties using Equation 5 for strength and 

Equation 6 for elastic modulus. The equations show that predicted mechanical properties are 

only a function of fibre volume fraction and do not consider other composite system 

parameters, i.e. aspect ratio. Modulus is predicted using Equation 6 for the Rule of Mixture 

to predict the composite system elastic modulus along the fibre's longitudinal direction under 

isostrain assumption. It is regarded as the upper limit modulus, while Equation 7, also known 

as Inverse Rule of Mixture [261] predicts the composite material system modulus under 

isostress assumption when tensile load stress is applied in the transverse direction. Modulus 

Figure 42: Balled milled aspect ratio with respect to time - 0.8 - 1.3µm glass flakes 
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predicted in the transverse direction is lower than the modulus in the longitudinal direction, 

and it is regarded as the lower limit modulus of the composite material system [16]. 

 

 

 

 

 

 

 

 

 

 

Equation 5: 𝜎1 =  𝜎𝑓𝑉𝑓 + 𝜎𝑚(1 − 𝑉𝑓) 

 

Equation 6: 𝐸1 =  𝐸𝑓𝑉𝑓 +  𝐸𝑚(1 − 𝑉𝑓) 

 

Equation 7: 𝐸2 =  [
𝑉𝑓

𝐸𝑓
+  

1− 𝑉𝑓

𝐸𝑚
]

−1

 

Where σ, E and V represents ultimate tensile strength, modulus and volume fraction 

respectively, while subscripts f and m represent fibre and matrix respectively, 1 and 2 

subscripts represent longitudinal and transverse directions respectively.   

Halpin-Tsai model (Equation 8) compensates for the Inverse Rule of Mixture's inadequacy to 

predict composites material transverse modulus due to strain magnification. With the 

σ2 (Isostress) 

σ1 (Isostrain)  

 

Figure 43: Schematic illustration of representative volume element of composite 
material. Adapted from Ref [260] 

Figure 44: Application of Rule of Mixture model for analysing 
composite material system 
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introduction of the geometric factor (ξ) in Hapin-Tsai model, the assumption is that various 

values for ξ to determine the modulus of the composite is insensitive to Poisson ratio 

differences for fibre and matrix. Hence with the geometric factor (ξ), Halpin-Tsai model can 

be used to predict elastic modulus, transverse modulus and shear modulus [16], [124], [262]. 

Equation 8:  
𝐸𝑐

𝐸𝑚
=  

1+ 𝜂𝜉𝑉𝑓

1− 𝜂𝑉𝑓
  

Where Equation 9 is; 𝜂 =  

𝐸𝑓

𝐸𝑚
 −1

𝐸𝑓

𝐸𝑚
 + 𝜉

 

And Equation 10;  𝜉 = 2𝑆   

S is the aspect ratio (l/t) multiplied by two to give the geometric factor ξ. Vf is the volume 

fraction contribution by fibre, while Ef, Em and Ec represent matrix modulus, reinforcement 

filler modulus and the composite material modulus respectively. Thus, the Halpin-Tsai model 

shows that composite material system modulus is influenced by fibre volume fraction and 

aspect ratio, unlike Rule of Mixture that is only affected by volume fraction of the 

reinforcement filer. 

The modelling analysis for strength computed using the Shear-Lag model (Equation 11) based 

on Kelly and Tyson fibre fragmentation theory. According to Kelly and Tyson fibre 

fragmentation theory, single fibre embedded within a matrix subjected to external load stress 

under tension experience tensile stress due to shear stress, which is transferred from the 

matrix to the fibre through the fibre/matrix interface. The tensile strain experienced by the 

fibre due to the tensile stress increases correspondently with an increase in exerted load 

stress, such that when the failure strain of the fibre is reached the fibre fracture. The 

fracturing of the embedded fibre continues as the load stress increases until fragmented fibre 
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length is too short to undergo further fracturing. The fragmentation process is regarded to 

have reached saturation. Thus, the shortest fragment length on the application of stress is 

described as the fibre critical length [263], [264]. 

With reinforcement fillers’ aspect ratio influencing the composite material system's 

mechanical properties and high reinforcement filler aspect ratio provide better reinforcement 

efficiency [257]. However, to maintain toughness in composite material, pull out mechanism 

is identified to enhance composite material toughness [265]. The pull-out mechanism 

requires the reinforcement filler aspect ratio not to exceed the critical aspect ratio (Sc) for the 

composite material system, which is the critical length (lc) of the reinforcement filler divided 

by the filler diameter (d)/thickness (t) [264]. Therefore, according to Kelly and Tyson 

fragmentation theory and using Figure 45 for illustration. When the reinforcement filler 

aspect ratio (S) is below the critical aspect ratio (Sc), there is no reinforcement filler fracturing. 

Instead of fracture to occur, the reinforcement filler pulls out, but when the reinforcement 

filler aspect ratio is higher than the critical aspect ratio fracture occurs [26], [264], [266].    

 

 

 

 

 

 

 
Figure 45: Illustration of composite material failure depending on reinforcement filler aspect ratio whether 
it is higher or lower than the composite material system critical aspect ratio. Adapted from Ref [26] 
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However, for toughness to be maintained, the reinforcement filler aspect ratio would also be 

affected, which would affect the composite material mechanical properties (strength and 

modulus). Considering that the reinforcement filler’s aspect ratio will not exceed the critical 

aspect ratio required for the composite system threshold [257], the critical aspect ratio 

threshold depends on the interfacial bond that exit between the fibre and matrix [264]. 

Research shows that fillers strength and stiffness increase with decrease in reinforcement 

filler diameter/thickness [267]. Therefore, the modelling is computed to identify the filler type 

that is thin enough to provide sufficiently high strength and stiffness, but thick enough to 

reduce the filler aspect ratio. Thus, the reinforcement filler aspect ratio is not too high than 

the critical aspect ratio for the composite material system for toughness to be maintained, 

yet sufficiently high strength and stiffness achieved by manoeuvring the reinforcement fillers’ 

aspect ratio. At the same time, an excellent interfacial adhesion bond exists between the 

reinforcement filler and the matrix. 

To compute the modelling analysis, following assumptions are made. 

• The reinforcement fillers within the matrix are oriented and aligned parallel in the 

direction of exerted load stress 

• The reinforcement fillers are uniformly distributed and evenly dispersed throughout the 

matrix 

• No defect, i.e. void present within the composite material system and as such not 

accounted for 

• The reinforcement filler is subjected to tensile stress only through the shear stress 

transferred from the matrix via the interface 
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• Adhesion bond at the interface is sufficient enough to transfer stress from the matrix to 

the reinforcement filler 

• The Poison ratio effect is considered negligible 

Equation 11: 𝜎𝑐 =  𝛼𝜎𝑓𝑉𝑓 +  𝜎𝑚(1 − 𝑉𝑓) 

Where σf, σm and σc represent reinforcement filler strength, matrix strength and the 

composite material strength respectively, while Vf and (1 – Vf) represent reinforcement filler 

and matrix volume fraction respectively. α is the fracture term dependent on whether the 

composite will fail in a brittle or tough manner.  

Equation 12 is used to determine the composite material system critical aspect ratio (Sc) 

which is determined using the filler’s strength and the interfacial shear strength of the filler 

with the matrix. Comparing the critical aspect ratio (Sc) to average measured aspect ratio (S) 

of the filler for the composite material system. If the reinforcement filler's average aspect 

ratio (S) is higher than the critical aspect ratio, the composite material will fail in a brittle 

manner (Figure 45) and Equation 13 is used to determine the fracture term (α) in Equation 

11. However, suppose the reinforcement filler average aspect ratio (S) is lesser than the 

composite material system's critical aspect ratio (Sc). In that case, it will cause the composite 

material to fail in a tough manner and Equation 14 is used to determine the fracture term 

[26]. 

Equation 12: 𝑆𝑐 =  
𝜎𝑓

2 𝜏
  

Equation 13: 𝛼𝐹𝑏
= 1 − 

𝜎𝑓

2 𝜏 𝑆
 

Equation 14: 𝛼𝐹𝑡
=

𝜏 𝑆

2 𝜎𝑓
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Where S represents the reinforcement filler aspect ratio, and Sc represents the composite 

material system critical aspect ratio. σf represents the reinforcement filler ultimate tensile 

strength and τ represents the interfacial shear strength at the interface due to bond adhesion 

in response to exerted external load stress. αFb and αFt represent fracture term for brittle and 

tough failure, respectively. 

4.2.1 Determination of critical aspect ratio for various glass flakes used as reinforcement filler 

for different composite material systems  

To compute the modelling and identify the threshold for each composite system in developing 

a composite material system with strength, stiffness and toughness maintained concurrently, 

determination of critical aspect ratio (Sc) is important in order to know if investigated glass 

flakes would need to be chopped down or not. Thus, to determine the critical aspect ratio for 

each composite material system; using Equation 1 and 2, the glass flakes' mechanical 

properties (strength and stiffness) are obtained and listed in Table 18. 

Table 18: Mechanical properties of glass flakes at their known thickness 

Glass flakes  Mean thickness  Tensile strength (GPa) Tensile modulus (GPa) 

2.3 - 3.3µm 2.75µm 2.96 101 

0.8 - 1.3µm 1.87µm 3.45 110 

850nm Milled 830nm 4.76 132 

850nm Unmilled 746nm 4.97 135 

350 Unmilled 362nm 6.62 158 

350nm Milled 363nm 6.61 158 

100nm Milled 120nm 10.25 202 
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Using Equation 12 and values obtained for tensile strength for each glass flakes investigated 

at their known thickness (Table 18) and interfacial shear strength of various matrices with E-

glass (Table 7). The critical aspect ratio (Sc) determined for each matrix system analysed and 

detailed in Table 19. Figure 46 - 49 shows the influence of change in glass flakes thickness on 

reinforcement filler's critical aspect ratio. 

Table 19: Required critical aspect ratio on glass flakes for various matrix systems at different interfacial shear strength 

Critical aspect ratio for various composite matrix systems at different interfacial values 

Glass Flakes 

Epoxy Polypropylene Nylon 6 Polyethylene 

Min 
(τ - 30 
MPa) 

Max 
(τ - 73 
MPa) 

Min 
(τ – 3.2 
MPa) 

Max 
(τ – 19.4 

MPa) 

Min 
(τ - 24 
MPa) 

Max 
(τ – 88 
MPa) 

Min 
(τ – 4.6 
MPa) 

Min 
(τ – 15.1 

MPa) 

2.3 - 3.3µm 49 20 463 76 62 17 322 98 

0.8 - 1.3µm 58 24 540 89 72 20 375 114 

850nm Milled 79 33 744 123 99 27 518 158 

850nm Unmilled 83 34 777 128 104 28 540 165 

350nm UnMilled 110 45 1033 170 138 38 719 219 

350nm Milled 110 45 1034 171 138 38 719 219 

100nm Milled 171 70 1602 264 214 58 1114 339 
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Figure 47: Influence of glass flakes thickness on critical aspect ratio for 
Polypropylene at different interfacial shear strength 

Figure 46 Influence of glass flakes thickness on critical aspect ratio for Epoxy at different 
interfacial shear strength 
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Figure 46 – 49 exhibited similar trends for both minimum and maximum interfacial shear 

strength for the four matrix systems, which shows that the critical aspect ratio increases with 

a decrease in glass flakes thickness. However, the critical aspect ratio decreases for maximum 

Figure 48: Influence of glass flakes thickness on critical aspect ratio for Nylon 6 
at different interfacial shear strength 

Figure 49:  Influence of glass flakes thickness on critical aspect ratio for 
Polyethylene at different interfacial shear strength 
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interfacial shear strength for the same glass flakes thickness compared to minimum interfacial 

shear strength. Meanwhile, research reported that high filler aspect ratio provides composite 

material with high strength and stiffness [257]. Though, interfacial shear strength depends on 

a good interfacial bond between the reinforcement filler and the matrix for the reinforcement 

filler to reinforce the matrix but has a reducing effect on the critical aspect ratio for the 

composite material systems.  

4.2.2 Modelling of mechanical properties of glass flake reinforced polymer composites with 

tough fracture 

4.2.2.1 Influence of glass flakes thickness on composite mechanical properties 

Determining the change in composite material mechanical properties for various thickness of 

glass flakes at different interfacial shear strength is examined for the four matrices using 

Equation 8 and 11 for modulus and strength, respectively.  

Table 20: Comparison of average aspect ratio measured ((S) in yellow column) with critical aspect ratio (Sc) for different 
matrices to determine applicable fraction term (α)  

Comparison of critical aspect ratio (Sc) for various composite matrix systems at different 
interfacial values with average measured aspect ratio (S) for investigated glass flakes 

Glass Flakes 

Epoxy 
(Sc) 

Polypropylene 
(Sc) 

Nylon 6 
(Sc) 

Polyethylene 
(Sc) 

Average 
aspect 
ratio 
(S) 

Min 
(τ - 30 
MPa) 

Max 
(τ - 73 
MPa) 

Min 
(τ – 3.2 
MPa) 

Max 
(τ – 19.4 

MPa) 

Min 
(τ - 24 
MPa) 

Max 
(τ – 88 
MPa) 

Min 
(τ – 4.6 
MPa) 

Min 
(τ – 15.1 

MPa) 

2.3 - 3.3µm 49 20 463 76 62 17 322 98 9 

0.8 - 1.3µm 58 24 540 89 72 20 375 114 74 

850nm Milled 79 33 744 123 99 27 518 158 139 

850nm Unmilled 83 34 777 128 104 28 540 165 273 

350nm Unmilled 110 45 1033 170 138 38 719 219 380 

350nm Milled 110 45 1034 171 138 38 719 219 400 

100nm Milled 171 70 1602 264 214 58 1114 339 905 
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The measured aspect ratio is higher than the critical aspect ratio, particularly at maximum 

interfacial shear strength for some matrix system. Thus, Table 20 provides comparison guide 

on fracture term (α) to apply for Equation 11 to determine if the average aspect ratio (S) for 

individual flakes investigated is higher (Equation 13) or lower (Equation 14) compared to the 

critical aspect ratio (Sc). Considering that the reinforcement filler aspect ratio below the 

critical aspect ratio yields tough failure of the composite material system through pull-out, 

the aspect ratio higher than the critical aspect ratio yields brittle failure. Hence, computing 

the modelling analysis at 60% weight filler loading through conversion into equivalent volume 

fraction using Equation 15. Table 6 provides details of mechanical properties for the four 

matrices studied. The glass flakes' mechanical properties detailed in Table 18, E-glass density 

value applied as 2.57 g/cm3 [268] to compute composite material mechanical properties. 

Plotted in Figure 50 - 53 are values obtained for tensile strength, and Figure 54 - 57 tensile 

modulus for the four matrices. 

Equation 15: 𝑉𝑓 =  
𝑤𝑡𝑓

𝑤𝑡𝑓 + [(1− 𝑤𝑡𝑓) × 
𝜌𝑓

𝜌𝑚
]
 

Vf is the volume fraction for the reinforcement filler, wtf is the weight fraction of the 

reinforcement filler, while ρf and ρm are densities for reinforcement filler and matrix 

respectively. 
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Figure 50: Effect of varied glass flakes thickness on composite strength at 60% wt. for 
Epoxy matrix 

Figure 51: Effect of varied glass flakes thickness on composite strength at 60% wt. for 
Polypropylene matrix 
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Figure 52: Effect of varied glass flakes thickness on composite strength at 60% wt. for 
Nylon 6 matrix 

Figure 53: Effect of varied glass flakes thickness on composite strength at 60% wt. for 
Polyethylene matrix 
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Figure 50 – 53 shows the importance of thickness by investigating the change in composite 

strength concerning glass flakes interfacial shear strength (IFSS). While the measured aspect 

ratio for both maximum and minimum interfacial shear strength is the same for each glass 

flakes. Maximum interfacial shear strength provides better reinforcement, which is expected 

as inherent mechanical properties of the glass flakes is being harnessed due to good bond 

adhesion. This, coupled with the effect of glass flakes thickness, shows that thinner glass 

flakes provide better reinforcement efficiency, however, due to high aspect ratios associated 

with thinner glass flakes, the composite material yields brittle failure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Effect of varied glass flakes thickness on composite modulus at 60% wt. for Epoxy 
matrix 
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Figure 55: Effect of varied glass flakes thickness on composite modulus at 60% wt. for 
Polypropylene matrix 

Figure 56: Effect of varied glass flakes thickness on composite modulus at 60% wt. for 
nylon 6 matrix 
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Figure 54 – 57 shows the composite modulus values obtained for each matrix system relating 

to individual glass flakes investigated. Correspondently, composite modulus for all matrix 

systems exhibited the same trend to composite strength, with thinner glass flakes providing 

better reinforcement.  

4.2.2.2 Influence of glass flakes aspect ratio on composite mechanical properties 

With Figure 50 – 53 showing plots for composite strength and Figure 54 – 57 composite 

modulus. All computed using the aspect ratio measured for each glass flakes and their 

corresponding strength and modulus at each glass flakes thickness. However, the effect of 

change in aspect ratio at a fixed thickness for each glass flakes investigated to determine the 

change in composite strength and modulus by having the glass flakes aspect ratio 

manoeuvred via ball milling. Using details in Table 12 – 17 for ball-milled glass flakes aspect 

Figure 57: Effect of varied glass flakes thickness on composite modulus at 60% wt. for 
Polyethylene matrix 
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ratios and considering only maximum interfacial shear strength for each matrix system, being 

that good interfacial bond adhesion promotes effective stress transfer, which yields 

composite material with enhanced mechanical properties (Figure 50 – 53). Thus, the glass 

flakes strength and modulus remain unchanged as the glass flakes thickness is not changing 

for each matrix system, and also the interfacial shear strength remains unchanged. Results 

obtained for each matrix systems due to change in aspect ratio due to ball-milling for each 

glass flakes shown in Figure 58 - 69 for nylon-6 matrix composite strength and modulus. Figure 

70 - 81 for polypropylene matrix composite strength and modulus. Figure 82 - 93 for epoxy 

matrix composite strength and modulus. Figure 94 - 105 for polyethylene matrix composite 

strength and modulus.  

Nylon-6 matrix  

 

 

 

 

 

 

 

 

 

 

Figure 58: Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - 
GF 0.8 - 1.3µm at 60% wt. 
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Figure 60: Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - GF 850nm 
M at 60% wt. 

Figure 59: Effect of varied aspect ratio on composite modulus of glass flakes / Nylon 6 - 
GF 0.8 - 1.3µm at 60% wt. 
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Figure 62:  Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - 
GF 850nm UM at 60% wt. 

Figure 61: Effect of varied aspect ratio on composite modulus of glass flakes / Nylon 
6 - GF 850nm M at 60% wt. 
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Figure 64: Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - GF 
350nm M at 60% wt. 

Figure 63: Effect of varied aspect ratio on composite modulus of glass flakes / Nylon 6 - 
GF 850nm UM at 60% wt. 
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Figure 66: Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - 
GF 350nm UM at 60% wt. 

Figure 65: Effect of varied aspect ratio on composite modulus of glass flakes / Nylon 
6 - GF 350nm M at 60% wt. 



117 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 68: Effect of varied aspect ratio on composite strength of glass flakes / Nylon 6 - 
GF 100nm M at 60% wt. 

Figure 67: Effect of varied aspect ratio on composite modulus of glass flakes / 
Nylon 6 - GF 350nm UM at 60% wt. 



118 
 

 

 

 

 

 

 

 

 

 

Polypropylene matrix  

 

 

 

 

 

 

 

 

 Figure 70: Effect of varied aspect ratio on composite strength of glass flakes / 
Polypropylene - GF 0.8 - 1.3µm at 60% wt. 

Figure 69: Effect of varied aspect ratio on composite modulus of glass flakes / Nylon 6 - 
GF 100nm M at 60% wt. 
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Figure 72: Effect of varied aspect ratio on composite strength of glass flakes / 
Polypropylene - GF 850nm M at 60% wt. 

Figure 71: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polypropylene - GF 0.8 - 1.3µm at 60% wt. 
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Figure 74: Effect of varied aspect ratio on composite strength of glass flakes / Polypropylene - GF 
850nm UM at 60% wt. 

Figure 73: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polypropylene - GF 850nm M at 60% wt. 
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Figure 76: Effect of varied aspect ratio on composite strength of glass flakes / 
Polypropylene - GF 350nm M at 60% wt. 

Figure 75: Effect of varied aspect ratio on composite modulus of glass flakes / Polypropylene 
- GF 850nm UM at 60% wt. 
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Figure 78: Effect of varied aspect ratio on composite strength of glass flakes / Polypropylene - 
GF 350nm UM at 60% wt. 

Figure 77: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polypropylene - GF 350nm M at 60% wt. 
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Figure 80: Effect of varied aspect ratio on composite strength of glass flakes / 
Polypropylene - GF 100nm M at 60% wt. 

Figure 79: Effect of varied aspect ratio on composite modulus of glass flakes / Polypropylene - 
GF 350nm UM at 60% wt. 
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Epoxy matrix 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 81: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polypropylene - GF 100nm M at 60% wt. 

Figure 82: Effect of varied aspect ratio via ball milling on composite 
strength for glass flakes / Epoxy - GF 0.8 - 1.3µm at 60% wt. 
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Figure 84: Effect of varied aspect ratio via ball milling on composite strength for 
glass flakes / Epoxy - GF 850nm M at 60% wt.   

Figure 83: Effect of varied aspect ratio via ball milling on composite modulus 
for glass flakes / Epoxy - GF 0.8 - 1.3µm at 60% wt. 
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Figure 85: Effect of varied aspect ratio via ball milling on composite 
modulus for glass flakes / Epoxy - GF 850nm M at 60% wt. 

Figure 86: Effect of varied aspect ratio via ball milling on composite strength for 
glass flakes / Epoxy - GF 850nm UM at 60% wt. 
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Figure 87: Effect of varied aspect ratio via ball milling on composite modulus for 
glass flakes / Epoxy - GF 850nm UM at 60% wt. 

Figure 88: Effect of varied aspect ratio via ball milling on composite strength for 
glass flakes / Epoxy - GF 350nm M at 60% wt. 
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Figure 89: Effect of varied aspect ratio via ball milling on composite modulus for 
glass flakes / Epoxy - GF 350nm M at 60% wt. 

Figure 90: Effect of varied aspect ratio via ball milling on composite strength for glass 
flakes / Epoxy - GF 350nm UM at 60% wt. 

 

Figure 17: Effect of varied aspect ratio via ball milling on composite modulus for glass 
flakes / Epoxy - GF 350nm UM at 60% wt.Figure 18: Effect of varied aspect ratio via ball 
milling on composite strength for glass flakes / Epoxy - GF 350nm UM at 60% wt. 
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Figure 92: Effect of varied aspect ratio via ball milling on composite strength for glass 
flakes / Epoxy - GF 100nm M at 60% wt. 

Figure 91: Effect of varied aspect ratio via ball milling on composite modulus for 
glass flakes / Epoxy - GF 350nm UM at 60% wt. 
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Polyethylene matrix 

 

 

 

 

 

 

 

 

 

Figure 94: Effect of varied aspect ratio on composite strength of glass flakes / Polyethylene 
- GF 0.8 - 1.3µm at 60% wt. 

Figure 93: Effect of varied aspect ratio via ball milling on composite modulus for glass 
flakes / Epoxy - GF 100nm M at 60% wt. 



131 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 96: Effect of varied aspect ratio on composite strength of glass flakes / 
Polyethylene - GF 850nm M at 60% wt. 

Figure 95: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - GF 0.8 - 1.3µm at 60% wt. 
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Figure 98: Effect of varied aspect ratio on composite strength of glass flakes / 
Polyethylene - GF 850nm UM at 60% wt. 

Figure 97: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - 850nm M at 60% wt. 
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 Figure 100: Effect of varied aspect ratio on composite strength of glass flakes / 
Polyethylene - GF 350nm UM at 60% wt. 

Figure 99: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - 850nm UM at 60% wt. 
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Figure 102: Effect of varied aspect ratio on composite strength of glass flakes / 
Polyethylene - GF 350nm M at 60% wt. 

Figure 101: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - 350nm UM at 60% wt. 
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Figure 104: Effect of varied aspect ratio on composite strength of glass flakes / 
Polyethylene - GF 100nm M at 60% wt. 

Figure 103: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - 350nm M at 60% wt. 
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While the interfacial shear strength is maintained for each matrix system as well as strength 

and modulus at each glass flakes determined thickness, the aspect ratio changes due to ball-

milling. With individual glass flakes broken down, the smaller aspect ratio exhibits lower 

composite strength and modulus. However, the range of obtainable composite strength and 

modulus increases as the glass flakes gets thinner for all the matrices. Though, these thinner 

glass flakes exhibit a brittle failure with their matrix system, unlike the thick glass flakes. This 

is because the thinner glass flakes aspect ratios are still high, which also depend on the matrix 

system interfacial shear strength, hence further breakdown required. 

 

Figure 105: Effect of varied aspect ratio on composite modulus of glass flakes / 
Polyethylene - 100nm M at 60% wt. 
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4.2.2.3 Determination of composite strength and modulus at critical aspect ratio for each glass flakes 

with different matrix system 

With the ball milling process used to manoeuvre the glass flakes aspect ratio, causing a 

decrease in the composite material mechanical properties. Meanwhile, some of the glass 

flakes chopped down could provide tough failure while other glass flakes still need to be 

further chopped down as their aspect ratio is still high, hence yields brittle failure. It is 

apparent that there needs to be a balance between interfacial shear strength and 

reinforcement filler’s aspect ratio, which is characterised by the fillers average length and 

thickness for each matrix system. Therefore, to design a composite material system with the 

trio mechanical properties maintained, mechanical properties at the critical aspect ratio of 

each glass flakes are investigated with each of the matrix systems at maximum interfacial 

shear strength. Composite strength and modulus respectively for each matrix system at each 

glass flakes' critical aspect ratio under tough fracture shown in Figure 106 and 107 for epoxy, 

Figure 108 and 109 for polypropylene, Figure 110 and 111 for Nylon-6 and Figure 112 and 113 

for polyethylene. 
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Composite strength at critical aspect ratio for each glass matrix system 

Epoxy matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 106: Composite strength at critical aspect ratio for different thickness of glass flakes 
at 60% wt. for Epoxy matrix 

Figure 107: Composite modulus at critical aspect ratio for different thickness of glass flakes at 
60% wt. for Epoxy matrix 
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Polypropylene matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 108: Composite strength at critical aspect ratio for different thickness of glass flakes 
at 60% wt. for Polypropylene matrix 

Figure 109: Composite modulus at critical aspect ratio for different thickness of glass flakes 
at 60% wt. for Polypropylene matrix 
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Nylon-6 matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 110: Composite strength at critical aspect ratio for different thickness of glass flakes 
at 60% wt. for Nylon 6 matrix 

Figure 111: Composite modulus at critical aspect ratio for different thickness of glass flakes 
at 60% wt. for Nylon 6 matrix 
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Polyethylene matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 112: Composite strength at critical aspect ratio for different thickness of glass 
flakes at 60% wt. for Polyethylene matrix 

Figure 113: Composite modulus at critical aspect ratio for different thickness of glass flakes at 
60% wt. for Polyethylene matrix 
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Composite strength and modulus plotted at each glass flakes critical aspect ratio for different 

matrices show that 100nm M glass flakes provide the best reinforcement at maximum 

interfacial shear strength for all the matrices. With composite material mechanical properties 

modelled at critical aspect ratio under tough fracture, Table 21 - 24 compares the composite 

mechanical properties for each glass flakes at their measured aspect ratio (S) for each matrix 

system to their critical aspect ratio (Sc). 

 

Table 21: Comparison of composite strength and modulus at average aspect ratio to critical aspect ratio for Epoxy matrix 
system 

Glass 
Flakes 

(Sc) at τ - 
Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

% Comparison of 
Critical Aspect 

Ratio to Average 
Aspect Ratio: 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

2.3 - 
3.3µm 

20 9 Tough 0.18 29.13 0.35 35.75 -49 -19 

0.8 - 
1.3µm 

24 74 Brittle 1.03 45.29 0.41 39.36 60 13 

850nm 
Milled 

33 139 Brittle 1.58 55.30 0.55 47.72 65 14 

850nm 
Unmilled 

34 273 Brittle 1.87 57.91 0.56 48.79 70 16 

350nm 
Unmilled 

45 380 Brittle 2.50 67.61 0.73 57.72 71 15 

350nm 
Milled 

45 400 Brittle 2.51 67.69 0.73 57.72 71 15 

100nm 
Milled 

70 905 Brittle 4.03 86.66 1.12 75.10 72 13 
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Table 22: Comparison of composite strength and modulus at average aspect ratio to critical aspect ratio for 
Polypropylene matrix system 

Glass 
Flakes 

(Sc) at τ - 
Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

% Comparison of 
Critical Aspect 

Ratio to Average 
Aspect Ratio: 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

2.3 - 
3.3µm 

76 9 Tough 0.05 10.13 0.27 26.64 -82 -62 

0.8 - 
1.3µm 

89 74 Tough 0.27 28.10 0.32 29.44 -16 -5 

850nm 
Milled 

123 139 Brittle 0.49 37.21 0.43 36.28 11 2 

850nm 
Unmilled 

128 273 Brittle 0.93 42.00 0.45 37.22 52 11 

350nm 
Unmilled 

170 380 Brittle 1.28 49.92 0.59 44.58 54 11 

350nm 
Milled 

170 400 Brittle 1.33 50.17 0.59 44.53 56 11 

100nm 
Milled 

264 905 Brittle 2.53 66.65 0.90 58.70 64 12 

 

Table 23: Comparison of composite strength and modulus at average aspect ratio to critical aspect ratio for Nylon 6 
matrix system 

Glass 
Flakes 

(Sc) at τ - 
Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

% Comparison of 
Critical Aspect 

Ratio to Average 
Aspect Ratio: 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

2.3 - 
3.3µm 

17 9 Tough 0.21 16.06 0.35 21.99 -40 -27 

0.8 - 
1.3µm 

20 74 Brittle 1.07 36.58 0.41 24.60 62 33 

850nm 
Milled 

27 139 Brittle 1.59 46.86 0.53 30.66 67 35 

850nm 
Unmilled 

28 273 Brittle 1.84 51.15 0.55 31.49 70 38 

350nm 
Unmilled 

38 380 Brittle 2.45 60.39 0.72 38.80 70 36 

350nm 
Milled 

38 400 Brittle 2.46 60.58 0.72 38.80 71 36 

100nm 
Milled 

58 905 Brittle 3.90 79.25 1.08 52.49 72 34 
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Table 24: Comparison of composite strength and modulus at average aspect ratio to critical aspect ratio for Polyethylene 
matrix system 

Glass 
Flakes 

(Sc) at τ - 
Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

% Comparison of 
Critical Aspect 

Ratio to Average 
Aspect Ratio: 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

2.3 - 
3.3µm 

98 9 Tough 0.05 10.19 0.29 28.90 -83 -65 

0.8 - 
1.3µm 

114 74 Tough 0.22 28.71 0.33 31.82 -33 -10 

850nm 
Milled 

158 139 Tough 0.40 38.12 0.45 39.07 -11 -2 

850nm 
Unmilled 

165 273 Brittle 0.73 43.15 0.47 40.09 36 7 

350nm 
Unmilled 

219 380 Brittle 1.02 51.31 0.61 47.78 40 7 

350nm 
Milled 

219 400 Brittle 1.09 51.57 0.61 47.78 44 7 

100nm 
Milled 

339 905 Brittle 2.31 68.61 0.94 62.62 59 9 

 

Table 21 – 24 exhibited a similar trend for each matrix and indicated how composite strength 

and modulus change due to reinforcement filler’s aspect ratio and the type of failure 

compared to the composite tensile strength and modulus at the critical aspect ratio under 

tough fracture. While toughness is maintained at critical aspect ratio, thinner glass flakes 

result in a high reinforcement efficiency of the composite tensile strength and modulus better 

than thicker glass flakes. However, there is a compromise on tensile strength and modulus 

compared to the glass flakes at their measured aspect ratios. Meanwhile, when the aspect 

ratio is too short, i.e. 2.3 - 3.3µm glass flakes, the reinforcement filler does not effectively 

reinforce the composite material. Therefore, it is ideal that the reinforcement filler aspect 
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ratio is in proximity to the critical aspect ratio for sufficient strength and stiffness to be 

maintained with toughness. 

4.2.3 Modelling analysis of fibre reinforced composites 

4.2.3.1 Glass fibre 

Modelling glass fibre reinforced composite material mechanical properties by considering E-

glass fibre with 3µm diameter, involving short and long fibres at 60% wt. loading respectively. 

The glass fibre mechanical properties are determined using Equation 1 and 2. The glass fibre 

properties determined at 3µm diameter with a tensile strength of 2.86 GPa and tensile 

modulus of 99 GPa. While maximum interfacial shear strength from Table 7 for each of the 

matrix systems is applied. Short fibres are regarded as fibres less than 1mm in length [269]; 

hence the modelling analysis considers 0.5mm fibre length for short fibre (SF) and 3mm for 

long fibre (LF). Using Equation 8 and 11, Table 25 - 28 shows composite mechanical properties 

for each matrix systems determined for long and short fibres at their determined aspect ratio 

and critical aspect ratio under tough fracture. Also, comparing 100nm milled glass flakes 

composite mechanical properties at the critical aspect ratio under tough fracture values with 

long and short glass fibres. 

 

Table 25: Comparison of composite material mechanical properties for glass fibre to glass flakes under tough fracture for 
Epoxy matrix 

Glass 
Fibre at 

3µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 
Ratio (Sc = 70): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

SF: 0.5mm 
20 

167 Brittle 1.10 42.92 
0.34 35.09 1.12 75.10 

LF: 3mm 1000 Brittle 1.22 44.07 
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Table 26: Comparison of composite material mechanical properties for glass fibre to glass flakes under tough fracture for 
Polypropylene matrix 

Glass 
Fibre at 

3µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 

Ratio (Sc = 264): 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 

SF: 0.5mm 
74 

167 Brittle 0.57 30.32 
0.27 26.05 0.90 58.70 

LF: 3mm 1000 Brittle 0.94 34.09 

 

 

Table 27: Comparison of composite material mechanical properties for glass fibre to glass flakes under tough fracture for 
Nylon 6 matrix 

Glass 
Fibre at 

3µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 
Ratio (Sc = 58): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

SF: 0.5mm 
16 

167 Brittle 1.09 37.24 
0.34 21.35 1.08 52.49 

LF: 3mm 1000 Brittle 1.18 40.12 

 

 

Table 28: Comparison of composite material mechanical properties for glass fibre to glass flakes under tough fracture for 
polyethylene matrix 

Glass 
Fibre at 

3µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 

Ratio (Sc = 339): 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 

SF: 0.5mm 
95 

167 Brittle 0.46 31.11 
0.28 28.24 0.94 62.62 

LF: 3mm 1000 Brittle 0.95 35.09 
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For each matrix system, both the short and long fibre yields brittle failure considering that 

their aspect ratio is higher than the critical aspect ratio for each matrix system. However, 

comparing composite material strength and modulus to 100nm milled glass flakes at the 

critical aspect ratio for each matrix system. It is evident that 100nm milled glass flakes at 

critical aspect ratio is capable of yielding composite material with high strength and modulus 

with toughness maintained. The 100nm glass flakes compete with long glass fibre with higher 

aspect ratio in term of tensile strength and also has more than 50% improvement regarding 

stiffness for each matrix system, while toughness is maintained as the glass flakes mechanical 

properties are determined at critical aspect ratio for maximum interfacial shear strength. 

4.2.3.2 Carbon fibre 

Like glass fibre, carbon fibre modelled and compared with glass flakes for the four matrices. 

Mechanical properties for carbon fibre determined using Equation 3 and 4 at 7µm diameter 

carbon fibre with 4.15 GPa and 251 GPa for tensile strength and modulus, respectively. The 

modelling analysis considers short and long fibres with 0.5mm and 3mm lengths respectively 

at 60% wt. filler loading converted into equivalent volume fraction using Equation 15, density 

value taken as 1.8 g/cm3 [270]. Table 8 detailed the interfacial shear strength applied for each 

matrix system at maximum value, while Table 6 details the mechanical properties for various 

polymer applied for modelling analysis. Using Equation 8 and 11; composite mechanical 

properties for carbon fibre with each of the matrix system is detailed in Table 29 - 32 for long 

and short fibres at their determined aspect ratio and critical aspect ratio for tough fracture. 

Obtained values are compared with 100nm milled glass flakes composite mechanical 

properties at the critical aspect ratio under tough fracture with each matrix system. 
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Table 29: Comparison of composite material mechanical properties for carbon fibre to glass flakes under tough fracture 
for Epoxy matrix 

Carbon 
Fibre at 

7µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 
Ratio (Sc = 70): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

SF: 0.5mm 
26 

71 Brittle 1.38 110.41 
0.56 87.90 1.12 75.10 

LF: 3mm 429 Brittle 2.02 126.34 

 

Table 30: Comparison of composite material mechanical properties for carbon fibre to glass flakes under tough fracture 
for Polypropylene matrix 

Carbon 
Fibre at 

7µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 

Ratio (Sc = 264): 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 

SF: 0.5mm 
59 

71 Brittle 0.34 60.02 
0.463 54.80 0.90 58.70 

LF: 3mm 429 Brittle 1.56 95.47 

 

Table 31: Comparison of composite material mechanical properties for carbon fibre to glass flakes under tough fracture 
for Nylon 6 matrix 

Carbon 
Fibre at 

7µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 
Ratio (Sc = 58): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

SF: 0.5mm 
31 

71 Brittle 1.21 82.71 
0.55 57.90 1.08 52.49 

LF: 3mm 429 Brittle 1.93 114.10 
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Table 32: Comparison of composite material mechanical properties for carbon fibre to glass flakes under tough fracture 
for Polyethylene matrix 

Carbon 
Fibre at 

7µm 
Diameter 

(Sc) at τ 
- Max 

(S) Type of 
Failure 

At Average Aspect 
Ratio (S) Composite: 

At Critical Aspect 
Ratio (Sc) 

Composite: 

100nm Milled 
Glass Flakes at 
Critical Aspect 

Ratio (Sc = 339): 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 
Strength 

(GPa) 
Modulus 

(GPa) 

SF: 0.5mm 
34 

71 Brittle 0.98 61.02 
0.48 41.21 0.94 62.62 

LF: 3mm 429 Brittle 1.71 97.80 

 

Table 29 – 32 shows that for each of the matrix systems reinforced with carbon fibre, both 

short and long fibres, the composite material would fail in a brittle manner because the fibres 

aspect ratio are higher than the critical aspect ratio. Compared with 100nm milled glass flakes 

at critical aspect ratio for all the matrix systems; long carbon fibre seems to perform slightly 

better particularly with strength but not so much with modulus. In comparison, short carbon 

fibre does not make much difference in terms of strength and modulus.  However, for 

composite material with sufficient strength, stiffness and toughness, the 100nm milled glass 

flakes provide good strength and stiffness while toughness is maintained better than carbon 

fibre when compared at critical aspect ratio. 

4.2.3.3 Analysis of mechanical properties of fibre reinforced composite systems 

The modelling analysis shows that carbon fibre performs better than the glass fibre and 

similarly epoxy and nylon 6 matrices yield better performance compared to polypropylene 

and polyethylene. This is considered to be the cumulative attribute of the constituent 

materials mechanical properties that makes up the composite material system despite same 

filler aspect ratio is considered for different matrices, and also glass fibre composite material 

system having higher aspect ratio compared to carbon fibre composite material system. 
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Furthermore, reinforcement at critical filler’s aspect ratio demonstrate the importance of 

good interfacial adhesion. Considering that matrices like polypropylene and polyethylene 

have high critical aspect ratio than epoxy and nylon 6 yet performs less when compared to 

these matrices, with both glass and carbon fibre composite reinforcement material systems 

respectively, being that epoxy and nylon 6 exhibit higher value of IFSS with carbon and glass 

fibres compared to polyethylene and polypropylene (Figure 23 and 24). Meanwhile, Table 33 

shows mechanical properties of some composite material systems reported via literature. 

Almost similar trend reported for composite material systems reported in Table 33 with 

failure strain decreasing with increase in filler volume fraction which have compromising 

effect on toughness. Comparing composite materials mechanical properties in Table 33 with 

results obtained via modelling analysis for glass and carbon fibre reinforced composite 

systems respectively. It is evident that values predicted for carbon fibre reinforced composite 

systems are relatively high, however, glass fibre reinforced composite systems are relatable 

in values to composite systems reported in Table 33. Therefore, for glass flakes that is 

relatively close to glass fibre in characteristics, it is plausible to consider mechanical properties 

obtained for glass flakes to be in proximity to experimental values. Thus, considering 100nm 

milled glass flake at filler’s critical aspect ratio which is predicted to fail under tough failure 

having better strength and stiffness (modulus) compared to both glass and carbon fibres. 

Thus, gives an indication of how feasible it is to have composite material with mechanical 

properties improved, compared to carbon and glass fibres which tends to fail in brittle manner 

due to their filler aspect ratio that is too high and when the filler aspect ratio is in proximity 

to critical aspect ratio strength and stiffness decreases. With reinforcement filler such as 

100nm milled (M) glass flakes at critical aspect ratio, provide polymers like polyethylene and 

polypropylene which are commodity polymer readily available but having low strength and 
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stiffness to be put to use for composite material applications as improved mechanical 

properties are feasible to be obtained and also considering that these polymers are recyclable 

makes it more environmentally friendly unlike polymer like epoxy. 

Table 33: Mechanical properties reported for some fibre reinforced composite materials 

Reinforcement filler Matrix Composite 
strength 

(GPa) 

Composite 
modulus 

(GPa) 

Volume 
fraction 

(vf) 

Ref 

Carbon fibre Polypropylene 0.101 28.77 0.45 [271] 

Carbon fibre Epoxy 0.32 36 0.5 [272] 

Glass fibre Polypropylene 0.89 43.6 0.58 [112] 

Glass fibre Polypropylene 0.068 14 0.4 [273] 

Glass fibre Nylon 6 1.11 40.8 0.52 [274] 

Carbon fibre  Polypropylene 0.35 22 0.35 [275] 

Carbon fibre Nylon 6 0.4 35 0.5 [276] 

Carbon fibre Nylon 6 0.41 50.2 0.6 [277] 

Glass fibre Nylon 6 0.68 37.9 0.53 [278] 

Glass fibre Epoxy 0.6 30 0.45 [279] 

Glass fibre Epoxy 0.85 37.5 0.5 [280] 

Carbon fibre Epoxy 0.7 40.53 0.6 [281] 

Carbon fibre Polyethylene 0.062 2.06 0.18 [282] 

Glass fibre Polyethylene 0.072 6.76 0.14 [283] 

Carbon fibre Polyethylene 0.054 17.1 0.26 [283] 

Glass fibre Polyethylene 0.065 8.87 0.2 [284] 
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4.2.4 Modelling analysis of composites reinforced with nanofillers 

Reinforcement of specified matrices with different nanofillers modelled includes graphene, 

single-wall carbon nanotube (SWCNT) and montmorillonite (MMT) nanoclay. Modelling 

graphene and SWCNT; interfacial shear strength for carbon fibre (Table 8) applied, 

considering that the morphological structure of carbon fibre is similar to graphene and 

SWCNT [285]. Correspondingly, montmorillonite clays are composed of silicate, similar to 

glass [286]; therefore, interfacial shear strength for glass fibre (Table 7) used for modelling 

analysis. Mechanical properties for each nanofiller detailed in Table 5 and true density (g/cm3) 

for graphene [287] [288], SWNT [289] [290] [291] and MMT [292] [293] [294] respectively 

taken as 2.3, 1.3, and 2.5. Using Equation 8 and 11; composite material mechanical properties 

determined at maximum interfacial shear strength and at critical aspect ratio for each matrix 

system reinforced with each nanofiller and compared with 100nm milled glass flakes. Table 

34 – 37 shows mechanical properties for the nanofillers with various matrices modelled at 

60% wt. filler loading converted to equivalent volume fraction (Equation 15). 

 

Table 34: Composite material mechanical properties of Epoxy with different nanofillers 

Type of 
Nano 
Filler 

τ - 
Max 

(Sc) at 
τ - 

Max 
Type of 
Failure 

At Critical Aspect 
Ratio (Sc) Composite: 

100nm Milled Glass Flakes at 
Critical Aspect Ratio (Sc = 70): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

MMT 73 21 Tough 0.36 49.86 

1.12 75.10 SWCNT 80 188 Tough 4.46 479.03 

Graphene 80 813 Tough 14.63 420.41 
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Table 35: Composite material mechanical properties of Polypropylene with different nanofillers 

Type of 
Nano 
Filler 

τ - 
Max 

(Sc) at 
τ - 

Max 
Type of 
Failure 

At Critical Aspect 
Ratio (Sc) Composite: 

100nm Milled Glass Flakes at 
Critical Aspect Ratio (Sc = 264): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

MMT 19.4 77 Tough 0.28 37.23 

0.90 58.70 SWCNT 35.4 424 Tough 3.85 346.43 

Graphene 35.4 1836 Tough 12.08 325.68 

 

 

Table 36: Composite material mechanical properties of Nylon 6 with different nanofillers 

Type of 
Nano 
Filler 

τ - 
Max 

(Sc) at 
τ - 

Max 
Type of 
Failure 

At Critical Aspect 
Ratio (Sc) Composite: 

100nm Milled Glass Flakes at 
Critical Aspect Ratio (Sc = 58): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

MMT 88 17 Tough 0.36 27.34 

1.08 52.49 SWCNT 68 221 Tough 4.31 368.44 

Graphene 68 956 Tough 13.98 367.28 

 

 

Table 37: Composite material mechanical properties of Polyethylene with different nanofillers 

Type of 
Nano 
Filler 

τ - 
Max 

(Sc) at 
τ - 

Max 
Type of 
Failure 

At Critical Aspect 
Ratio (Sc) Composite: 

100nm Milled Glass Flakes at 
Critical Aspect Ratio (Sc = 339): 

Strength 
(GPa) 

Modulus 
(GPa) 

Strength 
(GPa) 

Modulus 
(GPa) 

MMT 15.1 99 Tough 0.29 41.18 

0.94 62.62 SWCNT 61 246 Tough 3.94 285.21 

Graphene 61 1066 Tough 12.45 306.47 
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Modelling shows that for each matrix system reinforced with nano reinforcement filler, 

similar trend is exhibited for fibre reinforcement with epoxy and nylon 6 yielding better 

mechanical properties compared to polypropylene and polyethylene which is due to the 

influence of the constituent materials mechanical properties. Composite material strength 

and modulus determined for each nanofiller with different matrices, MMT nanoclay provides 

least effective reinforcement. Composite material with graphene provides better strength 

reinforcement for all the matrices than SWCNT, while for modulus; SWCNT is slightly higher 

for all the matrices except for polyethylene matrix which is considered to be the effect of 

reduced aspect ratio when compared to matrix like polypropylene and having lower modulus 

value for the neat matrix compared to epoxy and nylon 6. Graphene strength is higher than 

SWCNT while modulus is the same for both nanofillers (Table 5) and likewise, the interfacial 

shear strength applied. Also, the aspect ratio is higher for graphene for all the matrices than 

SWCNT and the expectation is that graphene will yield higher modulus than SWCNT as shown 

by strength prediction, but the modelling shows otherwise. With detailed analysis, the 

rationale for such observation shows that the equivalent volume fraction at 60% wt. filler 

loading is higher for SWCNT than graphene, which is dependent on the nanofillers densities. 

Based on the conceptual idea of SWCNT regarded as folded graphene sheet, nanofiller density 

ascertained how it influences the composite material properties as a function of volume 

fraction. For instance, SWCNT with outer diameter 2.04nm and inner diameter 1.36nm [230] 

having length 2nm, compared with graphene of about the same length with a thickness of 

0.335nm [229], thus having dimensions (π x 2.04nm) x 2nm x 0.335nm. Also, for MMT 

nanoclay with a thickness 0.615nm [295] and similar dimensions, thus a platelet with 

dimensions (π x 2.04nm) x 2nm x 0.615nm. Using Equation 16 and the true density value for 
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each nanofiller, each filler's volume is calculated to determine the corresponding mass as 

follows. 

 Equation 16: m = ρ x V 

Where m, ρ and V is the mass, true density and volume respectively. 

Graphene: 𝑚 = 2.3
𝑔

𝑐𝑚3
 × (𝜋 × 2.04 × 2 × 0.335)𝑛𝑚3  ×  (

1 𝑐𝑚

107 𝑛𝑚
)

3

 

  = 2.3
𝑔

𝑐𝑚3  × 4.29𝑛𝑚3  ×  
1 𝑐𝑚3

1021 𝑛𝑚3 

  = 9.88 ×  10−21𝑔 

SWCNT: 𝑚 = 1.3
𝑔

𝑐𝑚3  ×  (
𝜋(2.042− 1.362)𝑛𝑚2

4
 × 2𝑛𝑚)  × (

1 𝑐𝑚

107 𝑛𝑚
)

3

 

  = 1.3
𝑔

𝑐𝑚3  × 3.63 𝑛𝑚3  ×  
𝑐𝑚3

1021 𝑛𝑚
 

  = 4.72 ×  10−21𝑔 

MMT nanoclay: 𝑚 = 2.5
𝑔

𝑐𝑚3  × (𝜋 × 2.04 × 2 × 0.615)𝑛𝑚3  ×  (
1 𝑐𝑚

107 𝑛𝑚
)

3

 

  = 2.5
𝑔

𝑐𝑚3
 × 7.88𝑛𝑚3  ×  

1 𝑐𝑚3

1021 𝑛𝑚3
 

  = 19.71 × 10−21𝑔 

Above calculation shows that graphene and SWCNT mass differs with MMT being the most 

dense filler while SWCNT is the least dense. It therefore indicates that for 60% wt. more filler 

of SWCNT is required [296], [297]. Thus, resulting in SWCNT yielding higher equivalent volume 

fraction of 60% wt. loading compared to graphene and MMT. While composite material 

mechanical properties are a function of volume fraction, hence the reason SWCNT composite 

material for modulus higher than graphene. Meanwhile, unlike modulus, which is the same 
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for both SWCNT and graphene, graphene strength value is higher than SWCNT. Therefore, 

composite material strength modelled with graphene is higher than SWCNT despite that the 

equivalent volume fraction for graphene is lower than SWCNT.  

The modelling analysis has been computed at an equivalent volume fraction of 60% wt. for all 

analysis to have equal filler loading. However, for nanofillers which has a relatively 

comparable density to their fibre counterparts. Figure 114 shows equivalent volume fraction 

plotted against percentage weight loading for each reinforcement filler for epoxy matrix using 

the epoxy matrix as an example as each matrix exhibited a similar trend. At 60% wt. loading, 

SWCNT exhibit the highest equivalent volume fraction followed by carbon fibre then 

graphene while MMT nanoclay and glass related fillers (glass fibre and flakes) are relatively 

equal. This therefore shows that composite materials reinforcement filler volume fraction is 

influenced by the filler’s density which have an effect on the ultimate composite material 

mechanical properties. 

 

 

 

 

 

 

 

 Figure 114: Equivalent volume fraction plotted against percentage weight load for different 
reinforcement - Epoxy 
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The modelling analysis for the nanofillers are computed at critical aspect ratio, meanwhile 

nano fillers aspect ratios are however higher than the critical aspect ratio considering that 

their lengths are often longer than critical length [145], [298], [299]. Therefore, fabrication of 

composite material with nanofiller at length above the critical length will often result in brittle 

failure. Thereby making it difficult to maintain toughness though strength and stiffness are 

enhanced with such nanofillers. While Figure 114 shows that for the same percentage filler 

loading for both nanofillers and fibres; the equivalent volume fraction could be fairly close. 

However, taking advantage of higher value of strength and modulus associated with nano 

sized filler provides greater potential to obtain a composite material with improved 

mechanical properties, which is a plausible reason for nanofiller composite having improved 

mechanical properties at low filler loading. Similarly, with adequate fabrication process for 

higher filler loading to achieve uniformly distributed filler within a composite material system, 

nanofillers have the potential to provide considerable improvement with regards to the 

composite material mechanical properties. 

Whilst various research has investigated reinforcement of matrices with nano sized filler 

(Table 38) and have been able to establish that nano fillers provide better reinforcement 

efficiency at lower volume fraction compared to fibre reinforcement. However, 

reinforcement achieved is relatively low compared to fibre reinforcement at high volume 

fraction (Table 33), hence the need for nanocomposite to have high volume fraction [23]. 

Though better reinforcement often reported at these low volume fraction for nanocomposite, 

but reports has also shown that there could be a trade-off in terms of desired mechanical 

properties. For example, Zaman et al. [300] reported reinforcement of epoxy matrix with 

modified graphene platelet at 4% wt. which increases the neat matrix modulus from 2.69 to 

3.27 GPa but the strength decreased from about 64 MPa to 54 MPa. Also, Salom et al. [301] 
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reported same observation as Zaman et al. for epoxy reinforced graphene platelet at 6% wt. 

with modulus increasing from 2.9 to 4 GPa but strength decreased from 65 to 48 MPa which 

is attributed to agglomeration effect within the composite system.  

While comparative analysis shows that some of the reported nanocomposites in Table 38 

have relatively low weight fraction compared to the modelling analysis, therefore, mechanical 

properties for the modelling analysis is expected to be higher. However, adopting adequate 

fabrication process of nanocomposites that allows for higher weight fraction to be achieved 

which replicates a typical nanocomposite system similar to the nanocomposite considered for 

the modelling analysis also examined, i.e. multi-walled nanocomposites. Bradford et al. [24]  

fabricated epoxy reinforced nanocomposite via their novel approach using aligned carbon 

nanotubes with length in millimetre range and weight fraction of 32% (equivalent volume 

fraction of 27%). While Bradford et al. reported nanocomposite with strength of about 400 

MPa and modulus around 22 GPa, the nanocomposite exhibit decreases in strain not less than 

50% with stress-strain curve replica of a brittle failure. Similarly, Cheng et al. [302] reported 

about fabricating bismaleimide resin reinforced with 60% wt. carbon nanotube having 

strength about 2.088 GPa and modulus 169 GPa. Also, Mora, Vilatela and Windle investigated 

reinforcement of epoxy with carbon nanotubes at 27% volume fraction to fabricate 

nanocomposite with strength 253 MPa and modulus 18.8 GPa, however, the strength and 

stiffness is accompanied with a decrease in failure strain [303]. Likewise, Wang et al. [304] 

reported fabrication of nylon nanocomposite with carbon nanotube at 15% volume fraction 

with strength of about 630 MPa and modulus 56 GPa. Nam et al. [305] reported fabrication 

of aligned multi-walled carbon nanotube/epoxy composite by stretching and pressing the 

carbon nanotubes. The nanocomposite which has about 63.4% volume fraction carbon 

nanotubes enhances the neat epoxy tensile strength at 780MPa and modulus 133.6GPa. Thus, 
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increasing the neat epoxy tensile strength and modulus at about 821% and 4042% 

respectively, however, the strain is significantly reduced by 88% which simply implies that 

high strength and modulus (stiffness) are achieved at the expense of toughness.  

With cited research showing that having adequate improved process of fabricating carbon 

nanotube  reinforced nanocomposite, by having the carbon nanotubes stretched, pressed, 

aligned with length 100,000 times the carbon nanotube diameter which are in mm range 

embedded within their matrix system [24] [303]. High strength and stiffness can be achieved 

yet toughness compromised considering that the aspect ratio is about 100,000, which is 

considerably high and above the critical aspect ratio predicted for the nanocomposite system 

considered for modelling analysis. However, with modelling for each of the nano fillers 

(graphene, SWCNT and MMT nanoclay), particularly 100nm milled glass flakes at critical 

aspect ratio shows that considerable high strength and modulus can be achieved while 

toughness is being maintained.  Therefore, for the required critical aspect ratio for the nano 

fillers to be achieve remains a concern as these fillers are characterised with very high aspect 

ratio and would need to be controlled. Furthermore, IFSS applied for the nano fillers are 

relative values, meanwhile there has been research reporting higher IFSS value. For instance, 

Cooper et al. [306] reported interfacial shear strength value of 366MPa for SWCNT/epoxy 

composite, compared with 80MPa applied for modelling. It simply implies that the critical 

aspect ratio will be 4.5 times lesser than the value determined via the modelling. Therefore, 

higher interfacial shear strength will lower the critical aspect ratio of the matrix system. 

Hence, nanofillers aspect ratios will require to be manoeuvred such that it is in proximity to 

the matrix system critical aspect ratio for toughness to be maintained. Otherwise, the 

composite system will yield brittle failure for reinforcement filler having very high aspect 

ratio. 
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Table 38: Mechanical properties of some reported nanocomposites  

Reinforcement 
filler 

Matrix Composite 
strength 

(GPa) 

Composite 
modulus 

(GPa) 

Volume 
fraction 
(%wt.) 

Ref 

SWCNT Polyethylene 0.024 0.72 5 [307] 

MMT Nano clay Polypropylene 0.041 0.62 9 [308] 

MMT Nano clay Polyethylene 0.032 1.34 3 [309] 

MMT Nano clay Polypropylene 0.031 0.813 5 [310] 

MMT Nano clay Polyethylene 0.034 0.726 7.4 [311] 

SWCNT Polyethylene 0.024 0.648 1 [312] 

MMT Nano clay Nylon 6 0.076 2.43 5 [81] 

MMT Nano clay Nylon 6 0.091 4.71 4.6 [149] 

MMT Nano clay Epoxy 0.052 2.74 5 [150] 

MMT Nano clay Epoxy 0.058 3.44 10 [313] 

SWCNT Polypropylene 0.034 1.087 1 [314] 

SWCNT Polypropylene 0.084 1.059 10 [315] 

SWCNT Nylon 6 0.177 1.955 1 [316] 

SWCNT Nylon 6 0.089 1.47 0.5 [317] 

SWCNT Epoxy 0.095 2.632 1 [318] 

SWCNT Epoxy 0.081 4.6 5 [319] 

Graphene Epoxy 0.035 3.36 6 [320] 

Graphene Epoxy 0.075 3.7 0.1 [133] 

Graphene Polypropylene 0.025 2.9 20 [321] 

Graphene Polypropylene 0.031 2.5 0.5 [322] 

Graphene Polyethylene 0.032 1.2 1 [323] 
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Graphene Polyethylene 0.031 2.3 30 [324] 

Graphene Nylon 6 0.082 4 3 [325] 

Graphene Nylon 6 0.068 2.569 0.31 [326] 
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5.0 Conclusion 

The research investigates the feasibility to achieve composite materials with toughness 

maintained as well as sufficient strength and stiffness, thus identifying suitable reinforcement 

filler to reinforce polymer matrices. Through modelling analysis at 60% wt., the research 

considered composite reinforcement of commodity polymer matrices (epoxy, nylon 6, 

polypropylene and polyethylene) with reinforcement fillers which includes fibres (glass fibre 

and carbon fibre), nano sized fillers (graphene, SWCNT and MMT nanoclay) and sub-

micron/nano sized glass flakes. The modelling analysis takes into consideration the interfacial 

shear strength (IFSS) for respective matrix system with each of the reinforcement fillers, 

thereby determines the critical aspect ratio required for the filler/matrix composite system in 

order for toughness to be maintained.  

With critical aspect ratio determined at maximum IFSS for respective matrix system with 

individual reinforcement filler, the modelling shows that reinforcement with short and long 

reinforcement fibres of glass as well as carbon fibre with polymer matrices exceed the critical 

aspect ratio therefore unable for toughness to be maintained. Consequently, modelling the 

fibre fillers at critical aspect ratio show a considerable decrease in strength and modulus for 

toughness to be maintained. For glass flake reinforcement fillers, the research demonstrated 

ability to control the investigated glass flakes aspect ratios. Thus, with 100nm milled glass 

flake aspect ratio considered at critical aspect ratio for respective polymer matrices to ensure 

that toughness is maintained, obtainable strength and stiffness are higher compared to fibre 

reinforcement. Meanwhile, nanocomposite reinforcement with nano fillers shows that with 

adequate fabrication process, high strength and stiffness can be achieve but due to the high 

aspect ratio associated with the nano filler pose challenge for toughness to be maintained. 
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With due diligence given to the reinforcement fillers, the modelling shows that for composite 

material strength and modulus to be enhanced, it is ideal for the filler to be sufficiently thin 

in order for the filler itself to have considerable strength and stiffness (modulus). However, it 

is also important that the filler have considerable thickness for toughness to be maintained 

by having adequate aspect ratio in proximity to the composite system critical aspect ratio. 

Amidst all fillers investigated, 100nm milled glass flakes could be identified as typical example 

of such filler required to provide adequate strength and stiffness and sufficiently thick as with 

possibility of such fillers aspect ratio to be manoeuvred accordingly for toughness to be 

maintained. 

 

  



164 
 

6.0 Future work 

The research has shown through modelling the feasibility to improve composite material 

strength, stiffness, and toughness. It shows that with such reinforcement filler as glass flakes 

within nanometre range and the ability to manoeuvre their aspect ratio, provide a 

considerable optimism of a composite material with strength, stiffness and toughness to be 

fabricated. The research investigates the approach towards producing such material; 

however, an adequate fabrication process is required. The fabrication process will be able to 

produce samples of reinforcement filler with polymers for mechanical validation, i.e. tensile 

testing having varied level of the aspect ratio altered. The fabrication process would need to 

be able to produce sample with sufficient high-volume fraction of reinforcement filler 

embedded and uniformly dispersed within polymer matrices with influence of interfacial 

properties investigated.  
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