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ABSTRACT 
____________________________________________________________________ 

 

The addition of stiffer and stronger fibres can greatly improve the properties of the 

polymer. To date, the most common synthetic fibres are based on aramid, glass, and 

carbon. Nonetheless, the shortcomings of synthetic fibres are fast being recognised 

due to increasing global concern over the depletion of petroleum resources, the 

emission of greenhouse gases, and a greater need to recycle and reuse. Recently, 

cellulose fibre-reinforced polymer composites have been gaining a great attention in 

several engineering applications due to their desirable properties, which include low 

cost, low density, renewability and recyclability as well as good mechanical 

properties. Notwithstanding the promising future of nature fibre composites, inherent 

incompatibility must be overcome between this category of fibres which are 

hydrophilic and the matrix components which are hydrophobic. To improve fibre-

matrix adhesion and prevent loss of strength, treatment of the natural fibre surface is 

required. In addition, issues concerning moisture still compromise the fibre-matrix 

interface integrity which can lead to overall loss in mechanical properties. 

Addressing these limitations of natural fibre composites is critical to overcoming the 

existing barriers to research and development in this important field of composite 

materials.  

A novel approach was used to enhance the interfacial bonding between fibre and 

matrix. The project investigated nano-filler addition to achieve good resistance to 

water diffusion, better mechanical and thermal properties in cellulose fibre reinforced 

polymer composites.  

The project used vinyl-ester (VER) as the matrix for three categories of composite 

materials. Firstly, eco-composites were produced by reinforcing VER with thin 

sheets of recycled cellulose fibre (RCF). Secondly, nano-composites were produced 

by reinforcing VER with halloysite nanotubes (HNTs) and silicon carbide 

nanoparticles (n-SiC). Thirdly, eco-nanocomposites were produced by reinforcing 

VER with sheets of RCFand nano-fillers for multi-scale reinforcement.  

 

The influence of the reinforcement materials - RCF sheets, nano-fillers, and multi-

scale reinforcement (RCF/nano-fillers) were investigated. The physical, thermal, 
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mechanical and fracture properties of the resulting composites were studied in terms 

of the water absorption, flexural strength, flexural modulus, impact strength, fracture 

toughness, impact toughness, thermal stability and flammability of each composite. 

The effect of water soaking on the mechanical properties of composites was also 

investigated. X-ray diffraction (XRD), synchrotron radiation diffraction (SRD), 

Fourier transforms infrared spectroscopy (FTIR) transmission electron microscopy 

(TEM), and scanning electron microscopy (SEM) were used to examine the nano and 

microstructures of these materials.  

 

The first category of composites, the eco-composites (VER-RCF) were prepared at 

20, 30, 40, 50 wt%. An infiltration method was used in the preparation of the eco-

composites. Step one involved 10 µm sheets of RCF being fully soaked in the VER 

system. Step two required the saturated sheets to be laid-up on silicon moulds. 

Finally, the third step required saturated sheets of RCF be pressed together in 

vacuum under fixed pressure. During step two and three, low pressure was applied 

frequently to remove trapped air bubbles. SEM micrographs confirmed that the novel 

infiltration method of preparation led to composites with good fibre/matrix adhesion, 

reduced void content and increased fibre–volume fraction. The effect of fibre content 

on water absorption behaviour in the eco-composites was also investigated.  As the 

fibre content increases, the uptake of moisture was also found to increase. Increasing 

the fibre content was also found to lead to an increase in the elastic modulus, strength 

and fracture toughness properties of the eco-composites. Using typical mathematical 

models for prediction the elastic modulus for the eco-composites was modelled 

revealing experimental data consistent with Cox–Krenchel model obtained prediction 

data. Moisture exposure reduced the elastic modulus, strength and toughness of the 

eco-composites. This reduction was most noticeable at high fibre content and was 

attributed to compromise interfacial bonding due to the effect of water absorption.  

 

The second category of composites, the nano-composites (VER/HNT and VER/n-

SiC), were prepared by reinforcing the matrix with different loadings of nano-filler 

using a high speed mechanical mixer (30 minutes, 1200 rpm).  

 

The addition of HNTs to VER is a field yet to contain an in-depth repository of 

information. This project has presented the first characterisation of VER/HNT nano-
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composites providing water absorption, fracture, mechanical, thermal properties and 

flammability behaviours of this group of nano-composites. VER/HNT composites 

were prepared at 1, 3, and 5 wt% using high-speed mechanical stirring. The 

intercalation of the HNT by the chains of VER is confirmed in XRD results. For 

example the d-space of the peak (001) of pure HNT increased from 0.721 to 0.745 

nm in VER/HNT with 1 wt%. This intercalation confirms the formation of 

nanocomposites. TEM observations support that the extent of HNT dispersion is 

acceptable, notwithstanding the presence of micro-sized HNT clusters. In VER/HNT 

with 5 wt%, the reduction in the water absorption behaviour was most noticeable.  

 

The addition of HNTs was found to effectively enhance the toughness properties of 

VER. Crack bridging, deflection, and plastic deformation mechanisms around 

clusters of HNT are believed to be three toughening mechanisms that HNT provided 

as confirmed by SEM observations. A large aspect ratio, good interfacial adhesion, 

good degree of dispersion, and adequate inter-tubular interaction between HNT and 

VER are believed to be the factors underpinning enhanced strength properties of 

VER/HNT. The experimental data was consistent with that of both Paul model and 

Guth model suggesting that the aspect ratios of fillers, their dispersion within the 

matrix, and the state of interfacial adhesion were all relevant to the prediction of 

elastic modulus for particulate reinforced composites. HNT’s barriers for heat and 

mass transport, the presence of iron, and their hollow tubular structure are believe to 

be the factors enhancing thermal stability and decreasing in flammability in the nano-

composites. 

 

VER/n-SiC composites were prepared at 1, 3, 5 and 10 wt% using high-speed 

mechanical stirring. Particularly, the project evaluated the influence of 

morphological structures such as particle dispersion and particle/matrix interaction 

on resulting mechanical and fracture properties of these nano-composites. SEM 

micrographs revealed that at the fracture surfaces of VER/n-SiC there appeared to be 

no obvious voids at the particle/matrix interface. This is indicative of an absence of 

n-SiC pull-out from the polymer matrix supporting strong interaction between the n-

SiC and VER matrix. The absence of n-SiC agglomeration throughout the nano-

composite is also supportive of generally uniform dispersion of n-SiC throughout the 

matrix. The addition of n-SiC increased elastic modulus and strength but reduced the 
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toughness of the nano-composites. Good interfacial adhesion and a good degree of 

dispersion enhanced the strength of the nanocomposites whereas agglomeration of 

nanoparticles at 10 wt% forming clusters of n-SiC decreased elastic modulus and 

strength.  The experimental data was consistent with that of both the Guth and 

Kerner model suggesting that good dispersion within the matrix and good interfacial 

adhesion were both relevant to the prediction of elastic modulus of particulate 

reinforced composites. 

 

The third category of composites of interest is the eco-nanocomposites. To prepare 

eco-nano-composites, a two-step process was used. First, three nano-mixtures were 

produced. The first of these was VER and nanoclay platelets. The second was VER 

and HNT. The third was VER and n-SiC.  Each was prepared at 1, 3, and 5 wt%. The 

second step of the preparation required that sheets of RCF be used to reinforce the 

nano-mixtures. The eco-nanocomposites were then studied in terms of their water 

uptake, mechanical and thermal properties. Concerning water uptake, nano-filler 

addition was found to decrease water uptake with 5 wt% eco-nanocomposites giving 

more favourable results than the 1% and 3%. Concerning strength properties, nano-

filler addition was also found to enhance these properties most optimally at 3 wt%.  

These results were attributed to the reinforcing effect of nanofiller with RCF sheets 

and the enhanced fibre-matrix adhesion observed in the eco-nanocomposites. 

Concerning toughness properties, compared to pure VER, the composites reinforced 

with sheets of RCF featured a significantly higher toughness due to the toughening 

mechanisms provided by cellulose fiber. However, nanofiller addition resulted in 

samples which were brittle due to the nanofillers’s effects on fibre-matrix adhesion 

limiting the mechanisms of fibre pull-out and fibre de-bonding. Therefore, the 

toughness properties of the eco-nanocomposites were lower than those of the eco-

composites. Concerning thermal stability and flammability, the eco-nanocomposites 

gave preferable results compared to those of the eco-composites and pure samples. 

This observed improvement was believed to have occurred by virtue of improved 

mass and heat barriers and the enhanced fibre-matrix interfacial adhesion provided 

by the nano-fillers. 
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The impetus of this project was to develop environmental friendly composite 

materials with high performance using multi-scale reinforcement. This project is part 

of a larger movement towards designing for recycling, also referred to as eco-design. 

Manufacturers are increasingly being asked to assume responsibility for the materials 

they use in their products.  With this is mind, one of the aims of this project was to 

add to contemporary understanding of best practice eco-design. The results presented 

in this study suggest that with future investigation the development of fully green 

materials will be achievable. The project recommends that one such pathway to meet 

this ends will be through the use of non-petroleum-based biodegradable resins 

reinforced with cellulose fibres and eco-nanofillers.  
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1. INTRODUCTION 
_____________________________________________________________ 
 
 
1.1 Background 
 
Vinyl ester resin (VER) has superior resistance to moisture and chemicals, providing 

greater hydrolytic stability compared to cheaper polymer resins and allowing greater 

control over cure rate and reaction conditions compared to epoxy resins (Sultania et al., 

2010). VER also has excellent mechanical properties (Guo et al., 2007). The advanced 

polymer is produced by a reaction between an epoxy and carboxylic acid (Holbery and 

Houston, 2006, Mallick, 2007). As a thermoset, being produced by a curing process, 

VER is highly rigid. VERs are believed to combine the best properties of epoxies and 

unsaturated polyesters (Sultania et al., 2010). Though VERs are already used extensively 

in electrical components, automobile parts, coatings, adhesives, molding compounds, 

structural laminates used in mining and chemical operations, and sporting goods, further 

research is required to better understand the potential of the material (Holbery and 

Houston, 2006, Ku et al., 2007). The chemistry of VERs is complicated. The substance 

has carbon double bonds at the end of molecule providing a sole site for cross-linking. 

The means that the thermoset, i.e. cured, VER has less cross-links which makes it more 

flexible than other cured polyester resins. These intermolecular forces also give VERs 

higher facture toughness than other resins. VER tends to have a low viscosity. The 

reason for this is that it substance is often dissolved in a styrene monomer. When 

polymerization is occurring, cross-links are formed between the unsaturation points. The 

two properties which are weaker in VERs compared to epoxy resins and polyester resins 

are firstly, the volumetric shrinkage is higher which is undesirable, and VERs have 

lower adhesive strength (Mallick, 2007, Marsh, 2007, Sultania et al., 2010).  

 

In polymer science, a major challenge is broadening the window of application for such 

materials. This is generally achieved by preparation procedures, treatments, and other 

techniques that retain desirable features while enhancing features such as modulus, 

strength, fire performance and heat resistance. As matrices, polymers have relatively 

poor mechanical, thermal, and electrical properties compared to metal or ceramic. 
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Homopolymers, co-polymers, blended polymers, modified polymers, and other polymer 

types, alone, have insufficient property quality to meet the demands of industry. The 

inclusion of fibre (synthetic/natural), whisker, platelets, or particles are some of the 

alternative approaches that are used to improve the properties of polymers. Here, the 

inclusion of natural fibres and nano-particles will be discussed.  

 

The use of cellulose fibres to reinforce the polymeric matrices has been studied for at 

least a decade. Cellulose fibres, as flax, sisal, oil palm, henequen, jute, banana, wood 

pulp, stinging nettle, coir, and hemp fibres, are natural fibres (Sreenivasan et al., 2011). 

Cellulose fibres are environmentally friendly. They are biodegradable, so unlike many 

plastics, they will not stay on the earth’s surface for millions of years. Moreover, the 

production of cellulose fibres requires less energy than the production of glass or carbon 

fibres (Venkateshwaran et al., 2011). They are less dense (1.25-1.5 g/cm3) than for 

carbon fibre (1.8–2.1 g/cm3) or E-glass (2.54 g/cm3), and they are lighter than the 

synthetic fibres (Sgriccia et al., 2008, Anuar and Zuraida, 2011). Cellulose fibres also 

have excellent modulus-weight ratio, which makes them successful in stiffness-critical 

designs. The acoustic damping property of cellulose fibres also makes them preferable to 

glass or carbon for noise attenuation purposes, an important requirement for automobile 

interior products (Mallick, 2007). In addition, cellulose fibres possess excellent 

toughness, flexibility, specific modulus, and specific strength properties (Bax and 

Mussig, 2008, Monteiro et al., 2009). Compared to most synthetic fibres, cellulose fibres 

are much more commercially viable (Dhakal et al., 2007).  

 

Recycled cellulose fibre (RCF) refers to cellulose fibre that is extracted from 

newspapers, printed paper, and/or cardboard (Huda et al., 2006, Low et al., 2007). 

Newspaper-fibre reinforced composites, for example, have similar properties to wood-

fibre reinforced composites. Moreover, newspaper fibre reinforced composites can be 

more easily produced due to cost advantage, renewability of the resource, greater 

flexibility and lower wear of processing machinery (Huda et al., 2007).  Load bearing 

roof systems, sub-flooring and framing components as well as residential applications 

such as doors, windows, and furniture are applications of RCF reinforced materials 
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(Baroulaki et al., 2006). Composites reinforced with RCF represent a new class of 

materials with potential to replace wood and other plant composites in the near future 

(Alhuthali et al., 2012). 

 

Drawbacks exist however. Cellulose fibre reinforced polymeric composites suffer two 

inherent weaknesses. Firstly, cellulose fibres which are hydrophilic and matrix 

components which are hydrophobic are inherently incompatible (Dhakal et al., 2007, 

Athijayamani et al., 2009). This lack of chemical affinity due to the hydrophilic nature 

of cellulose fibres adversely affects composite strength. Thus, to improve fibre-matrix 

adhesion and prevent loss of strength, Extensive physical and chemical treatment of the 

fibre surface is required (Herrera-Franco et al., 2005). Secondly, cellulose fibre 

reinforced polymeric composites suffer moisture-related problems (Chen et al., 2009). 

Fibre-matrix interface integrity is compromised on exposure to water which leads to 

poor stress transfer efficiencies and loss of overall mechanical properties (Bakare et al., 

2010). Issues relating to water absorption, are therefore, the predominant deterrent to 

cellulose fibre reinforced polymeric composites research and development (Joseph et al., 

2003, Assarar et al., 2011, Mylsamy and Rajendran, 2011). 

 

The inclusion of nano-particles is another one of the approaches used to improve the 

properties of polymers. The addition of nano-particles to a polymer creates a multiphase 

material, known as a nano-composite (Alexandre and Dubois, 2000, Ajayan et al., 

2006). In 1987, the first work on polymer/clay nanocomposites was conducted. In the 

early 1990s, researchers at the Toyota Company made a number of breakthroughs with 

polymer-layered silicates. These researchers were the first to exfoliate clay with the 

polymer of nylon-6 (Chen and Evans, 2006). Improvements in strength, modulus, and 

heat distortion temperature were all reported as due to addition of nanoclay (Hussain et 

al., 2006, Pavlidou and Papaspyrides, 2008). Since this time, polypropylene, 

polyethylene, polystyrene, polyvinylchloride, polylactide, polycaprolactone, phenolic 

resin, poly p-phenylene vinylene, polypyrrole, rubber, starch, polyurethane, 

polyvinylpyridine and other more common polymers such as nylons, have been included 

in studies with nano-fillers (Okamoto, 2006, Paul and Robeson, 2008, Davtyan et al., 
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2012). Today the most commonly used polymers in nano-composite science are the 

epoxies, polyurethanes, polyester, and vinyl ester (Hussain et al., 2006).  

 

Nanocomposite science has attracted interest due to the improvements that ~ 5 wt.% of 

nano-additive can have on the properties of the pre-existing material (Zuiderduin et al., 

2003, Cauvin et al. 2010). Typically, moisture barrier, flammability resistance, thermal, 

and mechanical properties of polymeric composites are improved by virtue of ~ 5 wt.% 

nano-filler (Haq et al., 2008). The unique properties of polymer nanocomposites arise 

due to the nanometer size of nano-particles. Having dimensions in the nano-scale, nano-

particles have a large surface area per unit volume. Since many essential chemical and 

physical interactions are governed by surfaces such a large surface area enables dense 

phase interactions to occur at the matrix/particle interfaces (McNally et al., 2003, Yong 

and Hahn 2009). Polymer nanocomposites possess superior specific strength and 

stiffness, good fire retardant and enhanced barrier properties compared to most polymers 

filled with micron-sized particles (Zuiderduin et al., 2003, Hussain et al., 2006, 

Zainuddin et al., 2010). Abrasive wear resistance, creep and fatigue performance, and 

functional properties are other areas where polymer nanocomposites exhibit superior 

properties, and it is the enhanced mechanical, thermal and physical properties overall 

that has enabled these materials to find wide application in the packaging, automotive, 

adhesive, and microelectronics industries (Zhao et al., 2005, Pavlidou and Papaspyrides, 

2008, Zainuddin et al., 2010). 

 

In this project, a novel approach for synthesizing eco-nanocomposites was used. The 

synthesis approach had two-steps. The first step involved nano-fillers (nanoclay 

platelets, halloysite nanotubes and silicon carbide) being dispersed into VER matrices to 

prepare nano-mixtures while the second step involved the reinforcement of these nano-

mixtures with sheets of RCF obtained from newspaper, cardboard, and printed paper. 

Particularly,  the effect of the sheets of RCF, nano-fillers, and both RCF sheets and 

nano-fillers dispersion on the microstructure, mechanical, thermal and barrier properties 

of VER resin was investigated and discussed in terms of X-ray diffraction (XRD), 

Synchrotron radiation diffraction (SRD), Fourier transforms infrared spectroscopy 
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(FTIR), transmission electron microscopy (TEM), scanning electron microscopy (SEM), 

flexural strength, flexural modulus, impact strength, fracture toughness, impact 

toughness, thermo-gravimetric analysis (TGA) and water absorption. Moreover, 

numbers of micromechanical models were applied to predict and analysis experimental 

data of elastic modulus of produced composites. The effect of water absorption on the 

mechanical properties of these composites was also investigated and discussed. 

 

1.2 Project Significance 
 
This project combines a novel processing method with new materials design concept for 

improved moisture resistance mechanical and thermal properties in polymer composites. 

The project opens the door for research and development into cost effective and eco-

friendly material design concerning the processing of eco-composites made from natural 

fibres. When reinforced with natural fibres, polymeric composites can become products 

that are light-weight, inexpensive, corrosion resistant, impact resistant, and which have 

high specific strength and modulus. These products have potential applications in the 

automobile, defence, sporting, and marine industries.  

 

There is a growing need for materials that do not require toxic agents in their production, 

and which are completely renewable naturally biodegrading where possible. The 

materials for packaging and agricultural are a prime example where eco-design is 

increasingly important. Furthermore, natural fibre composite production is a process 

which is flexible and creates minimal wear on processing machinery. One advantage of 

natural fibre composites, and one of the secondary objectives of the project, was the 

investigation of the potential use of cellulose fibres, such as recycled newspaper or 

waste paper, in materials for construction. Green composites, such as these, could be 

used as windows, doors, roof systems and framing components in the construction of 

homes. House construction could occur without the need to draw from timber sources of 

other finite resource bases at all.    
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Historically, cellulose fibre reinforced materials have had limited applications due to the 

inherent incompatibility arising from the hydrophilic nature of the cellulose fibres and 

the matrix components which are hydrophobic.  This challenge exacerbates the other 

long standing shortcoming of cellulose fibre reinforced materials, their preponderance to 

absorb water and decay. This project set out to resolve these issues making renewable 

natural fibres a more attractive option for future applications, and by improving 

interfacial adhesion and reducing water absorption has achieved these ends. Principally, 

the project has successfully applied an innovative process and multi-layered RCF /nano-

filler reinforced VER eco-nanocomposites have been synthesized.   These eco-

nanocomposites fabricated were found to gain toughness and strength advantages from 

the sheets of RCF, and gain thermal and barrier properties from the nano-fillers.  

 

The project describes the process of synthesizing eco-nanocomposites. To construct 

multi-layered vinyl-ester eco-nanocomposites reinforced with recycled cellulose fibres, 

10 μm sheets of RCF and three nano-fillers (nanoclay platelets, halloysite nanotubes and 

nano-silicon carbide) were used. The approach set out to produce of composites with 

uniform fibre/nano-filler dispersion into the matrix, controlled microstructure and 

increased fibre volume fractions as a result of improved fibre packing and fibre/matrix 

adhesion, and succeeds in meeting this end. As anticipated, the novel structure provided 

enhanced moisture resistance, mechanical properties and thermal properties. Thus, for 

materials science, this project builds essential links concerning the use of natural fibres 

and nano-fillers as multi-scales reinforcements for polymer resins.  

 

1.3 Project Objectives 
 

This project concerned eco-nanocomposites reinforced with nano-fillers (nanoclay 

platelets, halloysite nanotubes and silico carbide nanoparticles) and sheets of RCF, and 

in particular, their optimal design and advantages, such as green benefits and enhanced 

and/or controlled moisture and thermal properties. 

The specific objectives of this project were as follows; 
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• To obtain a fundamental understanding of the processing-nanostructure-property 

relationships of eco-composites.  

• To study the optimum content for nano-fillers and sheets of RCF to achieve 

desired mechanical fracture properties and thermal stability. 

• To study the roles of nano-particles and RCF interfacial properties on the 

efficiency of strengthening and toughening. 

  

• To investigate and use models for understanding water absorption and water 

diffusion in VER eco-composites and eco-nanocomposites. 

 

• To identify the underlying mechanisms of eco-composites with nano-fillers 

additives and micro-fibre dispersions which give rise to enhanced physico-

mechanical properties. 

 

• To apply mechanics models for understanding the effect of reinforcement 

materials (cellulose fibres and nano-sized particles) separately, looking 

specifically at the nanostructure: shape and size distribution, aspect ratio, degree 

of dispersion and interfaces adhesion between matrix and fillers. 

 

1.4 Research Plan 
 

The following research plan guided the sequential execution of the project. This research 

plan was prepared initially pursuant to the objectives of the project: 

 

1) Fabrication of eco-composites by reinforcing VER with sheets of RCF. 

 

2) Fabrication of nanocomposites by reinforcing VER with nano-fillers (nanoclay 

platelets, halloysite nanotubes and silicon carbide nanoparticles) at different 

concentrations.   
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3) Fabrication of eco-nanocomposites by using multi-scale reinforcement of VER 

with sheets of RCF and nano-fillers (nanoclay platelets, halloysite nanotubes and 

silicon carbide nanoparticles) 

 

4) Characterization (dispersion, morphology and micro-structure) of the raw 

materials, composites, and nano-filler using synchrotron radiation diffraction 

(SRD), Fourier transform infrared (FTIR) and Transmitted electron microscopy 

(TEM). 

 

5) Investigation of influence of RCF, nano-fillers and RCF/nano-filers dispersion 

on physical, moisture barrier, mechanical, and thermal properties of produced 

composites. 

 

6) Determination of the effect of moisture absorption on mechanical properties of 

produced composites. 

 

7) Observation of fracture surface, failure mechanisms and crack path features by 

scanning electron microscopy (SEM). 
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2. LITERATURE REVIEW 
_______________________________________________________________________ 
   
2.1 Natural Fibres 
 
Natural fibres can be subdivided into three general categories (Figure 2.1) of derived 

from animals, derived from mineral, or natural fibres derived from plants. The first 

category is animal fibre. Animal fibres have been used in bioengineering and 

orthopaedic applications for some time. Animal fibres are generally biodegradable. 

Examples of animal fibres which are commonly in use are wool, silk and spiders’ web 

(Akil et al., 2011, Bismarck et al., 2005). Chemically, animal fibres are generally made 

up of proteins. Due to the hydrophobic nature of these proteins, and further strengthened 

by extensive hydrogen bonding, these fibres have excellent environmental stability 

(Cheung et al., 2009). The second group is mineral fibre. Geological materials, such as 

quarts and asbestos, can provide useful fibres. This fibre type has excellent strength and 

temperature resistant a property which is why it is readily used in construction and 

machinery exposed to extreme heat (Riedel and Nickel, 2005). 

 

 
Figure 2.1: Classification of natural fibres (Akil et al., 2011) 

 
 
The third fibre type, plant fibres, will be the main focus in this review of the literature. 

Plant fibres include a range of commercially available fibres such as wood fibre, agro-
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based bast, stem, fruit, cereal fibres and seed fibres (Bismarck et al., 2005). Some 

industry names for plant fibres include jute, flax, hemp, ramie, sisal, coconut fibre, and 

banana fibre (Mallick, 2007). In nature, these fibres are a central ingredient in 

maintaining the strength of the grasses, plants, and trees in which they are found. When 

plant fibres are extracted and used in composites, they provide significant structural 

reinforcement (Clemons and Caulfield, 2005). For this reason, plant fibres are readily 

used in a range of products such as ropes, carpet, and bags (Mallick, 2007).There has 

been a surge in public interest in renewable resources in the past fifty years. The two 

reasons for this are, firstly, the acceptance that fossil fuels are indeed finite non-

renewable resources, and secondly, more recently, the increase attention given to the 

amount of carbon dioxide omitted as a result of fossil fuel combustion (Riedel and 

Nickel, 2005). Renewable plants fibres are unlikely to be able to provide a complete 

solution to the limitations of fossil fuels, at least not in the near future. However, these 

fibres are already playing a big role in the construction industry (Stamboulis et al., 

2001). Plant fibres, as some of these fibre types have excellent breaking length 

mechanical properties, are also highly useful for use as reinforcement products, such as 

reinforced polymers (Riedel and Nickel, 2005). The largest industry applying these 

reinforced polymers at the moment is the automobile field, particularly in Europe. When 

combined with polyester, polypropylene, or polyurethane, plant fibres are particularly 

flax, which is used in 71% of European automobile applications, can be used to make 

headrests, doors, interior sunroof shields, and a range of other automobile components 

(Clemons and Caulfield, 2005, Singha and Thakur, 2008). 

 

2.1.1 Structure of plant fibres 
 
Plant fibres have a very detailed structure. Essentially, plant fibres are a type of 

composite material. In close up, the fibres are crystalline and unyielding (Mallick, 

2007). The substance inside the fibres is cellulose microfibril reinforced amorphous 

lignin with a hemicelluloses matrix. Cellulose, as well as substances known as 

hemicelluloses, waxes, lignin, and pectin, are the main constitutes of plant fibres. The 

main substance of plant fibres is cellulose making up to 80% of the weight of any given 
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plant fibre. Lignin content usually accounts for up to 20%. Pectin is another common 

element of most plant fibres. In sisal, it accounts for up to 10% of the weight of the 

substance. Moisture from water is another element. Plants fibres like sisal can hold up 

20% of their weight in water while dryer plant fibres like hemp tend to hold a third of 

this amount (6%) (Bismarck et al., 2005, Li et al., 2000). Table 2.1 shows the chemical 

composition including seven variables for seventeen different plant fibres. Four of the 

main elements of plant fibres, cellulose, hemicelluloses, lignin, and pectin, are discussed 

in the further detail in the following paragraphs. 

  
Table 2.1: Chemical composition, moisture Content, and microfibrillar angle of 

vegetable fibres (Bismarck et al., 2005). 

 
 
 
2.1.1.1 Cellulose 
 
The most basic building block of cellulose is the polysaccharide, simply, sugar 

molecules bound in a chain structure. This linear macromolecule is shown below in the 

image. It can be seen that it consists mainly of D-anhydro glucose (C6H11O5) units which 

are repeating and which are joined by linkages of β -1,4-glycosidic (Joseph et al., 2002).  

 

40



 
Figure 2.2: Diagrammatic representation of cellulose structure (Mohanty et al., 2004). 

   
 
The degree of polymerization (DP) of cellulose molecules is approximately 10,000 (de 

la Luz Reus Medina and Kumar, 2007, Siqueira et al., 2010). This suits the formation of 

microfibrils (diameter 10 nm and 20 nm) with a high crystallinity (Lu et al., 2008, 

Rosler et al., 2007). Each basic unit of cellulose has three hydroxyl groups, and it is 

these groups which enable the extensive hydrogen bonding in the structures. This relates 

to the hydrophilic nature of plant fibres which can have moisture contents of more than 

8% to 13% (Joseph et al., 1999).  Concerning other properties of cellulose, the Young’s 

modulus is estimated to be between 130 GPa and 250 GPa (Bledzki and Gassan, 1999, 

Zimmermann et al., 2004). Cellulose is highly resistant to strong alkali, but can be 

hydrolyzed into water-soluble sugars by acids Cellulose is partially resistant to oxidizing 

agents (Bledzki and Gassan, 1999). In wood, cellulose makes almost half of the matter 

(45%) (Pérez et al., 2002). The ancillary elements are lignin and hemicelluloses making 

up approximately 20% of the matter. In the plant fibres, cellulose takes the form of long 

straw-like tubes. The dimensions of these long tube cells are 20 μm and 40 μm in 

diameter, and 2mm to 4mm in length. These tubes align in an axial position with 

different layers being evident. Figure 2.3 shows this structure, namely, highlighting the 

primary cell wall and the secondary cell wall. The difference between the two cell walls 

is that the first, the primary, is made of irregularly arranged fibres, however, the second, 

the secondary, is made up of three layers (John and Thomas, 2008). The three layers 

amongst the secondary cell wall are arranged so that the substance can bear a high 

amount of tension and stress. It is has been found that the compressive strength of wood, 

45% cellulose, is roughly 30 MPa which is one third of its tensile strength (Pérez et al., 

2002, Rosler et al., 2007). 
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Figure 3.2: The primary and secondary cell wall structure of cellulose (Rosler et al., 

2007). 

 
2.1.1.2 Hemicelluloses 
 
Polysaccharides (sugars) made up of 5 and 6 ring carbon ring sugars are known as 

hemicelluloses. These substances are not celluloses at all, and they have a range of 

different properties, so the name is clearly a misnomer (Bismarck et al., 2005, Bledzki 

and Gassan, 1999). Hemicelluloses are non-crystalline, the first difference between these 

are cellulose. Also, hemicelluloses contain different sugars units however cellulose 

involves only 1.4-b-d-glucopyranose units. This is because the polymer chains are 

shorter, the degree of polymerization (DP) less than 300, ten times to one hundred times 

less than cellulose, and the chains are branched, whereas cellulose is strictly linear. 

Hemicellulose is highly hydrophilic and in alkali is soluble and in acids readily 

hydrolyzed (Glasser et al., 2000, Sun and Tomkinson, 2003). Nonetheless, the 

connection between the two substances is that hemicelluloses remains associated with 

the celluloses through various interactions such as providing a highly supportive matrix 
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for cellulose microfibrils. In this way, hemicelluloses contribute to the structural 

components of wood (Clemons and Caulfield, 2005). 

 
2.1.1.3 Lignin 
 
Lignin is considered the second most important component of plant fibres after 

cellulose. Lignin is essentially the glue that holds the structure together and for that 

reason it has a close link with the properties and morphology of plant fibres (Joseph et 

al., 1999). Chemically, lignin is a cross-linked polymer network, which is amorphous, 

and consists of an array of hydroxyl- and methoxy- substituted phenylpropane units. 

While the chief monomers are the phenylpropane units, aliphatic and aromatic add-ons 

influence the lignin exact properties. Lignin is markedly less polar than cellulose 

(Clemons and Caulfield, 2005). Lignin tends to have much lower Young’s modulus (4 

GPa), compared to the stronger and more resilient cellulose. Lignin has a glass transition 

temperature of 90°C and a melting temperature of 170°C. Also, lignin exposed to phenol 

is condensable. For these reasons, some references refer to lignin as a thermoplastic 

polymer (Bismarck et al., 2005, Bledzki and Gassan, 1999).  

 
2.1.1.4 Pectin 
 
Pectin is an essential ingredient for non-woods fibres especially bast. The role of pectin 

is to act as an adhesive, like lignin, and at the same time provide a matrix, like 

hemicelluloses, for the cellulose (Clemons and Caulfield, 2005). Structurally, pectin is a 

complex polysaccharide with chains which consist of glucuronic acid in polymer form 

and rhannose residues. Rhamnose, galactose, and arabinose sugars are readily found in 

the side chains of the substance. Improving the strength, i.e. structural integrity of the 

pectin, and the structure it is supporting are calcium ions which cross-link and bond 

chains (Mohnen, 2008). 
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2.1.2 Properties of natural fibres  
 

 
2.1.2.1 Mechanical properties 
 
The mechanical properties of natural fibres on the whole are not as good as synthetic 

fibres such as E-glass and S-glass. However, there are a number of advantages of natural 

fibres nonetheless. The densities of natural fibres are markedly lower (Clemons and 

Caulfield, 2005). Furthermore, natural fibres tend to have a high reinforcing potential. 

Still the greatest advantage of natural fibres is their low cost (Beckwith, 2008). These 

are the reasons why this type of fibre is highly appealing to the automobile and other 

industries (Clemons and Caulfield, 2005). The exact differences over four properties are 

listed in Table 2.2. The first eight fibres from flax to cotton are natural, and the last four, 

E-glass, S-glass, Aramid, and standardized carbon fibres, are synthetic. What can be 

seen, as mentioned above, is that the strength properties of the artificial fibres are much 

greater than the natural fibres. However, more and more people are accepting that 

natural fibres do offer strength and stiffness properties which are workable, i.e. usable in 

industry (Clemons and Caulfield, 2005).   Regarding the density, natural fibres are up to 

50% less dense than artificial fibres. This, along with the abundance of natural fibres, 

and therefore cost advantage, makes natural fibres attractive to scientists and engineers 

alike (Beckwith, 2008). 

 
Table 2.2: The density, tensile strength, tensile modulus, and range of elongation for 12 

natural and synthetic (commercial and aerospace-based) fibres (Beckwith, 2008) 
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2.1.2.2 Thermal properties 
 
The thermal properties of natural fibres are characterised by low degradation 

temperatures and low thermal stability and thus considered to be a limitation to the 

application of this category of fibres (De Rosa et al., 2010, Jawaid and Abdul Khalil, 

2011). For example, Araujo et al (2008) note that the majority natural fibres have 

degradation temperatures as low as 200°C which makes them inadequate for use in 

processing with thermoplastics having processing temperatures exceeding this degree of 

temperature (Araújo et al., 2008). The degradation process results in deterioration of 

mechanical properties, release of odours, toxins, volatiles, and discoloration from the 

fibre (Mallick, 2007). Degradation concerns two key steps. The first is called 

hemicelluloses thermal depolymerisation involving cleavage of glycosidic cellulose 

linkages, and the second is the decomposition of a-cellulose (Manfredi et al., 2006). 
 
Figure 2.4 shows the temperature versus residual mass, i.e. thermogravimetric analysis 

(TGA) results, for three natural fibres flax, sisal, and jute. Figure 2.5 shows the 

derivative of the residual mass percentage (DTG) for the three natural fibres studied.  

Manfredi et al (2006) found that overall the results for the three are very similar, 

however, there were a number of points to note. Firstly, lignin decomposes at a range of 

different temperatures from between 200 and 500°C. In sisal, lignin decomposes first at 

215 °C.  For sisal, a-cellulose shows the fastest degradation at 340°C. It appears that 

hemicelluloses decompose at 290 °C in sisal. The first two plant fibres, sisal and jute are 

highly similar. However, in jute the lignin decomposes at the same time as the 

hemicelluloses making it difficult to discern any differences exactly. In contrast with 

sisal and jute, flax burns at the temperature approximately 20°C higher. Precisely, the 

main peak is at 345°C while at 285°C a shoulder exists, which depicts the 

hemicelluloses decomposition. As a general rule, hemicelluloses decompose before 

lignin and before cellulose (Mallick, 2007). This shows the better thermal stability of 

flax fibres (Manfredi et al., 2006). This is reportedly because of decreased lignin 

content. High lignin content equals a high decomposition rate and inversely a low 

proportion of lignin equals thermal stability. Nonetheless, these fibres, flax fibres, have 

low oxidation resistance (Manfredi et al., 2006).  
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Figure 2.4: Temperature versus residual mass for flax, sisal, and jute (Manfredi et al., 

2006). 

 

 
Figure 2.5: The derivative of the residual mass percentage (DTG) for the three natural 

fibres studied, flax, sisal, and jute (Manfredi et al., 2006). 

 
2.1.2.3 Moisture properties  
 
All plant fibres are hydrophilic naturally. Moisture content in these fibres can reach up 

to 13% in room conditions. The chemical reason for this is because the hydroxyl and 

oxygen-containing groups in the cellulose macromolecule strongly promote hydrogen 
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bonds (Alhuthali et al., 2012, Hong et al., 2008). Moisture is attracted to these hydrogen 

bonds. Furthermore, the exact nature of the processing of plant fibres can lead to a 

higher moisture intake and content. Table 2.3 shows the different moisture contents for 

seven natural fibres over different humidity. 

 
Table 2.3: Moisture content of seven natural fibres over different humidity at 27°C 

(Clemons and Caulfield, 2005). 

 
 
 
 

 
 
 
 
2.2 Polymers 
 
2.2.1 Introduction 

 
Polymer is formed whenever repeating units of atoms form long chain molecules and 

these polymers are joined together with strong covalent bonds. The molecular weight of 

polymers is usually measured in the hundreds of thousands. When a large number of 

polymers join together a plastic is formed (Mallick, 2007). For this reason, polymers are 

known as macromolecules (Faruk et al., 2012, Sperling, 2005). The study and 

production of polymers has now become a branch of science in its own right. Plastics, 

rubbers, fibres, adhesives, and specialized coatings are polymer-based. From the earliest 

polymers, the natural polymers, such as, cotton, proteins, starch, and wool, since the turn 

of the twentieth century, the synthetic polymers such as Bakelite and nylon have been 

used massively. When a plastic is solid, the molecules are frozen either randomly 

(amorphous) or orderly (semi-crystalline). These two designs are shown in Figure 2. 6. 

However, even in orderly polymers, on a submicroscopic scale, these polymer molecules 
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have areas of instability, i.e. random excitation. Also, as the temperature increases, the 

number of movements increases (Mallick, 2007, Rosler et al., 2007). 

 

 
Figure 2. 6: (a) Amorphous versus (b) semi-crystalline polymers (Mallick, 2007). 

 
 

2.2.3 Categories of polymers  
Thermoplastics and thermosetting are the two categories of polymers. Thermoplastics 

are also known as thermoplasts. The difference between thermoplastics and 

thermosetting is that thermoplastic polymer does not have chemical joining between 

individual molecules. In other words, linear polymers with branched structures which 

have flexible chains are usually thermoplastic (Callister, 2003). Holding thermoplastics 

together is simply weak secondary bonds and Van der Waals and hydrogen bond 

intermolecular forces. When thermoplastic polymer receives heat the bonds can be 

temporarily broken and movement in formation occurs (Callister, 2003). On cooling, the 

new shape is set. Therefore, the engineering significance is that the polymer can be 

melted and reshaped as many times as desirable. However, most thermoplasts are soft. 

On the other hand, Thermosetting polymers (or thermosets) have cross-links which are 

highly rigid. The substance is made through a curing reaction. The thermoset cannot be 

melted by heat application. However, there are certain exceptions where there are a low 

number of cross-links are the substance can be softened (Guilleminot et al., 2008, 
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Raquez et al., 2010). Figure 2.7 shows the difference between thermoplasts and 

thermosets.   

 

 
Figure 2.7: Thermoplastic polymer (a) versus thermosetting polymer (b) in 

diagrammatic representation with cross-linking highlighted (Mallick, 2007). 

 
2.2.4 Vinyl-ester resin 

 
2.2.4.1 Introduction  
 
Vinyl-ester resin (VER) has excellent mechanical properties, superior resistance to 

chemicals and moisture providing greater hydrolytic stability compared to cheaper 

polymer resins and providing greater control over cure rate and reaction conditions 

compared to epoxy resins (Guo et al., 2008, Sultania et al., 2010). As a thermoset, being 

produced by a curing process, VER is highly rigid.  VER are believed to combine the 

best properties of epoxies and unsaturated polyesters. Though VER is used extensively 

in the automobile industry, further research is required to better understand the potential 

of the material (Holbery and Houston, 2006, Sultania et al., 2010). VERs are currently 

used in electrical components, automobile parts, in the coatings, adhesives, moulding 

compounds, structural laminates used in mining and chemical operations, and even 

sporting goods. VERs are also increasingly used as thermoset matrices to fabricate 

ducts, pipes, tanks, and other reinforced structures and are believed to be a matrix of 
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great interest for the use the future composite products for infrastructure and 

transportation applications (Guo et al., 2007, Ku et al., 2007).  

 
2.2.4.2 Chemical structure of vinyl esters 
 
The chemistry of vinyl esters is somewhat complicated. The advanced polymer is 

produced by a reaction between unsaturated carboxylic acid and an epoxy, this reaction 

is shown in Figure 2.8. VER has carbon double bonds at the end of molecule. Therefore, 

this is the only site where cross-linking occurs. The means that the thermoset, i.e. cured, 

vinyl ester has fewer cross-links (Figure 2.9) which makes it more flexible than other 

cured polyester resins. These intermolecular forces also give vinyl esters higher facture 

toughness than other resins. Vinyl ester resin tends to have a low viscosity. The reason 

for this is that it is a substance that is often dissolved in a styrene monomer. When 

polymerization is occurring, cross-links formed between the unsaturation points (Guo et 

al., 2008, Mallick, 2007). 

 

 
Figure 2.8: The Production of vinyl ester resin, namely, epoxy resin combining with 

unsaturated carboxylic acid. Unsaturation points are highlighted in the diagram with 

asterisks (Mallick, 2007). 

 

50



 
Figure 2.9: Crosslinking shown in vinyl ester resin (VER) Schematic representation of a 

cross-linked vinyl ester resin (Mallick, 2007). 

 
 
2.2.4.3 Properties of vinyl ester resin  
 

The interest in vinyl ester resins stems from their exciting properties. Ku et al (2007) 

found that the polymer has high design flexibility, has high chemical resistance, is easy 

to install, and is generally very low maintenance over a lengthy time period (Ku et al., 

2007). Vinyl ester resins are a newer thermosetting resin compared to alternatives such 

as polyester and epoxy resins. Although all three are used in the automobile industry (in 

composite form), vinyl ester resins have a number of desirable property advantages 

compared to other thermosetting polymers (Table 2.4). Vinyl ester resins when cured at 

room temperature give better moisture resistance and have greater flexibility compared 

to the alternatives. This means that they are highly useful in hard-worked hull and deck 

structures in marine craft. Also, increasingly, the advantages of vinyl ester resins in 

terms of useable thermal, can withstand without distortion temperatures of up to 200°C 

(Marsh, 2007), and mechanical properties as well as chemical resistance and ideal curing 

characteristics are attracting more and more attention to the new polymer (Holbery and 

Houston, 2006). Furthermore, the location of reactive sites at the ends of molecular 

chains on the vinyl ester resins means that these chains can absorb energy resulting in a 

polymer which is overall tougher than the alternatives.  
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Some of the reason for vinyl ester resins desirable properties is that they maintain the 

positive characteristics from the substances they are produced from. Vinyl ester resins 

have similar excellent chemical resistance and tensile strength to epoxy resins. Also, 

they have the desirable low viscosity and fast curing properties which polyester resins 

have. Vinyl ester resins have similar tensile and flexural properties to other epoxy resins. 

The two properties which are weaker in vinyl ester resins compared to epoxy resins and 

polyester resins are firstly, the volumetric shrinkage higher which is undesirably, and 

vinyl ester resins can have a lower adhesive strength (Guo et al., 2008, Guo et al., 2007, 

Mallick, 2007). 

   

Table 2.4: Comparison of eight properties of vinyl ester resins versus two common 

alternatives, polyester resins, and epoxy resins (Holbery and Houston, 2006). 
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2.3 Natural Fibres Eco-composites 
 

2.3.1 Introduction  
 
The replacement of conventional materials with biodegradable ‘green’ materials is an 

important goal articulated in charters of sustainability worldwide. This message of a 

greater need to recycle and reuse, as well as strong and criteria for cleaner and safer 

environment, has directed scientific research to materials that can be easily degraded or 

bio assimilated (Liu and Hughes, 2008). Eco-composites are an important example. Eco-

composites are composites materials that contain natural fibres, natural polymers, or a 

combination of both. These composites derive their name from the environmental and 

ecological advantages that they have over conventional composites (Bogoeva-Gaceva, et 

al., 2007, Low, et al., 2009). 

 

Some examples of natural fibres include flax, hemp, jute, pineapple and sisal (Cheung et 

al., 2009). Part of the reason for the interest in greener substances is that there is growing 

global concern over the rapid depletion of petroleum resources, greenhouse gases issues, 

and a greater need to recycle and reuse. Some regions such as the European Union and 

Japan have legislation which states that a particular percentage of a vehicle must be 

reused or recycled. This percentage is approximately 80% to date and is set to increase 

in the coming years. Thus, more and more, scientists are looking to use materials which 

have a greater compatibility with the environment (Bogoeva-Gaceva et al., 2007, 

Holbery and Houston, 2006). Developing products with promote a global sustainability 

message has now become very important for manufacturers. Below is an example of a 

well-known automobile company, Mercedes-Benz. Figure 2.10 shows the 50 different 

products which are made from flax, hemp, sisal, and wool natural fibres which are 

incorporated into the E class series of cars (Hossain et al., 2011, Monteiro et al., 2009). 
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Figure 2.10: Fifty components made from natural fibres which are part of Mercedes-

Benz’s E series of cars (Holbery and Houston, 2006). 

 
The below five points are the perceived benefits of using natural fibres over synthetic 

fibres. Firstly, natural fibres are environmentally friendly. There are two reasons for this 

– they are biodegradable, so they will not stay on the earth’s surface for millions of years 

unlike some plastics and so on, also the energy required to produce these fibres is low 

especially compared with the consumption required to produce glass and carbon fibres 

(Osorio et al., 2011). Secondly, natural fibres have a lower density 1.25-1.5 g/cm3 

compared with 1.8–2.1 g/cm3 for carbon fibres and 2.54 g/cm3 for E-glass. What this 

means is that the final product with reinforced with natural fibres is lighter than a 

synthetic reinforced product (Sgriccia et al., 2008). Thirdly, natural fibres can have an 

excellent modulus-weight ratio. This makes them successful in stiffness-critical designs 

(Arora et al., 2012). Fourthly, natural fibres have excellent acoustic damping properties. 

This makes them preferable to glass or carbon for noise attenuation which is a 

requirement for automobile interior products (Anuar and Zuraida, 2011). 
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2.3.2 Fabrication of natural fibres eco-composites 
 
Natural fibre composite production is, on the whole, similar to the production of 

synthetic fibre composites. Two basic differences are that the temperature must not 

exceed 200°C and the time the composites are exposed to the heat must be shorter. The 

reason for this is to avoid the decomposition of the natural fibres (Bogoeva-Gaceva et 

al., 2007, Sgriccia et al., 2008). There are a number of areas of consideration 

manufactures must reflect on before choosing which technique to use to produce natural 

fibre composites. The production technique will impact on the final product form, the 

overall cost, the properties of the composite, the overall energy required to produce the 

composite (Holbery and Houston, 2006). However, there are at least five recognized 

techniques for natural fibre composite production.  

 

The first is injection molding. This technique is the most commonly applied method for 

natural fibre synthesis. Injection molding is especially useful when delicate shapes are 

required in high volume. This technique is reportedly useful in providing dimensional 

tolerance. However, there have been reports of issues with ensuring consistent quality 

with this production type. The process to improve this shortcoming is known as direct 

long fibre thermoplastic (D-LFT) molding. This injection molding technique involves 

fibres spooled into a heating zone, mixed with thermoplastic, and then cut at the required 

length. Several companies including BMW are still working to improve D-LFT 

(Holbery and Houston, 2006, Wan Abdul Rahman et al., 2008). 

 

Compression molding is a second technique for the production of natural fibre 

composites. Different from injection molding using thermoplastics, compression 

molding uses thermosets. Compression molding is also a widely used technique is the 

automobile industry particularly for the production of light and thin structures. The 

advantage of this technique is that it is a quick process which gives very low fibre 

attrition. Within this style of fabrication is an associated technique, sheet molding 

compound (SMC). Both of these techniques work by extruding large thermoplastic 

bundles of fibres and putting them into a compression mold. The compression is then 

applied to mold the composite. However, one of the major drawbacks of this technique 
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is that it has a high initial capital cost to prospective manufacturers (Sreekumar et al., 

2007, van Voorn et al., 2001). 

 

Two more recent natural fibre composite production techniques are resin transfer 

molding and vacuum-assisted resin transfer. The two main benefits of these techniques 

are that they offer the most effective compounding conditions and that the temperatures 

required are too high as to damage the natural fibres. For these reasons, these two 

techniques are useful for creating composites with high fibre content (up to 70 %) and 

with good devolatilization. Nonetheless, these techniques, resin transfer molding and 

vacuum-assisted resin transfer, share the same shortcoming as other types of 

compression molding in that they are expensive to set up (Bogoeva-Gaceva et al., 2007, 

Holbery and Houston, 2006).   

 

A fifth technique is compounding processes. This technique is straightforward and 

involves natural fibres being mixed into a thermoplastic matrix. There are a number of 

compounding processes which are used in laboratories and factories today; the most 

notable are extrusion compounding process, kneading compounding process, as well as 

high-shear compounding process. The first, extrusion, involves a heated barrel. What 

happens is essentially the materials are fed in together, heat is applied, mixing is 

comprehensive, devolatilization occurs, and finally the material is extruded through a 

die. The second technique, kneading, requires continuous kneading from mixers which 

consist of intermeshing rotors in a heated system. The rotors, usually two, are high 

torque, low speed rotors. A pelletizer is then used to cut off pellet sized products.  The 

third compounding process is high-shear compounding. This technique is similar to 

kneading; however, the machines used are more robust. (Sun et al., 2009, Thomason, 

2005).  
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2.3.3 Properties of Natural Fibre Eco-composites  
 

 
2.3.3.1Introduction 
 
Studies on the preparation and characterisation of thermosetting and thermoplastic 

composites reinforced with flax, sisal, oil palm, henequen, jute, banana, wood pulp, 

stinging nettle, coir, or hemp natural fibres with and without treatment have been 

extensively conducted in more recent decades (Ratna Prasad and Mohana Rao, 2011, 

Sreenivasan et al., 2011). Currently, increasing interest has been drawn to the use of 

these natural fibres to reinforce polymer composites due the natural fibres’ low cost, low 

density, excellent tensile mechanical properties and most recently the benefits of 

biodegradability, reduced tool wear (nonabrasive to processing equipment), enhanced 

energy recovery, and CO2 neutrality when burned has driven a renewed enthusiasm from 

academics and industry (Liu and Hughes, 2008, Low et al., 2009). The potential 

application for natural fibres is replacing the more expensive and denser conventional 

glass fibres, talc and mica in composite materials. Natural fibres, thus, offer lower cost 

and density while providing high toughness and acceptable specific strength (Low et al., 

2007). Natural fibres are now believed to hold significant potential for the transportation 

and construction industries and may even be seen increasingly applied in consumer 

goods many other common applications in the near future (Harish et al., 2009). 
 
 
2.3.3.2 Mechanical properties  
 
Natural fibres are generally added to polymer matrix composites to produce materials 

with the desirable mechanical properties of higher specific strength and higher specific 

modulus while at the same time materials that maintain a low density and low cost. The 

mechanical performance of these composites is dependent on the type of natural fibre, 

its treatment, the type of polymer matrix, additives, and processing methods (Clemons 

and Caulfield, 2005, Low et al., 2009). Fibre orientation has also been recognized as an 

important determinant. However, most recently, fibre-matrix adhesion is believed to be 

the primary determinant in mechanical performance and overall composite quality 

(Herrera-Franco and Valadez-González, 2005). The role of the matrix, in a fibre 

reinforced composite, is to transfer the load to the stiff fibres through shear stresses at 
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the interface. A good bond between the polymeric matrix and the fibres is required in 

this process (Bakare et al., 2010).  

 

Natural fibres can have mechanical properties which are comparable or better than 

synthesised fibres. For example, flax fibres were found to have a tensile strength of 1340 

MPa, Young’s modulus of 54 GPa, and a density of around 1500 kg/m3. In contrast, E-

glass fibre were found to have a tensile strength of 2000 MPa, a Young’s modulus of 76 

GPa and a density around 2560 kg/m3 (Liu and Hughes, 2008). The impact strength, a 

measure of toughness, of polymers is also reported to be enhanced through the addition 

of natural fibres and furthermore by the chemical and physical treatment of the natural 

fibres (de Albuquerque et al., 2000). 

 

Using jowar, sisal, and bamboo fibres, Prasad and Rao (2011) investigated the effect of 

increasing volume fraction of these fibres on the mechanical properties of polyester 

composites (Ratna Prasad and Mohana Rao, 2011). The flexural strength and the 

flexural modulus of all of the composites considered by Prasad and Rao (2011) were 

found to increase with the addition of jowar, sisal, and bamboo fibres as shown in Table 

2.5.   

 
Table 2.5: The flexural properties of jowar fibre composites, along with other natural 

fibre reinforced composites at 0.40 volume fraction of fibre (Ratna Prasad and Mohana 

Rao, 2011). 

Name of the 

Composite 

Volume fraction 

of fibre 

Ultimate flexural 

strength (MPa) 

Flexural  

modulus (GPa) 

Plain polyester 0.00 55.08 1.53 

Jowar 0.407 134 7.87 

Sisal 0.40 99.5 2.49 

Bamboo 0.40 128.5 3.70 

 

The flexural strength and flexural modulus of the jowar, sisal, and bamboo fibre 

reinforced composites was also found to increase with an increasing volume fraction of 

each fibre. As shown in figure 2.11 and figure 2.12.  
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Figure 2.11:  Effect of volume fraction of fibre on mean flexural strength of various 

natural fibre composites (Ratna Prasad and Mohana Rao, 2011). 

 

 
Figure 2.12: Effect of volume fraction of fibre on mean flexural modulus of various 

natural fibre composites (Ratna Prasad and Mohana Rao, 2011). 

 

In figure 2.11, it can be seen that jowar fibre composites dominate the bamboo and sisal 

composites in terms of flexural strength beyond the volume fraction of fibre of 0.34. 

Figure 2.12 shows that the jowar fibre composites also had superior flexural modulus 

compared to the bamboo and sisal. The researchers believe that this may be due to the 

stronger bonding of the jowar fibres with the polyester matrix (Ratna Prasad and 

Mohana Rao, 2011). 
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Oksman et al. (2009) studied the mechanical properties of sisal, banana, jute, and flax 

with and without treatment as reinforcement materials for polypropylene (PP). Like 

Prasad and Rao (2011), Oksman et al. (2009) found that the flexural modulus of all 

composites increased with fibre content (20, 25, 30, 35, 40 and 45 wt.%). For example, 

while a flexural modulus of 1.3 GPa was found for pure PP, for composites with 44% 

jute fibres, the modulus was increased to 4.9 GPa (Oksman et al., 2009). With respect to 

flexural strength, the table indicates that in this study, the addition of untreated fibres did 

not enhance this property. The researchers believe this is due to poor adhesion between 

the untreated fibres and the matrix causing poor stress transfer from the matrix to the 

stronger fibres (Oksman et al., 2009). The researchers, however, found that flexural 

strength of the composites was significantly improved in the cases where 2 wt.% 

maleated polypropylene (MAPP) was used to treat the sisal, jute, and flax fibres. For 

example, the improvement was most significant for PP–flax where the strength 

increased from 40 MPa to 79 MPa and PP–sisal composites where strength increased 

from 46 MPa to 75 MPa (Oksman et al., 2009). 

 

Flax was considered by the researchers to provide most superior mechanical properties 

of the natural fibres tested when used to reinforce PP. The micrographs for the untreated 

natural fibres composites, below, figure 13 a, b, c, and d provide explanation for the 

better performance of this fibre.  The flax fibres appear smoother than the sisal and 

banana fibres which appear coarse. The flax fibres are also the thinnest and the most 

evenly distributed fibres in the PP compared to sisal, banana, and jute. Furthermore, the 

flax fibres can be seen as taking single fibre form, which suggests that during the 

extrusion process the fibres were separated. The lower lignin content of flax compared 

with other fibres is believed to be a reason causing the favourable dispersion, an 

important determinant of strong mechanical properties (Oksman et al., 2009). Clean 

surfaces of the untreated fibres in the composites can be seen in the micrographs below. 

Oksman et al. (2009) believe these surfaces are indicative of poor adhesion between the 

fibres and the matrix, which is a major determinant of lower flexural strength. 
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Figure 2.13: Over-view of fractured composite surfaces: (a) PP–sisal, (b) PP–flax, (c) 

PP–banana and (d) PP–jute (Oksman et al., 2009). 
 
 

On the other hand, the micrograph below, figure 2.14, shows the fracture surfaces of the 

treated flax-PP composites. The change in the appearance of the fibre breakages and the 

decreased number of pull-outs compared to untreated flax-PP indicates improved 

adhesion between the fibres and matrix according to Oksman, et al. (2009). 
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Figure 2.14: Fractured surface of PP–flax composite with 2 wt.% MAPP (Oksman et al., 

2009). 

 
Venkateshwaran, et al. (2011) studied the role of fibre length on strength properties of 

composites. The mechanical properties of composites reinforced with natural fibres in 

these studies were found to increase to a certain limit due to increasing fibres length and 

weight percentage (Venkateshwaran et al., 2011). For example, in Venkateshwaran et 

al.'s (2011) studies, tensile strength, flexural strength and impact strength peaked at 

16.39 MPa, 57.53 MPa and 13.25 kJ/m2 for 5 mm, 15 mm and 15 mm fibre lengths and 

12, 16 and 16 weight percentages respectively, but then declined. The decline in 

properties of strength in composites with natural fibres exceeding optimal fibre length is 

explained by Venkateshwaran et al. (2011). While the mechanism of pull-out 

strengthens the composite with increasing fibre length, at a point if fibre length is too 

long material failure will occur due to an absence of fibre-matrix interaction causing 

agglomeration and uneven distribution of fibres throughout the matrix (Venkateshwaran 

et al., 2011). Figure 2.15 from this study shows void creation due to fibre pull-out. 
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Figure 2.15: SEM micrograph of tensile fractured surface of 50/50 hybrid composite 

(Venkateshwaran et al., 2011). 

 
 
Wong et al. (2010) conducted a study on the effect of bamboo fibre length and 

concentration on the fracture toughness properties of composites. Figure 2.16 shows 

how composites reinforced with fibre display favourable properties of toughness 

compared to thermosetting polymers which while rigid are highly brittle. Wong et al. 

(2010) found that for 4 mm, 7 mm and  10 mm lengths of fibre, 10 vol.%, 40 vol.%, and 

50 vol.% concentrations of fibre gave the highest toughness properties.  The highest 

fracture toughness, KIC, attained was 1.73 MPa.m1/2 for the 10 mm/50 vol.% composite. 

This represents a 340% of improvement in fracture toughness compared to neat 

polyester. The second highest fracture toughness result was obtained by 7 mm/40 vol.% 

followed by 4 mm/10 vol.%. Wong et al.’s (2010) findings suggest that fibre length is 

another important parameter in affecting the fracture resistance. 
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Figure 2.16: Effects of fibre volume fraction on fracture toughness of the composite 

(Wong et al., 2010). 
 
Wong et al.'s (2010) investigation of fracture surfaces reveals marked difference in the 

smoothness of fracture surfaces between samples of neat polyester and composites. The 

comparatively smooth fracture surface is shown in Figure 2.17a. Crack growth 

propagates unrestrained upon external loading. Plastic deformation present near crack tip 

exacerbates plastic zone generation (Wong et al. 2010). In contrast, the fracture surface 

of 7 mm/30 vol% composite displays fibres extruding from the surface evidencing fibre 

pull out (Figure 17b). These extruding fibres are an indication of the crack deflection 

mechanism provided by the fibres. Fibre pull out is an indicator of crack fronts having 

intersected with the interface between matrix and fibre and causing fibre de-bonding. 

The phenomenon absorbs energy toughening the composite and the dissipation of energy 

is further evident from fibre end damage and split of fibres (Wong et al. 2010). 
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Figure 2.17: (a) Fractured surface morphology of neat polyester, (b) of 7 mm/30 vol.% 

composite, (c) of 4 mm/40 vol.% composite, (d) of 10 mm/40 vol.% composite (Wong, 

et al. 2010). 

 
 
Wong et al. (2010) attribute the lower toughness properties of composites reinforced 

with shorter fibres (4 mm/40 vol% composite) to the less available fibre surface on 

shorter fibres (4 mm/40 vol% composite) leading to less absorption of fracture energy 

during the mechanism of pull-out and the presence of fibres experiencing no damage at 

all during pull-out indicative of failure of energy dissipation. These observations can be 

seen in figure 2.17c. Given increases in fibre length, (10 mm/40 vol% composite) 

highest fracture toughness is obtained at higher fibre volume fraction according to Wong 

et al. (2010). This postulation confirms further that longer fibres tend to dissipate energy 

more effectively. Figure 2.17d shows fibre damage of a comparatively severe extent on 

extruding fibres. With more surface area of fibre available at high fibre content, fracture 

resistance is increased (Wong, et al. 2010). Wong, et al (2010) concluded that the range 
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of composite samples demonstrated higher properties of fracture toughness compared to 

the neat polyester. Energy dissipation, vital for enhancement of fracture toughness, is 

believed to be caused through matrix plastic deformation, fibre de-bonding, fibre pull-

out and fibre damage, all underpinned by the initial mechanisms of crack-tip blunting, 

crack deflection and crack pinning (Wong, et al. 2010). 

 
Stocchi et al. (2007) conducted a study on the effect of various fibre surface treatments 

on the properties of strength and toughness of composites. Stocchi et al (2007) found 

that alkali-treated fibre composites gave the highest flexural strength values most likely 

attributable interfacial adhesion of a higher level between fibre and matrix. Silicone-

treated fibre composite was found to have favourable properties of toughness which is 

most likely attributable longer pull-out lengths. The mechanical behaviours exhibited by 

Stocchi and team’s composites were in agreement with fracture surface observations. 

Figure 18(a-c) provides SEM micrographs of the fracture surfaces of the composites 

with different fibre treatments. The figure shows pull-out length greater for non-treated 

fibre composites (Figure 18a) and silicone-treated fibre composites (Figure 18b) which 

were found to have favourable toughness. This can be contrasted with the alkali-treated 

fibre composites (Figure 18c) in which a greater number of fibres pulled out by a short 

length. This observation serves as evidence of the stronger adhesion between the fibre 

and matrix in this composite causing the properties of lower toughness and higher 

strength (Stocchi, et al. 2007). 
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Figure 2.18: SEM micrographs of fracture surfaces of the composites with different fibre 

treatments broken in tension (a) Composite with non-treated fibre. (b) Composite with 

silicone-treated fibre (c) Composite with alkali treated fibre. (d) Composite with 

acetylated fibre (internal view of a pulled-out yarn) (Stocchi et al., 2007) 

 
 
To sum up, in fibre reinforced composites, the role of the matrix is to transfer the load to 

the stiff fibres through interfacial shear stresses. Adhesion quality between matrix and 

fibres is therefore a key determinant in the mechanical properties of composites 

reinforced with natural fibres (Mylsamy and Rajendran, 2011). The strength properties 

of the composite will be dependent on the effectiveness of the matrix, once subjected to 

load, in transferring stress to fibre and the fibre in carrying the load. This effectiveness 

can be improved through chemical or physical treatment of the surface of natural fibres 

(Anuar and Zuraida, 2011; Stocchi et al., 2007). It is also necessary to refer to crack 

deflection, de-bonding between fibre and matrix, pull-out and fibre -bridging, which are 

also believed to be important mechanisms of energy absorption in composites reinforced 

with natural fibres. Amongst these it is difficult to determine with accuracy the dominant 
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mechanisms leading to enhanced toughness (Silva et al., 2006, Venkateshwaran et al., 

2011, Wong et al., 2010). 
 
 
2.3.3.3 Water absorption behaviors  
 
It is generally accepted that the shortcoming of natural fibres is their water absorption 

behaviors. Increased fibre content tends to result in increased moisture absorption 

(Dhakal et al., 2007). Wang et al. (2006) refer to this as the hygroscopicity of the fibres. 

In the long-term, the performance of materials using these fibres is compromised (Wang 

et al., 2006). The mechanism of water absorption is natural fibres is well understood. On 

exposure to moisture, the very first molecules of water are directly absorbed by the 

hydrophilic groups of the natural fibre material (Chen et al., 2009). Then, the second 

groups of water molecules are attracted to other hydrophilic groups that may be present, 

or alternatively, the second group of water molecules may be attracted to the top of the 

already absorbed water molecules. If the conditions of high humidity exist, surface 

tension forces may be sufficient to hold liquid water in capillary spaces (Athijayamani et 

al., 2009; Chen et al., 2009). 

 
Similarly, for all general polymer composites, such as polymer/natural fibres 

composites, conditions of high humidity, or high water content, result in surface 

absorption of moisture which is instantaneous. Once taken up, the moisture diffuses 

through the matrix. This process continues, namely, the moisture concentration increases 

with time, until equilibrium level, also the material’s saturation point (Alhuthali et al., 

2012; Kim and Seo, 2006).  This phenomenon is generally represented with an 

absorption curve, which compares and contrasts weight gain with exposure time. 

Generally, absorption rate is rapid initially and then tapers off before reaching a plateau, 

namely, the point it approaches equilibrium (Doan et al., 2006). This process considered 

best described generally by Fickian diffusion behavior (Vilay et al., 2008). 

 

The moisture diffusion mechanism for both polymers and polymer composites is also 

well understood. Fick’s second law has been developed to describe non-steady state 

diffusion. This model is discussed by a number of research teams including Kim et al. 
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(2005), Liu et al. (2008), and See et al. (2009).  Fick’s second law, with a constant 

diffusivity, represented by D, using the Cartesian coordinate, x, y, and z, explains 

moisture diffusion (Kim and Seo, 2006; Liu et al., 2008b): 
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In the above equation, equation 2.1, c represents the diffusing substance concentration 

while t represents time. With one-dimensional diffusion moving through a plate of 

thickness which is infinite, i.e. h, the equation 2.1 is reduced to:  
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If the sheet, is isotropic, and has finite thickness, the equation solution, is dependent of 

time, t, and distance, x, and is shown as below (See et al., 2009):  
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In the above equation, equation 2.3 C ∞ is the absorbed substance’s saturation 

concentration. Looking at equation 2.3 again when it is solved with boundary conditions, 

namely, c = 0 when t = 0 and 0 ≤ x ≤ h; c = C ∞, when t > 0, x = 0, x = h; and x
c
∂

∂ = 

0 when x = 0, t > 0, therefore the expression for relative moisture uptake is as follows 

(Dhakal et al., 2007; See et al., 2009): 
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In the above equation, equation 2.4 Mi indicates the mass gain with reduced time and M∞ 

indicates the maximum mass gain which is present at saturation point. During the linear 

relationship, initially, diffusion, as shown in equation 2.4 is approximated by the 

equation 2.5 (Alhuthali et al., 2012; Kim et al., 2005): 
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Then the diffusion quantity from the above equation, equation 2.5 can be drawn out 

through using the below equation 2.6 (Dhakal et al., 2007): 
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While pure polymers have low water absorption properties, which are desirable for 

materials, polymer/natural fibre composites tend to have higher behaviours of water 

absorption. Results from experiments show that increasing the natural fibre content 

results in an increased capacity for water molecules to be absorbed.  

 

Espert et al. (2004) also studied water absorption in polymer/natural fibre composites 

with ethylene vinyl acetate copolymer and sisal fibres. The group compared dried 

samples with water exposed samples and found that the water absorption curves 

displayed the well-established behaviour of rapid absorption then slowing as 

approaching saturation point. The figure below, figure 2.19, shows the results for three 

PPEVA/cellulose composites, namely, 10 wt.%, 20 wt.%, and 30 wt.% fibre. Espert et 

al. (2004) concluded that it was due to the hydrophilic character of the natural fibres that 

led to greater water absorption. 
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Figure 2.19: Water absorption curve for three PPEVA/cellulose composites, 10 wt.%, 20 

wt.%, and 30 wt.% fibres (Espert et al., 2004). 

 

 
Dhakal et al. (2009) studied the percentage of weight gain with unsaturated polyester 

known as UPE with hemp fibres. The researchers produced composites with different 

layered structuring of the hemp fibre. The team reported that four different fibre volume 

fractions were used in the experiment, namely, 0, 0.15, 0.21 and 0.26. The results are 

shown in the figure below, figure 2.20. Put simply, the higher the proportion of hemp 

fibre content, the higher the weight gain of the substance.  Dhakal et al. (2009) argued 

that it was the hemp fibre’s water uptake characteristics which led to the increase.  They 

stated that the high cellulose content, 74%, led to swelling and stress creation within the 

composite. This finding is consistent with earlier studies (Kim and Seo, 2006). The team 

also added that micro cracking was occurring within the matrix due to fibre swelling 

leading to water absorption due to allowing increased capillarity mechanism, namely, 

the flow of water molecules.  

 

71



 
Figure 2.20: Water absorption curves showing weight gain by different polyester and 

hemp composites at room temperature (Dhakal et al., 2007). 

 

Athijayamania et al. (2009) also conducted similar studies into the effect of fibre content 

on the water absorption tendencies of composites. The below figure, Figure 2.21, shows 

the increasing water absorption with larger proportions of fibre.  
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Figure 2.21: the effect of fibre content on water absorption across three fibre lengths (a) 

50 mm, (b) 100 mm, and (c) 150 mm (Athijayamani et al., 2009). 

 
The findings shown in the above graphs support the accepted concept that increased 

fibre content will mean increased water absorption. The team explained the phenomenon 

as a result of increased microvoid formation in the matrix resin. However, one new 

finding by Athijayamania et al. (2009) was that increasing the length of fibre, from 50 

mm, to 100 mm, to 150 mm, resulted in increased moisture absorption 

 

2.3.3.4 Thermal properties  
 
The thermal properties of polymers and polymer composites are studied to provide 

information about the structure-property relationship of these materials. The 

development of thermo-resistant polymers and ablation problems to the stabilization of 

thermolabile polymers can be better understood through thermal analysis. The 

investigation of thermal properties is important for the production of natural fibres 

reinforced composites as it provides information about molecular design and the 
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mastering of production technology (Joseph et al., 2003). TG is an accepted method for 

studying the thermal properties of polymeric materials. Thermal breakdown, weight loss 

of the material in each stage, and threshold temperature can be obtained using TG. 

Derivative thermogravimetry (DTG) can be used to provide data concerning the nature 

and extent of degradation of the material. Another one of the methods is differential 

scanning calorimetry (DSC), which measures the heat flow rate associated with a 

thermal event as a function of time and temperature. In conducting this assessment, DSC 

can reveal data in regards to composite system melting and phase transitions (Joseph et 

al., 2003; Zhang et al., 2006). 

 
Joseph et al. (2003) conducted studies into the thermal properties of isotactic 

polypropylene /sisal composites containing 30% fibre aiming to detect changes in 

thermal behaviour on modification by chemicals. A urethane derivative of 

polypropylene glycol (PPG/TDI) and maleic anhydride modified polypropylene (MAPP) 

were used to modify sisal fibre. The aim of the modifications was to improve the 

interfacial adhesion between the fibre and matrix. Joseph et al.’s (2003) 

thermogravimetric curve results for are shown in Figure 2.22. Using a temperature range 

of 30–650ºC, dehydration and degradation of the natural fibre, lignin, was found to 

between temperatures 60–200ºC. The cellulose was almost completely decomposed at 

350ºC. The polypropylene (PP) decomposed at a temperature higher than the fibre at 398 

ºC. The favourable thermal properties of the composite, compared to isolated fibre or 

PP, is shown in the following figure. The composite system degrades later than the PP 

matrix and the fibre alone indicative of a higher thermal stability for the composite. 

Improved fibre–matrix interaction is believed to be the reason for the increased stability 

of the composite. Joseph et al.’s (2003) DTG curve results, as can be seen in Figure 

2.23, also support the favourable thermal properties of the composite. For sisal fibres, a 

peak can be observed at 65ºC which represents the heat of vaporisation of water from 

the fibre. A second peak is observed at 350ºC which is believed to represent thermal 

depolymerisation of hemicellulose and cleavage of the glycosidic linkage of cellulose. A 

third peak is observed for sisal at 550ºC is believed to indicative of formation of tar due 

to further decomposition of products. For PP, at 400ºC a peak is observable believed to 

be indicative of degradation of PP’s saturated and unsaturated carbon atoms. For the 

74



sisal/PP composite, a minor peak at 368ºC is present believed to indicative of the 

degradation of cellulose, and more significant peak at 476ºC is present believed to 

correspond to the degradation of de-hydro cellulose. Figure 2.23 clearly shows a shift in 

the major peak in the sisal-PP composite highlighting the enhancement of thermal 

stability in composite compared to fibre and neat PP, and showing the favourable effect 

of the fibre/matrix interaction (Joseph et al., 2003). 

 

 
Figure 2.22: Thermogravimetric curves of (a) sisal fibre, (b) PP and (c) sisal fibre/PP 

composite containing 30% by wt of fibre (Joseph, et al. 2003). 

 

 
Figure 2.23: DTG curves of (a) sisal fibre, (b) PP and (c) sisal fibre/PP composite 

containing 30% by wt of fibre (Joseph, et al. 2003). 
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Joseph et al. (2003) found that the extent of degradation at a given temperature in 

chemically modified sisal/PP composites (fibre content, 20%) was less than that of 

untreated sisal/PP composite. This is shown in Figs. 2.24 and 2.25 where the shift in 

degradation temperature to a slightly higher region can be seen for treated composites. 

Joseph et al. (2003) believe that coupling agents associated with chemical modification 

form additional bonds between fibre and matrix and improve fibre/matrix adhesion. The 

esterification reaction between cellulose fibre hydroxyl groups and anhydride 

functionality of maleated PP was believed to be one of the reasons underpinning 

improved fibre/matrix adhesion in MAPP treated sisal fibre/PP composite resulting in 

enhanced thermal stability compared to the untreated sisal fibre/PP composite (Joseph et 

al., 2003). 

 

 
Figure 2.24: TG curves showing the effect of fibre treatment given to sisal fibre in 

sisal/PP composite; (a) untreated fibre composite, (b) TDI/PPG treated fibre composite 

and (c) MAPP treated fibre composite, fibre content, 20% by wt (in all cases) (Joseph, et 

al. 2003). 

 

76



 
Figure 2.25: DTG curves showing the effect of fibre composite treatment given to sisal 

fibre in sisal/PP composite; (a) untreated fibre, (b) TDI/PPG treated, fibre composite and 

(c) MAPP treated fibre composite, fibre content 20% by wt (in all cases) (Joseph, et al. 

2003). 

 
De Rosa et al. (2010) investigated the thermal stability of Phormium-tenax fibres, neat 

epoxy, and Phormium-tenax fibre/epoxy composite containing 20 wt.% fibre. TG 

curves, in Figure 2.26a, show whilst the initial weight loss (~ 8%) between 37 and 

130оC corresponds to vaporization of water from fibres, the onset of thermal degradation 

for Phormium-tenax fibres occurs slightly after 200оC (De Rosa et al., 2010). 
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Figure 2.26:  (a) TG and (b) DTG curves of neat resin, Phormium-tenax fibres, and 

Phormium-tenax reinforced composites (De Rosa, et al. 2010). 

 
Thermal depolymerisation of hemicellulose, pectin, and cleavage of glycosidic linkages 

of cellulose is believed to be indicated in the figure between the temperatures of 200–

305оC. Decomposition of a-cellulose occurs between 305-370оC.  Decomposition of 

lignin occurs between the wide temperature ranges of 200 to 900оC. The structure of 

lignin having an aromatic structure with various branches is believed to be the reason for 

the wide range of decomposition temperatures. At 700оC, the residual weight of 

Phormium tenax fibres was equal to 15.7 wt.%. The DTG curves, in Figure 2.26b, reveal 

that at 335оC, neat epoxy decomposes.  At 337оC, most cellulose decomposition occurs. 

At 347оC, composite decomposition occurs. These results highlight the improved 

thermal stability of the system fibre–matrix compared to neat epoxy and fibres further 

emphasising the positive effect of fibre–matrix interaction on thermal stability (De Rosa, 

et al. 2010). 

 

Bakare et al. (2010) also conducted a thermal stability study with sisal fibre; this time 

with rubber-seed oil-based polyurethane (RSOPU) composite. The TGA results can be 

seen in Figure 2.27. For sisal fibre, release of moisture occurs at around 100оC. The 

decomposition of cellulose, lignin and hemi cellulose occurs at between 250 and 480оC. 

For the RSOPU, at 215оC, decomposition occurs. For sisal fibre, TGA step analysis 
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from 30 to 100оC revealed mass drop percentage of 3.6%. Later at 200оC, the mass drop 

percentage for sisal fibre was 4.2%. For RSOPU and sisal fibre/RSOPU composite, no 

mass drop occurred before 200оC. At 400оC, 66% of the sisal fibre had undergone 

degradation while at the same time temperature only 50% of RSOPU had undergone 

degradation. Sisal fibre/RSOPU composites had undergone 64% degradation at this 

temperature. At 500оC, sisal fibre had a residual weight of 25% with RSOPU and sisal 

fibre/RSOPU composites had only 16% and 17%, respectively. Bakare et al. (2010) 

concluded that the thermal stability of sisal fibre/RSOPU composites was intermediate 

in relation to the thermal stabilities of the fibre and pure matrix. Given the results of 

Josepha et al.'s (2003) and De Rosa et al.'s (2010) studies in which thermal stability of 

composites was greater than fibre and pure matrix attributed to fibre/matrix interaction, 

it is suggested that the interaction between fibre and matrix in the sisal fibre/RSOPU 

composite developed in this study was unsatisfactory.  

 

 
Figure 2.27: TGA curves of (a) sisal fibre (b), RSOPU and (c) sisal fibre/RSOPU 

composite (Bakare et al., 2010). 

 
Yu et al. (2010) conducted studies into the thermal properties of PLA/ramie composites 

containing (30 wt.%) fibre aiming to detect changes in thermal behaviour on 

modification of the surface of ramie by silane and alkali treatments. Figure 2.28 shows 

79



the TGA/DTG reveals at 328оC thermal degradation of PLA is complete. An interesting 

result is that the PLA/ untreated-ramie composites enter degradation at a lower 

temperature compared to pure PLA, which may be due to composite process by the two-

roll mill. The thermal degradation temperatures of PLA/treated-ramie composites, 

nonetheless, were found to be higher than the PLA/ untreated-ramie composites. The 

chemical bond between PLA matrix and ramie fibre is believed to be enhanced by the 

treatment of the surface of the fibres ultimately improving interfacial adhesion and 

consequently increasing thermal stability. Composites with silane-treated fibre were 

found to have higher thermal degradable temperature than those composites with alkali 

treated fibre suggesting that the chemical bond at the interface between silane-treated 

ramie fibres and PLA is stronger than the chemical bond formed at the interface between 

alkali-treated ramie fibre and PLA (Yu et al., 2010). 

 

 
Figure 2.28: Thermogravimetric curves (inset: DTG curves) of PLA and PLA-based 

composites: (a) neat PLA (by two-roll mill), (b) composite with untreated fibre (c) 

composite with fibre treated by alkali, (d) composite with fibre treated by silane 1, and 

(e) composite with fibre treated by silane 2 (Yu et al, 2010). 

 
Yu et al. (2010) also studied the Vicat softening temperature with pure PLA and its 

composites (Figure 2.29). While the untreated composite was found to have a lower 

thermal stability in TGA/DTG compared to pure PLA, here, the softening temperature of 
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untreated composite was found to be higher than that of pure PLA. The role in fibre in 

reducing polymer deformation is believed to be responsible for this result. However, the 

remainder of the softening temperature results were found to be in agreement with the 

results of TGA/DTG with all treated composites give higher softening temperature 

results compared to the untreated samples and treatment with silane leading to slightly 

higher softening temperature compared to treatment with alkali (Yu et al, 2010). 

 

 
Figure 2.29: Vicat-softening temperature of neat PLA and PLA-based composites (Yu et 

al, 2010). 

In summary, the addition of fibres to polymer matrices is almost always found improve 

the thermal properties of the resultant composite. Furthermore, treatment of the surface 

of fibres can be used to enhance the thermal properties of natural fibre polymer 

composites. Chemical modification using treatment of surface of fibres improves 

interfacial adhesion between surface of the fibre and matrix which is believe to be a 

principal factor leading to the  enhancement of thermal properties in natural fibre 

composites.  
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2.4 Polymer Nanocomposites 
  
2.4.1 Introduction 

 
Polymer nanocomposites are polymer-based hybrids which contain a component with at 

least one nano-sized (1- 100 nm) dimension (Yong and Hahn, 2006). Nanoparticles have 

a large surface area to mass and therefore display extraordinary properties. These 

remarkable properties arise from the phase interactions which occur at the interfaces. As 

there is a higher surface area, there is a greater interfacial matrix interaction. In other 

words, polymer nanocomposites offer improved internal adhesion of the components 

due to a desirable aspect ratio and lesser required amounts of fillers (Rodgers et al., 

2005, Yong et al., 2008, Zeng et al., 2005). The interest in polymer nanocomposites 

comes from the hybrid’s excellent mechanical properties as well as its electrical, optical, 

and thermal advantages (Mallick, 2007, Pavlidou and Papaspyrides, 2008). For this 

reason, particularly in the past decade, polymer nanocomposites have attracted wide 

research and development attention. There are a number of categories of substances 

which can be combined with polymers. Table lists some of these substances that can be 

used in combination with polymers to form nano-composites.    

 
Table 2.6: Examples of layered host crystals used in this type of composite (Gacitua et 

al., 2005). 
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2.4.2. Categories of nanoparticles  
 
All nanoparticles by definition should be less than 100nm in diameter as mentioned 

previously (Hussain et al., 2006). There are three categories of based on the number of 

dimensions in the nano-scale. The first are three-dimensional nanoparticles, i.e three 

dimensions in the nano-scale. Examples of three-dimensional nanoparticles include 

spherical and polyhedral shapes such as colloidal silica and silicon carbide. Other 

examples of three-dimensional nanoparticles include carbon black, silica nanoparticle, 

polyhedral oligomeric sislesquioxanes (POSS) (Thostenson et al., 2005). The second 

category is two-dimensional nanoparticles, i.e. two dimensions in the nano-scale. 

Examples of this include nanotubes, nanowhiskers, nanowires, nanofibres and carbon 

nanotubes. The third category is one-dimensional nanoparticles. These particles are 

usually disc-shaped, such as, clay platelets and plated-shaped items such as 

organosilicate (Thostenson et al., 2005, Zeng et al., 2005).  

 

The most common forms of nanoparticles are shown in Figure 2.30. This figure 

highlights the geometries and surface area-to-volume ratios of each given shape. For 

fibres, the surface area over volume is dominated by the first terms in the equation. This 

is especially true for nanomaterials. As can be seen in the figure, 2/l and4/l, the second 

term has only a limited influence as opposed to the first term. What this equation tells us 

is that any change in the diameter, such as the diameter of the particle or the fibrous 

material, or in the thickness of the layers, moving from micro to nano-scale will result in 

a dramatic change in surface area-to-volume (Hussain et al., 2006, Okamoto, 2006, 

Schmidt et al., 2002). To date, the utilization of nanomaterials in nanocomposites most 

typically involves a wider group of components such as nanoparticles, fullerenes, 

nanofibres, nanotubes, and nanowires. These nanomaterials are currently being studied 

in a number of studies worldwide. The properties of the nanocomposites is ultimately 

influenced by firstly, the size scale of component phases, i.e. the above nanomaterials, 

and the degree of dispersion of these nanomaterials inside the matrix (Okamoto, 2006, 

Schmidt et al., 2002). 
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Figure 2.30: the geometries and surface area-to-volume ratios of the three categories of 

nanomaterials (Hussain et al., 2006). 

 

 

2.5 Polymer Clay Nanocomposites 

 

2.5.1 Introduction 

In 1987, the very first work on polymer/clay nanocomposites was conducted. Soon after 

in the early 1990s, Toyota researchers made a number of breakthroughs with polymer-

layered silicates and were first exfoliated clay with the polymer of nylon-6 (Chen and 

Evans, 2006). This work by the Toyota research team claiming superior improvement on 

strength, modulus, and heat distortion temperature, with the additional of nanoclay, led 

to further interest in these materials in academic, governmental, and industrial 

laboratories (Hussain et al., 2006, Pavlidou and Papaspyrides, 2008). The types of clays 

and polymers used in this process has expanded significantly including almost all 

engineering polymers including polypropylene, polyethylene, polystyrene, 
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polyvinylchloride, polylactide, polycaprolactone, phenolic resin, poly p-phenylene 

vinylene, polypyrrole, rubber, starch, polyurethane, polyvinylpyridine also including 

more commonly known polymers such as nylons (Davtyan et al., 2012, Okamoto, 2006, 

Paul and Robeson, 2008). Since 2006, it has been most common to use epoxies, 

polyurethanes, polyester, and vinyl ester (Hussain et al., 2006).  

 
2.5.2 Structure and categories of clay 
 
Not all clays are the same. Some clays are plate-like or disc-like, other clays are in 

particle-form, and others are made up of small tube-like structures. The term clay 

originally was used to describe substances made up of inorganic particles smaller than 2 

mm with no significant crystalline content (Thostenson et al., 2005). Chemically, the 

mineral referred to as clay is a layered-like substance which contains hydrous 

magnesium and aluminium silicates. Each clay mineral contains sheets in two 

geometries tetrahedral and octahedral. Using this as a basis of categorization, clay 

minerals are divided into three categories. There is clay 2:1 type, 1:1 type, and Layered 

silicic acid (Zeng et al., 2005). The 2:1 type, as shown in Figure 2.31, involves only 

tetrahedral linking, Si-O is one example. In 2:1 type, Van der Waals consideration plays 

a vital role. One of the most common 2:1 type clays is Montmorillonite (MMT). This 

clay is considered useful due to its high surface area, which is 750m2/g, and aspect ratio 

of 100 to 1000. Taxonomically, MMT is referred to as a hydrous aluminosilicate clay 

mineral with an expanding layered crystal structure. The layered structure contains 

aluminium octahedrons within two silicon tetrahedron layers. Each sheet has the 

thickness of 1nm and has the length of 30nm to 7microns (Choudalakis and Gotsis, 

2009, Sinha Ray and Okamoto, 2003). The difference between 2:1 type clays and 1:1 

type clays is the number of tetrahedral sheets to the number of octahedral sheets. When 

there is one tetrahedral sheet to one octahedral sheet, a 1:1 clay results. Type 1:1 clays 

involve clay layers made up of layers held together by hydrogen bonding. In 1:1 clay 

types, an aspect ratio of 1000 is possible in well-dispersed samples where no breaking of 

clay platelets occurs; however, commonly the aspect ratio is between 30 and 300 after 

shear stress and breaking. The third group as categorised by analysts is layered silicic 
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acids and there are at least five of these commonly used in clay/polymer composites 

particularly kanemite (Choudalakis and Gotsis, 2009, Zeng et al., 2005). 

 

 
Figure 2.31: Structure of clay minerals showing 2:1 type, 1:1 type, and layered silicic 

acid (Zeng et al., 2005). 

 
2.5.3 Categories of polymer clay nanocomposites 
 

It is the extent of separation of the internal layers of clay which determines its 

characterization. One of the first theories of categorization is shown in Figure 2.32. 

 

 
Figure 2.32: The Three hypothesized Categories of Clay-Polymers (Mittal, 2009). 
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Conventional composites (microcomposite), the first hypothesized group, are the hybrids 

which contain clay material existing in its original aggregated state with no inserting of 

the polymer matrix into the clay (as can be seen in the figure above). In other words, the 

case polymer chains are inserted into layered clays occurring in a regular fashion, a few 

nano-meters distance, irrespective of the ratio of polymer to layered structure (Gacitua et 

al., 2005). Secondly, intercalated nanocomposites occur when the mixing of polymer 

into the clay structure occurs in a crystallographically regular manner. Intercalated 

nanocomposites are characterised as having good retention of uniform spacing between 

the platelets, which is less than 2–3 nm separation between the platelets in this case 

(Powell and Beall, 2006). The third and final group was considered to be exfoliated 

nanocomposites. In this case, the polymer separates the clay platelets by 8–10 nm or 

more (Pavlidou and Papaspyrides, 2008). This category, also referred to as full 

exfoliation, is considered to be the best of the three due to its complete dispersion of clay 

plates in the polymer matrix giving the maximum improvement in properties through 

maximum reinforcement. Properties such as high storage modulus, increased tensile and 

flexural properties, heat distortion temperature, and decrease in gas permeability are 

noted, as well as seeing unique properties such as self-extinguishing behaviour and 

biodegradability (Gacitua et al., 2005, Pavlidou and Papaspyrides, 2008, Zeng et al., 

2005). However, a number of studies reported that there was a fourth extent of 

separation, and therefore a fourth category of polymer/clay nanocomposites. This new 

category has been referred to by many names including partially intercalated 

(Thostenson et al., 2005), or partially exfoliated nanocomposites (Zeng et al., 2005), or 

intercalated – flocculated (Hussain et al., 2006). Numerous other researchers have also 

investigated the nano-structure of intercalated and exfoliated composites and the various 

levels of intercalation and exfoliation possible (Alexandre and Dubois, 2000). Figure 

2.33(a-d) gives more information on the microscopic appearance of the different 

clay/polymer composite types; conventional composites (Figure 2.33a), Intercalated 

nanocomposite (Figure 2.33b), exfoliated nanocomposite, (Figure 2.33c), and 

intercalated –flocculated (Figure 2.33d).  
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Figure 2.33: TEM image of (a) Conventional Composites (b) Intercalated 

nanocomposite, (c) exfoliated nanocomposite, and (d) intercalated –flocculated 

nanocomposite (Gacitua et al., 2005, Hussain et al., 2006). 

 
 
2.5.5 Properties of polymer clay nanocomposites 
 
2.5.5.1 Mechanical properties 

 
Nanoclay platelets, i.e. layered silicates, are one type of filler used in polymer 

nanocomposites (PNC). These fillers have high moduli, and are therefore highly 

resistant to straining. The polymer matrix, on being embedded with these highly 

resistant nanoclay fillers, itself becomes restricted mechanically. What this means is that 

the polymer matrix, originally a softer substance, becomes strengthened as a composite, 

and with the filler is able to carry an increased proportion of the load (Fornes and Paul, 

2003). Therefore, this means the larger the surface area of the stronger filler with the 

softer polymer, the greater the extent of reinforcement. Therefore, nanoclay platelets, 

which have an extremely high surface area ratio (approximately 800 m2/g) give 

remarkable mechanical properties in modulus strength to the polymer, even when added 

in very small amounts (Sinha Ray and Bousmina, 2005). The first work done on 
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polymer nanoclay platelet composites was done by the Toyota Central Research 

Laboratories. The team worked with nylon 6-clay nanocomposites and found mechanical 

properties never seen before. Specifically, the team added uniformly dispersed nanoclay 

into the nylon-6 matrix. Hamidi et al. (2008) reported on the team’s findings stating that 

addition of 4wt.% nanoclay led to an 100% increase in stiffness and a 50% increase in 

strength. The team also found that the tensile strength, flexural strength, tensile modulus, 

and flexural modulus all improved by 40%, 60%, 68%, and 126% respectively as a 

result of adding the nanoclay platelets (Hamidi et al., 2008). In addition to the amount of 

nanoclay platelet added, others have cited the dispersion and exfoliation of these fillers 

within the matrix as the reason for the improved mechanical properties (He et al., 2006, 

Hotta and Paul, 2004, Svoboda et al., 2012). Figure 2.34 shows how the tensile strength 

and tensile modulus both increase as the amount of nanoclay platelets increases initially. 

However, once the proportion of filler reaches 5%, the increase plateaus (Lee et al., 

2005).  

 

 
 

Figure 2.34: Tensile Strength versus clay platelets content (Lee et al., 2005) 
 

Other modified forms of nanoclay platelets, namely, commercially prepared pristine 

montmorillonite (MMT-Na+), Cloisite 30B, and Nanomer I.30E were tested for tensile 

properties. It was found that an increase in nanoclay content led to an increase in tensile 
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properties. At maximum addition of nanoclay 10%, the maximum improvement in the 

tensile modules of the nanocomposites was found to be 26.9% on addition of 

montmorillonite (MMT-Na+), 15.1% with Cloisite 30B addition, and 12.2% with 

Nanomer I.30E. The improved modulus is explained by the strong stiffening effect of 

the clay fillers which themselves have a higher modulus than epoxy (Oi et al., 2006). 

Improvements in Young’s modulus as result of adding nanoclay platelets to polymer 

matrix have also been reported by Tortora et al. (2002). The team found an increase 

nearly four-fold from 120 to 445MPa for a poly(ε-caprolactone) (PCL) nanocomposite 

on the addition of 8% ammonium-treated MMT (Tortora et al., 2002). In another study 

reported by Gorrasi et al. (2003), Young’s modulus increased from 216 to 390MPa with 

the 10% addition of ammonium treated clay to the same matrix PCL (Gorrasi et al., 

2003). 

 

Another property of interest is the stress-strain behavior of reinforced nanocomposites. 

One study by Yasmin et al. (2006) compared the stress-strain behavior of 

nanocomposites reinforced with two types of nanoclay platelets commercially named 

Nanomer I.28E and Cloisite 30B by testing tensile loading at room temperature.  What is 

shown in the two graphs below is that when the clay content increases, the loading of 

stress that the sample can withstand increases. This is shown in the two graphs below 

highlighting stress-strain behavior (Figure 2.35) 
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Figure 2.35: Stress- strain behaviors of two nanocomposites, (a) Nanomer I.28E/epoxy 

and (b) Cloisite30B/epoxy (Yasmin et al., 2006). 

 

Yasmin et al. also studied the elastic modulus of these nanocomposites. It was found that 

as the clay content is increased, the elastic modulus also increased gradually as seen in 

figure 2.36. Yasmin and co-workers found that at lower levels such as 2wt.% clay 

content both Nanomer I.28E/ and Cloisite 30B/epoxy nanocomposites presented similar 

elastic modulus values, however, on increasing the clay content, Cloisite 30B showed a 

more rapid increase in elastic modulus. According to the team these results can be 
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attributed to a number of factors. They expect that the better mechanical properties of 

Cloisite 30B/epoxy over Nanomer I.28E/epoxy composites are due to the better 

dispersion of the nanoparticles as well as effective interfacial adhesion. In more detail, 

Yasmin et al. (2006) writes that it is the restricting effect of the nanoclay particles on the 

polymer chains within the epoxy matrix limiting mobility which leads to an increase in 

elastic modulus. Furthermore, the orientation of both the silicate layers of the nanoclay 

particles and the loading direction can contribute to the reinforcement effects, i.e. elastic 

modulus.  Nonetheless, both Nanomer and Cloisite 30B were found to slow down their 

rate of modulus increase at higher clay levels such as between 8 wt.% and 10 wt.%. It is 

expected that this is caused by the formation platelets aggregates (Yasmin et al., 2006). 

  
 

 
Figure 2.36: Elastic modulus versus clay content (Yasmin et al., 2006). 

 
 
Thus, the majority of studies agree that the increase in nanoclay content leads to an 

increase in tensile properties. However, there is a clear point where the increase in 

modulus plateaus. Early study by Liu et al. in 1999 as shown in Figure 2.37 highlights 

how the increase in clay content to 10% leads to an increase in tensile strength, however, 

at 10% and higher, there is only a slight increase in properties. Therefore, the team 

concluded that 10% was the critical point. The team further explained this commenting 
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that lower than 10% addition of filler, the nanocomposite is likely to be completely 

exfoliated, i.e, uniformly dispersed, however, higher than 10%, the nanocomposite is 

likely to be partially exfoliated and partially intercalated (Liu et al., 1999). 

 

 
 

Figure 2.37: Organo-modified montmorillonite nylon-6-based nanocomposite 

demonstration of effect of increasing clay content on tensile strength (Liu et al., 1999). 

 
 
A study by Zhao et al. (2005) supported a number of the above findings regarding the 

effect of increasing the amount of nanoclay platelets on tensile strength; however, it also 

added information regarding the changes in flexural strength and flexural modulus. Zhao 

et al. (2005) agreed that not only was the amount of nanoclay platelets significant to 

improving qualities but also the aspect ratio, and degree of dispersion contributed. Table 

2.7 shows the mechanical properties of polyethylene (PE) with different concentrations 

of two different modified nano-clays, JS and DM. What can be seen is that the increase 

in nanoclay platelets, from 5%, 10% to 15%, leads to an increase in tensile strength, 

flexural strength, and flexural modulus. Also, something to be noted is that the overall 

mechanical properties of the PE/JS composites are higher than the PE/DM composites. 

According to the team this difference in mechanical properties can be explained by 
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difference in the degree of dispersion, and therefore PE/JS composites are more effective 

and more suitable as reinforcing materials (Zhao et al., 2005). 

 

Table 2.7: The mechanical properties of polyethylene nanocomposites (Zhao et al. 2005) 

 
 
 

Toughness can be increased by adding nanoclay platelets. Studies by Oi et al. (2006) 

using different types of silicate layers including MMT-Na+, MMT-30B, MMT-I.30E, 

and MMT-CPC, all found increases in epoxy toughness. MMT-Na+/epoxy was found to 

have a 58.3% increase in toughness. The reason for this increase in toughness in linked 

with the nanoclay particles ability to deflect cracks due to a higher fracture surface area. 

The reason for this significant increase in fracture surface area is the intercalation of clay 

particles and resin. According to Oi and team while uniform and complete dispersion 

and exfoliation leads to improved modulus, it is the stacked structure, i.e. aggregated 

structure of intercalated clay platelets, which leads to an improvement in toughness (Qi 

et al., 2006). Early, similar results were found by Liu and Wu (2002) observing 

toughening results with Polyamide 66 /clay nanocomposites (PA66CN nanocomposite) 

and the addition of nanoclay. The impact toughness (notched Izod impact strength) of 

PA66CN was 50% higher than that of PA66 when the clay loading was 5 wt.%. The 

impact toughness of the nanocomposites still higher than that of PA66, even at 10 wt.% 

clay content. Liu et al. (2005) also studied the toughness properties of epoxy 

nanocomposites. The team investigated both fracture toughness (K1C) and impact 
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toughness (G1C) properties against clay loading (Liu et al., 2005). Similarly to Oi et al. 

(2006), the team found that the toughness of the samples increased very closely with the 

clay loading until a point, 4.5 phr clay loading, when further increases in clay loading 

only resulted in limited increases in fracture and impact toughness.   

 
In summary, while exfoliation is known to lead to a number of improvements in the 

mechanical properties of nanocomposites, intercalated dispersion of nanoclay platelets 

can lead to a significant improvement in toughness due to the increase in crack 

deflection capacity. In other words, there is a specific size range which impacts on 

toughness properties. The fillers needed to be larger than 0.1 μm in order to be able to 

deflect cracks and provide toughening through a crack-bridging mechanism. Completely 

exfoliated nanocomposites contain nanofillers which are not large enough to fulfill this 

role. Therefore, only nanocomposites with nanoparticles which are intercalated are able 

to present an improvement in toughness (Pavlidou and Papaspyrides, 2008, Zerda and 

Lesser, 2001)  

 
2.5.5.2 Thermal properties 

 
When studying the thermal properties of a substance, thermal stability is one of the key 

measures.  It was the work of Toyota researchers in the early 90s which highlighted this 

possibility for remarkable improvements in thermal and flammability properties for 

polymers on the addition of nanoclay. In fact, the Toyota team found that the heat 

distortion temperature, HDT, of nylon 6 increased from 65οC to 145οC for nylon 6/clay 

nanocomposites (Hussain et al., 2006, Okamoto, 2006). Thermogravimetric analysis 

(TGA) is the most common assessment used for studying the thermal stability of 

polymer composites. As the name suggests, weight loss at high temperatures is 

measured against temperature. The weight loss stems from the production of volatile 

products at degradation. This degradation can either be oxidative, on exposure to air or 

oxygen, or non-oxidative. The addition of nanoclay platelets into polymer based samples 

is, most commonly, found to increase the thermal stability of the samples, as the 

nanoclay platelets act as an insulator to the heat as well as a barrier to the production of 

volatile products (Okamoto, 2006, Sinha Ray and Bousmina, 2005). However, a number 
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of studies have found that the maximum increase in thermal stability is achieved at a 

clay content of approximately 5 wt.%. On increasing the clay content higher than this, 

the thermal stability is not increased and can decrease (Zanetti and Costa, 2004, Zhang 

and Loo, 2009, Zhu et al., 2001).  

 

Paul et al. (2003) reported that the highest thermal stability was found at just 3 wt.% and 

that the thermal stability decreased from that point. The TGA graph in figure 2.38 shows 

the weight against temperature for Poly-(L-lactide) (PLA) clay nanocomposites with a 

pristine sample and with different concentrations, namely, 1%, 3%, 5%, and 10%, of 

nanoclay platelets. In the study of Paul et al. (2003) it was found that 3 wt.% was 

optimal addition concentration. The team explained this by pointing to the degree of 

exfoliation and delamination. It was suggested that at lower filler content, namely, 1 and 

2 wt.%, exfoliation occurs however, there is not enough silicate present to promote 

significant thermal stability improvement.   At 3 and 5 wt %, it was said that there are 

more exfoliated silicate particles therefore providing better thermal stability (Paul et al., 

2003). However, past 3 or 5 wt.%, there is too much strain on the composite 

geometrically, complete exfoliation is hindered, and therefore, thermal stability is 

reduced (Paul et al. 2003). Similar findings were reported by Phang et al. (2005) with 

nylon 12/organoclay nanocomposites. The team found that with additions of less than 5 

wt.%, only limited thermal stability improvements but with 5% there was an 

enhancement of 20οC. 
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Figure 2.38: TGA (weight versus temperature) graph showing the different thermal 

stabilities of PLA with different concentrations of commercial nanoclay platelets, 

namely, Cloisite 30B 1%, 3%, 5% and 10% under exposure to heated air flow (Paul et 

al. 2003). 

 

In another study by Valera-Zaragoza et al. (2006) using ethylene vinyl acetate (EVA) 

copolymer and Cloisite 20A it was found that the thermal stability increased as the clay 

content increased. As can be seen in Figure 2.39, the lower concentration such as 4% 

and 6% tended to retard thermal degradation more than the higher concentration of 8%. 

The team commented that the reason the higher concentration did not increase thermal 

stability was due to compatibility characteristics, morphological changes, and a 

reversing in layer compactness (Valera-Zaragoza et al., 2006). As aforementioned, it is 

the barrier properties of clay which improve the thermal stability of polymer/clay 

nanocomposites. 
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Figure 2.39: TGA curves of EVA and EVA/Cloisite nanocomposites with 4, 6 and 8 

wt.% nanoclay (Valera-Zaragoza et al. 2006). 

 
Zhao and research team (2005) studied polyethylene, PE, modified with nanoclay 

platelets. The team used a nitrogen atmosphere and tested the samples for both TGA and 

DTG (Figure 2.40).  The results are displayed in the figure below. The trials involved 

using different amounts of nanoclay. What was found was that with temperatures 

exceeding 400οC, the nanocomposites demonstrated much higher stability than pure 

polyethylene. The commencement of sample degradation was delayed with the 

nanocomposite samples showing a higher thermal stability. However, interestingly, 

Zhao and team (2005) found that it was the 2% that gave the best results. The team 

discussed the findings saying that while adding nanoclay always gave better results, it 

was adding only a small fraction, i.e, 2% which gave the best results. The addition of 

more nanoclay concentration than this was found to give both lower TGA and DTG 

results. The team explained this by saying that the clay has two effects on the polymer. 

The first effect is the barrier effect which gives a positive result in terms of thermal 

stability. However, the second effect is a catalyzing which decreases the resistance to 

degradation. A low addition of nanoclay gives the best chances of a uniform dispersion 
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while higher concentrations are more likely to result in aggregate masses amongst the 

composite (Zhao, et al. 2005). 

 

 
Figure 2.40: Representations (TGA and DTG curves) of the thermal properties of PE 

and PE/clay nanocomposites under an atmosphere of nitrogen (Zhao et al., 2005). 

 
 
Another thermal property of polymers is the point of heat where the sample deforms. 

This measure is referred to as the Heat Distortion Temperature (HDT). Materials can 

withstand a certain exposure to temperature before they distort. The addition of nanoclay 

has been found to strengthen samples in that they less readily buckle on exposure to 

heat. For example, Liu et al. (2002) confirmed this finding with their studies of 

polyamide 66/clay nanocomposites. The pure polyamide 66 has a HDT of 75°C. 

Dramatically, with an addition of 1% clay, the HDT increased to 92°C. More 

interestingly, at a clay loading of 5%, the HDT increased to 142°C. The researchers 

continued with loadings of up to 10% and found a HDT of roughly 170°C. These results 

can be seen in Figure 2.41. According to Liu et al. (2002), HDT improvements with 

polymer/clay nanocomposites can be explained by the stiffness that the silicate layers 
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provide for the polymer phases. When the silicate is uniformly dispersed at the nano 

level the results are best. Similarly to the TGA results, HDT improvements in 

polymer/clay nanocomposites with over 5 wt.% clay loading slow down due to the 

formation of aggregated masses within the composite (Liu et al. 2002). 

 

 
Figure 2.41: Effect of clay loading on heat distortion temperature (HDT) of polyamide 

66 (Liu and Wu, 2002). 

 
In sum up, the exfoliation of nanoclay platelets within the nanocomposite at low 

concentration, i.e. less than 2 wt.% is not sufficient enough to trigger the barrier benefits 

of clay. However, exceeding 5 wt.%, agglomeration of the nanoclay platelets becomes a 

problem with both intercalated and exfoliated structures present with lower the stability 

of the unevenly dispersed composite. Therefore, it seems that a number of studies have 

concurred that clay loadings between 2.5 and 5 wt.% give the best thermal stability. 

 
 
2.5.5.3 Flammability properties   
 
Flammability properties include principally flame retardant properties among other 

qualities. Flame retardant properties refer to the capacity for the material to avoid 

combustion. Cone calorimetry is method which scientists used to gather data on the 

flame retardant properties. This technique provides data concerning the behavior of the 
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material in fire-like conditions. Cone calorimetry also provides data which suggests the 

actual flame retardancy mechanism of the material. Cone calorimetry operates by 

measuring oxygen consumption. When a material combusts, there is a relationship 

between the mass of oxygen consumed and heat released (Beyer, 2002, Zhang et al., 

2009). Typically, a cone calorimetry test involves the material being exposed a defined 

heat, generally, between 35 and 50kW/m2. From this procedure, scientists measure most 

importantly, the heat release rate (HRR), as well as numerous other ancillary properties 

such as mass loss rate (MLR), mean CO yield, mean specific extinction area, peak of 

heat release (PHRR), time to ignition (TTI), and total heat released (THR). The HRR 

suggests the likelihood of rapid ignition and flame spread. If the HRR is high flame 

spread is anticipated to be rapid (Morgan, 2006, Zanetti et al., 2000). Research by Zhao 

et al. (2005) using polyethylene, PE, and PE/clay nanocomposites found that an increase 

in nanoclay (JS) content in PE/clay nanocomposites to 2, 5, 10, 15 phr resulted in a 

decrease in HRR as shown in Figure 2.42. The figure shows that after ignition, the HRR 

increases rapidly for the composite materials, and then plateaus. However, for the pure 

PE, the HRR increases more steadily yet sharply to a peak and then drops. These results 

from Zhao et al. (2005) suggest that the flame resistance shown by the composites is a 

result of a physical barrier, such as char formation.  These results reinforced the 

assumption that an increase of nanoclay leads to an increase in fire resistance. 
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Figure 2. 42: Heat release rate (HRR) (kW/m2) against time in seconds for five 

materials, PE, PE/JS2, PE/JS5, PE/JS10, PE/JS15 (Zhao et al. 2005) 

 
 
Supporting this, Figure 2.43, shows the difference between a copolymer, EVA, and a 

nanocomposite, EVA/C20A as found in Valera-Zaragoza et al.’s (2006) study. The team 

found that the copolymer, EVA, alone, shown in (a.) and (b.), is more likely to drip after 

ignition, however, in contrast, the nanocomposite, EVA/C20A, shown in (c.) and (d.), 

displays no dripping after one minute of burning. This and other differences in the 

burning behavior of the two copolymers versus nanocomposites are said to be expected 

due to the flammability retardation process of the dispersed nanoclay materials (Valera-

Zaragoza et al., 2006). 
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Figure 2.43, Flame retardant properties. The copolymer, EVA, alone, shown in (a.) (after 

1 min burning) and (b.) (after flame extinguished), is more likely to drip after ignition, 

than the nanocomposite, EVA/C20A 6 wt.% organoclay, shown in (c.) (after 1 min 

burning) and (d.) (after flame extinguished) (Valera-Zaragoza et al., 2006). 

 
 
Another example of nanoclay addition leading to decreasing burning rate is Lee et al.’s 

(2005) study. The effect of dispersion was discussed in this study. This study highlighted 

the importance of relative orientation. It was found that exfoliated nanocomposites had 

higher flammability resistance than intercalated nanocomposites. The researcher 

achieved exfoliated dispersion by adding a coupling agent. Figure 2.44, shows the 

burning rate versus the clay content. NC represents to the intercalated nanocomposites 

produced without coupling agents while WC indicates exfoliated nanocomposites. Lee et 

al. (2005) explain that reduction of burning rate is due to the production of char, in the 

exfoliated WC, which insulates the material. The specific mechanism that the 

researchers refer to is the building up of char on the surface of the material after ignition. 
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This build up creates a barrier, and this barrier, through its insulating properties, limits 

the diffusion of oxygen and greatly reduces the mass loss rate of the products of 

decomposition explain Lee et al. (2005).The researchers further explain that the char 

produced is of a high performance carbonaceous-silicate composition. Therefore, the 

researchers stress that these nanocomposites are suitable materials for use as containers 

of flammable materials.  

 

 
Figure 2.44: the burning rate against the clay content. NC = intercalated nanocomposites 

produced without coupling agents; WC = exfoliated nanocomposites produced with 

coupling agents (Lee et al., 2005). 
 
 
2.5.5.3 Water absorption properties  
 

The water absorption resistance of polymer clay nanocomposites is generally described 

as excellent. Favourable water absorption properties are due to the enhancement of 

moisture barriers properties provided by nanoclay platelets. Thus, excellent barrier 

properties of nanocaly allow the filler to have application in protective coatings, 

matrices for fibre-reinforced plastics used in off-shore construction, moulding 

compounds, electronic applications and adhesives. Still for polymer clay 

nanocompositets, their water absorption properties are yet to be fully exploited by 

104



industry (Kim et al., 2005, Zeng et al., 2005). Nanoclay content, aspect ratio, and degree 

of silicate layer dispersion are determinants of permeability performance of polymer 

clay nanocomposites. As nano-clay platelets have an extremely high aspect ratio, their 

addition to polymer clay nanocomposites generally leads to a reduction in moisture 

permeability (Becker et al., 2005, Magaraphan et al., 2001). The explanation generally 

provided for this is that the high aspect ratio increases the tortuosity of the path of water 

molecules diffusing into the polymer clay nanocomposites. The tortuous path model 

provides that permeability is a function of nano-clay content and aspect ratio of the 

nano-clay platelets (Lange and Wyser, 2003, Sinha Ray and Okamoto, 2003). 

 
In addition, the degree of dispersion of the nano-clay platelets directly affects tortuosity 

(Figure 2.45). In order for the degree of dispersion to be maximized, the clay itself must 

be highly delaminated (exfoliated). There is a positive relationship between the degree 

of delamination and both the aspect ratio of nano-clay platelets and the tortuosity of the 

path of water molecules diffusing into the polymer.  In line, exfoliated (fully 

delaminated) polymer clay nanocomposites  are preferred for their more favourable 

barrier properties compared to conventional or intercalated (partially delaminated) 

composites in terms of their barrier (Bharadwaj, 2001, Choudalakis and Gotsis, 2009). 
 

 
Figure 2.45: Effect of the degree of delamination on the tortuosity factor and the aspect 

ratio of nanoplatelets, W is the thickness of the stacks (Bharadwaj, 2001). 

 
 
The concept of tortuous path is used to explain the improvement of barrier properties in 

polymer clay nanocomposites (Figure 2.46). The presence of impermeable nano-clay 
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platelets to a polymer clay nanocomposite forces permeating water molecules to wiggle 

around these platelets. Thus, the formerly straight path becomes tortuous  

.  
 

 
Figure 2.46: The torturous diffusion path in an exfoliated polymer–clay nanocomposite 

(Choudalakis and Gotsis, 2009). 

 
 
Tortuosity factor can be defined as the ratio of actual distance, d', that a penetrant must 

travel against the shortest distance d travelled in the absence of barriers. Tortuosity 

factor is expressed in terms of length L, width W and volume fraction of nanoplatelets ϕs 

as follows (Sinha Ray and Okamoto, 2003): 
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From the expression the advantage of a sheet-like morphology is its efficiency in 

maximizing the path length, due to its larger length-to-width ratio compared to other 

filler designs. The effect of tortuosity on permeability, according to the model proposed 

by Nielsen can be expressed as (Pavlidou and Papaspyrides, 2008): 
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where PPCN represents the permeability of the nanocomposite, and PP represents the 

permeability of the pure polymer, and ϕs is the clay content (Sinha Ray and Bousmina, 

2005).  The equations were developed to model the diffusion of small molecules in 

conventional composites. Nonetheless, they have also been used effectively in 

reproducing experimental results for relative permeability in polymer layer silicate 

nanocomposites. Discrepancies between experimental data and theoretical lines are 

attributed either to model inadequacies or to incomplete particle orientation within the 

nanocomposite film plane. The assumption of the Nielsen model is that the sheets are 

placed in an arrangement so that the direction of diffusion is consistent to the direction 

of the sheets. This arrangement results in the highest tortuosity, and therefore any 

deviation would lead to deterioration of barrier properties (Hotta and Paul, 2004, 

Pavlidou and Papaspyrides, 2008). 

 
The Nielsen equation, the Cussler formula, the Barrel formula, the power law equation, 

and the other phenomenological relations that are based on the tortuous path theory are 

all grounded on the assumption that the presence of nanoparticles does not affect the 

diffusivity of the polymer matrix. Experimental observations do not necessarily support 

this. They often demonstrate that molecular mobility in a polymer matrix, closely 

connected to mass transport properties, is diminished by clay incorporation. Such 

reduction should be accompanied by a decrease in diffusivity of small molecules. This is 

not considered in the concept of tortuous paths (Pavlidou and Papaspyrides, 2008). 

 
As discussed in section 2.3.3.3, moisture diffusion experimental data for neat polymer 

resin suggests behavior is almost Fickian. Nonetheless, it is erroneous to make 

generalizations based on Fick’s law, as in situations diffusion behaviour is anomalous. 

In other words, moisture mobility within the composite material obeys neither Ficks law 

coefficient nor the exponent value. Glassy polymers are one example where this 

behaviour is observed. Ficks law predicts that diffusion rate will be small compared to 

the mobility of the polymer segment. In the non-Fickian state, viscosity of polymers, 

microcracks, and leaching from composites can all lead to a higher rate of polymer 
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segment mobility. This is when compared with the diffusion rate into the composites 

(Alhuthali et al., 2012, Liu et al., 2008a, See et al., 2009). 

 
There are other models that take into consideration those variables to obtain valid 

diffusion behaviour predictions. The Langmuir Model for diffusion (LMD) is one of 

these models. This model assumes that diffusion of water molecules inside composite 

materials consist of both mobile and bound phases (Liu et al., 2008b). The Langmuir 

Model equation is as follows: 
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The key variables for this model are (γ), the trapped molecules probability per unit 

volume at a given time and place in a polymer (ct) and (α) the mobile molecules 

probability per unit volume, at a certain time and place in the polymer (Ct) (Gurtin and 

Yatomi, 1979). At the equilibrium, when trapped molecules become mobile molecules, 

the relation is as follows:  

 

∞∞ = Cc αγ                                                                                              (2.10) 
 
The Diffusion with Time Varying Diffusivity (DTVD) is another model (LaPlante et al., 

2008). In this model, diffusion can be obtained by analogy of a relaxation modulus for 

the viscoelastic model. Comparing the DTVD model with Fick’s model, the time 

decreasing function replaces a diffusion coefficient constant, and can be expressed as 

follows: 
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To study the kinetics of moisture absorption in composite materials, other models have 

been proposed. The Barrier Model assumes diffusion in fillers is parallel to the surface, 

and that composite permeability is dependent on the aspect ratio of the filler consisting 
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of an average face length (L) and an average thickness (W). At a certain clay loading, 

other parameters are related to volume fraction of the polymer (υp) and the fibre (υf). 

This model gives the permeability ratio between the polymer (Pu) and the filler (Pf) 

(Alexandre and Dubois, 2000, Pavlidou and Papaspyrides, 2008): 
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From the previously described formulae and assuming a uniform distribution of aligned 

and exfoliated clay platelets, another model, the Diffusion Model for Exfoliated 

Nanocomposite (DMEN), is written as follows (Liu et al., 2008b, Sun et al., 2008): 
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where Dn is the diffusivity of the nanocomposite at random orientation, Dm the 

diffusivity of the matrix, and υc is the volume fraction of the composite. When 

nanocomposites are considered to be intercalated nanocomposites, they will consist of 

agglomerates with n platelets. This diffusion model is based on a similar formula as 

equation (2.13), but includes the number of platelets, n, as follows (Liu et al., 2008b, 

Sun et al., 2008): 
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A number of studies have investigated the water absorption behaviours of polymer clay 

nanocomposites. For example, Liu and Wu (2002) recorded the water absorption curves 

of pure Polyamide 66 (PA66) and corresponding nanocomposites. The pair found that 

with increasing clay content, water absorption at saturation decreases from 7.6% for 

pure PA66 to 5.2% for 5 wt.% clay nanocomposite. This reduction was attributed to the 

presence of immobilized polymer in the amorphous phase. However, at loadings greater 
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than 5 wt.%, decreases in saturation amounts of water were less clear. The team 

attributed this to the aggregation of silicate layers. Moreover, with increasing clay 

loading, the diffusion coefficient values were found to decrease. Again, the amplitude of 

the decrease was slower when clay loading exceeded 5 wt.% (Liu and Wu, 2002) 

 
Becker et al. (2004) studied the water uptake of nanocomposites made by the direct 

mixing. Three different epoxy resins, diglycidyl, ether of bisphenol A (DGERA), 

triglycidyl p-amino phenol (TGAP), and tetrafunctional tetraglycidyldyldiamino 

(TGDDM) were used in the study. The epoxy resins of three different functionalities 

were mixed with I.30E organoclay to prepare the sample nanocomposites. While clay 

loading of 2.5% and 5% reduced the equilibrium water uptake at 80 ºC for all samples, 

at 10% loading no further reduction was observed. This change can be attributed to 

aggregation of the nanoclay. The results revealed that compared to the pure epoxy 

system, at 10% clay loading, the equilibrium water uptake at 80ºC was reduced by 

4.76% for DGEBA, 9.74% for TGAP, and 4.76% for TGDDM. Therefore, nanoclay 

concentration did not correlate proportionally with the reduction in equilibrium water 

uptake, or the increase of diffusivity; thus, this may depend on the type of epoxy systems 

(Becker et al., 2004).   

 
Liu, et al. 2005 studied the water uptake properties of epoxy/clay nanocomposites 

fabricated with direct mixing (DM) and high pressure mixing (HPM). Tested in different 

temperatures (23, 50, and 80 ºC), and different clay loadings (0, 1.5, 3, 4.5, 6, and 7.5 

phr) the results revealed that all curves exhibit a similar trend and demonstrated good 

agreement with Fick’s Law. The maximum water absorption results of the 

nanocomposites decreased with increasing clay loading for all nanocomposites at the 

three environment temperatures. However, at 23 ºC, the HPM fabricated 

nanocomposites at high clay loading did not reach full saturation. Moreover, as the 

environment temperature rose, the curves did not completely obey Fick’s law.  At lower 

temperatures the diffusion coefficients of materials are lower than those at higher 

temperatures. At lower temperatures, the nanocomposites did not reach full saturation. 

This is due to the tortuosity effect caused by impermeable clay platelets being coupled 

with a low diffusion coefficient mandating a tortuous pathway for slower moving water 
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particles to enter the nanocomposites. In contrast, at higher temperatures, water particles 

move more readily and thus the result is nanocomposites much closer to full saturation. 

Furthermore, the results show nanocomposites fabricated with HPM exhibit lower water 

absorption than nanocomposites fabricated with DM. This suggests that nanocomposites 

fabricated with the HPM method have preferable dispersion of nanoclay. This 

favourable dispersion mandates higher tortuosity, and thus lower water absorption is 

observed (Liu et al., 2005). 

  
 
2.6 Polymers Halloysite Nanotube Nanocomposites  
 
2.6.1 Introduction 
Halloysite nanotubes (HNTs) are a naturally-occurring clay mineral. In 1826, Berthier 

first reported HNTs as a dioctahedral 1:1 clay mineral of the kaolin group (Du et al., 

2010). Structurally, HNTs have a unique crystal structure which is primarily in the form 

of hollow tubular nano-structures giving HNTs useful low density of hydroxyl 

functional groups (Ismail et al., 2008). HNT’s structure means that they are highly 

applicable as a filler not requiring exfoliation, dispersing easily in polymer matrices 

even at high loading. Epoxy resins, polypropylene, polyamide polyvinyl alcohol, styrene 

rubber, and other polymers tend to demonstrate marked improvements in mechanical 

and thermal properties as a result of reinforcement effect of HNTs addition. Despite 

rapid commercial interest, HNTs can be inexpensively mined as a raw material from 

soils in most countries (Pasbakhsh et al., 2010). 

 

2.6.2 Structure and categorized of halloysite nanotubes 
HNTs are alumino-silicate clays (Al2Si2O5(OH)4.2H2O). While HNTs are similar to 

kaolin with the latter having a stacked plate-like structure, HNTs’ unique structure 

provides a higher aspect ratio (Joussein et al., 2005). The presence of interlayer water in 

HNTs, whether current or historical, is an important feature differentiating HNTs from 

kaolinite. During the process of dehydration, d001 spacing of HNTs irreversibly shifts 

from 10 to 7 Å (Marney et al., 2008). Thus, HNTs can be classified into hydrated HNTs, 

those with a crystalline structure of 10 Å d001 spacing, and dehydrated HNTs, those with 
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7 Å d001 spacing (Hashemifard et al., 2011). HNTs contain inner and outer hydroxyl 

groups. Due to HNTs’ multilayer structure, inner hydroxyl groups are more numerous 

than hydroxyl groups located on the HNT’s outer surface. This outer surface is 

composed of O–Si–O groups predominantly as is shown in Figure 2.47.  

 

 
 

Figure 2.47: Crystalline structure of HNTs (Du et al., 2010). 
 

A Fourier transform infrared spectrum confirms this surface due to the characteristic 

strong absorption of O–Si–O (1030 cm−1). Thus, the density of surface hydroxyl groups 

of HNTs is much smaller compared with kaolinite and montmorillonites (Du et al., 

2008). The average thickness of the walls of the HNTs is between 10 and 40 nm with 

0.725nm basal spacing. The interlayer surfaces of HNTs are the Al–OH group inside 

tubes and the Si-O (siloxane) group of external surfaces as can be seen in figure 2.48 

(Pasbakhsh et al., 2010). 
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Figure2.48: Schematic structure of a halloysite nanotube (Pasbakhsh et al., 2010). 
 
Short-tube tubular, large-tube tubular and spheroidal morphologies are adopted by HNTs 

depending on the geological occurrence and conditions of crystallization of the HNTs 

(Figure 2.49). The tubular structure while most common is also most valuable. HNTs’ 

inner diameter is typically between 10 and 30 nm, outer diameter between 30 and 70 nm 

and length from 100 up to 2000 nm (Du et al., 2010, Liu et al., 2007). 
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Figure 2.49: TEM images of the three main morphologies of halloysite nanoclay (a) 

spheroidal, (b) short-tubes and (c) large-tubes (Joussein et al., 2005). 

 
 
2.6.3Properties of polymer halloysite nanotube nanocomposites 
 
2.6.3.1 Mechanical properties 
 
HNTs can be used to effectively improve mechanical properties. Polymers, typically 

brittle materials, have been found to demonstrate enhancement in mechanical properties 

after reinforcement with HNTs.  The rod-like and high aspect ratio structures as well as 

the unique surface chemical properties of HNTs are believed to be the reasons behind 

the noticeable improvement in  flexural properties, tensile strength and impact strength 

for polymers, such as, PA (polyamide) and PBT (poly(butylene terephthalate) (Deng et 

al., 2008, Ye et al., 2007) as shown in Table 2.8. 
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Table 2.8: Mechanical properties of engineering plastics and their 

HNTs/nanocomposites (Du et al., 2010). 

 
 
 

Ye et al. (2007) investigated impact strength of pure epoxy and epoxy /HNT 

nanocomposites. Addition of 2.3 wt.% HNTs to the epoxy matrix increased the impact 

strength from 0.54 kJ/m2 for the pure epoxy to 2.77 kJ/m2 for the nanocomposite. The 

toughening effect of HNTs is remarkable compared with other inorganic nanofiller 

modified epoxy nanocomposites (Figure 2.50). Here, an approximate 400% increase in 

impact strength was recorded whereas for 3 wt.% MMT in epoxy/MMT nanocomposites 

only a 60% increase was recorded, and using 4 vol% TiO2 nanoparticles in epoxy/TiO2 

nanocomposites a 35% improvement was recorded (Ye, et al. 2007).  
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Figure 2.50:  Mechanical properties of neat epoxy and the nanocomposites with different 

halloysite loadings (Ye et al., 2007). 

 
 
Ye et al. (2007) used high resolution SEM to view fracture surfaces of broken specimens 

after impact tests to investigate toughening mechanisms as shown in Figure 2.51 (a-c). 

Nanotube debonding/pull-out in the crack initiation region of the fracture surface is 

noticeable in Figure 2.51a. Nanotubes can bridge micro-cracks. For example, a micro-

crack with a gap of about 600 nm can be seen to have nanotubes bridging its two 

surfaces in Figure 2.51b. The mechanism of nanotube bridging stabilizes micro-cracks 

and prevents the development of larger and more harmful cracks. Figure 2.51c shows 

that some of the bridging HNTs broke when crack opening force exceeded fracture 

strength of the HNTs. Ye et al. (2007) believed that strong adhesion between HNTs and 

matrix led to the breakage of bridging HNTs. Nanotube breakage was considered to be 

an additional mechanism consuming energy and leading to enhancement of toughness 

properties. 
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Figure 2.51: SEM micrographs taken on the fracture surfaces of the nanocomposites 

with 2.3 wt.% halloysite showing: (a) nanotube debonding/pull-out, (b) nanotube 

bridging, and (c) nanotube fracture (Ye, et al. 2007). 

 
Another study using epoxy and HNTs, was conducted by Deng et al. (2008) who 

attempted to characterize the fracture behaviour of epoxies reinforced with HNTs and 

specifically investigate toughening mechanisms provided by HNTs. Load–crack opening 

displacement (COD) curves from CT tests for pure epoxy and epoxy/HNT 

nanocomposites with 5 wt.% and 10 wt.% content are shown in Figure 2.52. 
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Figure 2.52: Typical load vs. crack opening displacement (COD) curves obtained from 

CT tests (crack length =19 mm) (Deng et al., 2008). 

 
When maximum load is reached, pure epoxy and epoxy/HNTs nanocomposites with 5 

wt.% and 10 wt.% all undergo unstable crack propagation. However, noticeably, when 

crack length of specimens is the same, the maximum load for epoxy/HNTs 

nanocomposites is higher. Figure 2.53 shows values obtained at ambient temperature for 

critical stress intensity factor KIC and the critical stain energy release rate GIC. 
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Figure 2.53: Plane-strain fracture toughness of halloysite-epoxy nanocomposites (Deng, 

et al. 2008). 

 
After HNT reinforcement, the epoxy/HNTs nanocomposites with 5 wt.% and 10 wt.%, 

magnitudes of KIC were significantly improved. For example, for pure epoxy KIC was 

0.90 MPa.m1/2 while epoxy/HNTs nanocomposite with 5 wt.% KIC was 1.26 MPa.m1/2 

indicating a 39% improvement. For epoxy/HNTs nanocomposite with 10 wt.%, the 

increase in KIC was even greater at 1.35 MPa.m1/2 indicating an almost 50% 

improvement. The increases in the critical strain energy release rate (GIC) for 

epoxy/HNTs nanocomposite with 5 wt.% and 10 wt.% were 100% and 127% 

respectively (Deng et al., 2008). Figure 2.54 (a-c) shows the appearance of fracture 

surfaces of CT specimens near the crack tip. For pure epoxy Figure 2.54a flatness and 
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smoothness characterise the fracture surface indicative of brittle cleavage failure. In 

contrast, for epoxy/HNTs nanocomposites at 5 wt.% (Figure 2.54b) and 10 wt.% (Figure 

2.54c) roughened fracture surfaces and the presence of dispersed particles clusters are 

noticeable. 

 

 
Figure 2.54: SEM micrographs of fracture surfaces near crack tip, (a) pure epoxy, (b) 5 

wt.% halloysite, and (c) 10 wt.% halloysite (Deng, et al. 2008). 

 
Plastic deformation of the epoxy around the particle clusters, crack bridging, and crack 

deflection are believed to be toughness mechanisms provided by the addition of HNTs. 

Particle clusters of HNTs are believed to be able to interact with cracks at the crack 

front, effectively resisting crack advancement and thus increasing fracture toughness 

(Deng, et al. 2008). The team also investigated the tensile and flexural properties of pure 

epoxy and epoxy/HNTs nanocomposite samples finding that epoxy when reinforced 

with HNTs demonstrates improvements in strength and modulus properties. This 
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enhancement of properties is believed to be due to the large aspect ratio of HNTs (Deng, 

et al. 2008).  

 

2.6.3.2 Thermal properties 

 
HNTs can be used effectively as flame-retardants. Investigations have shown that the 

thermal stability and flame retardancy of polymer composites, such as epoxy 

nanocomposites, are increased markedly with an increase of loading of HNTs (Ismail et 

al., 2008, Rooj et al., 2010).  Du et al. (2006) conducted studies into the thermal stability 

and flammability of polypropylene (PP)/HNTs composites. The data revealed in TGA 

curves in Figure 2.55 and characteristic weight loss temperatures results summarized in 

Table 2.9 give an indication of the drastic impact loading of HNTs and surface 

modification of HNTs has on the thermal stability of nanocomposites. For pure PP, 5% 

weight loss occurs at 384ºC. For PP/HNT nanocomposite with 10 phr unmodified HNTs, 

5% weight loss occurs at 414ºC. For PP/HNT nanocomposite with 10 phr modified 

HNTs, 5% weight loss occurs at 444ºC. While compared to pure PP, the 10 phr PP/HNT 

nanocomposites demonstrate superior thermal stability, at 30 phr loading of HNTs 

thermal stability declines. The results shown in the following table for temperature at 

5% weight loss, 10% weight loss, and at maximum weight loss highlight 10 phr loading 

giving favourable thermal stability compared to 30 phr (Du et al., 2006). 
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Figure 2.55: TGA curves of neat PP, HNTs, and PP/HNTs nanocomposites in nitrogen. 

(Du, et al. 2006) 

 

Table 2.9: TGA data of PP/HNTs nanocomposites in nitrogen (Du, et al. 2006) 

 
 

Du et al. (2006) used a cone calorimeter to investigate the flammability of PP and 

PP/HNTs nanocomposites. Figure 2.56 and Table 2.10 highlight that incorporation of 

HNTs led to PP/HNTs nanocomposites’ peak of heat release rate (PHHR), peak of 

specific extinction area (PSEA), and peak mass loss rate (PMLR) to each be 

substantially lower than the corresponding peaks in pure PP indicative of a reduction in 

the flammability from PP to PP/HNTs nanocomposites (Du, et al. 2006). Loading of 30 

phr HNTs led to greater reduction of flammability in PP compared to loading of 10 phr. 

Specifically, PHHR, PSEA and PMLR of nanocomposites reduced to almost half of 
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those of the pure PP, at 30 phr loading of HNTs. For pure PP, the curve of HRR is very 

sharp indicative of furious burning and quick heat release. Increasing loading of HNTs 

in PP to 30 phr, however, flattens the HRR curve and noticeably increases the time to 

burn out (Du, et al. 2006). 

 

 
Figure 2.56: Heat release rate of neat PP and PP/HNTs nanocomposites (Du, et al. 

2006). 

 
Table 2.10: Cone calorimeter data of neat PP and PP/HNTs nanocomposites (Du, et al. 

2006). 

 
 

The hollow tubular structures of HNTs, heat and mass transport barriers, and iron 

presence in HNTs (0.29 wt.% Fe2O3) are suggested to be the principal factors leading to 

the favourable thermal stability and flame retardant effects of HNTs addition (Du et al. 

2006). 
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Ismail et al. (2008) investigated the thermal stability and flammability properties of 

Ethylene propylene diene monomer (EPDM) and EPDM/HNTs nanocomposites. Figure 

2.57 and Table 2.11 provide TGA results for the EPDM/HNT nanocomposites showing 

with increasing HNTs at 5 and 10 phr HNT loading the temperature at 5% weight loss 

decreased. In contrast, when increasing HNTs at 15 to 100 phr HNT loading, the 

temperature at 5% weight loss increased. Compared to pure EPDM, the temperature at 

5% weight loss for EPDM/HNTs nanocomposites at 70 phr loading was 15ºC higher and 

at 100 phr loading 20ºC higher.  Maximum weight loss as a percentage was highest for 

pure EPDM and decreased at 0 to 100 phr loading as HNTs content was added. The 

improved thermal stability of the composites compared to the pure EPDM is believed to 

be due to the formation of char residue which hinders the diffusion of volatile 

decomposition products. In Ismail et al. (2008)’s comparative study of the rate of 

maximum weight loss, even the slightest increase in HNTs content, was found to 

enhance the composites’ thermal stability. Good dispersion of HNTs, entrapment of 

degradation products of EPDM within the tubule’s lumen structure, interfacial and inter-

tubular interactions between EPDM and HNTs, and formation of zigzag structures are 

believed to be the mechanisms responsible for the enhanced thermal properties in 

EPDM/HNTs composites over 15 phr HNT loading (Ismail et al., 2008). 

 

 
 

Figure 2.57: TGA curve of EPDM, HNT and EPDM/HNT nanocomposites (Ismail et al. 

2008). 
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Table 2.11: Thermal stability parameters of EPDM/HNT nanocomposites (Ismail et al., 

2008). 

 
 
For the investigation of flammability, Ismail et al. (2008) used the UL-94 vertical burn 

test to conduct a ranking of flammability. Table 2.12 shows pure EPDM as 

‘Unclassified’, as specified by the standard, with 5 specimens having a total ignition of 

over 250 s. Addition of 5–15 phr of HNT decreased dripping and total ignition time, and 

EPDM/HNT composite was also still ‘Unclassified’  with flame still reaching specimen 

top. HNTs loading from 0 to 100 phr reduced flammability of EPDM/HNT 

nanocomposites. 

 
Table 2.12: Classification of flammability of EPDM/HNT nanocomposites according to 

UL-94 test (Ismail et al., 2008). 
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Lecouvet et al. (2011) investigated the thermal stability and flammability properties of 

pure polyamide 12 (PA12), PA12/HNTs nanocomposites prepared by Batch Internal 

Mixing (BIM) and PA12/HNTs composites prepared by Twin-Screw Mini-

Compounding (TSMC) in order to study the influence of dispersion of HNTs on 

physical properties of the resulting nanocomposites. Table 2.13 shows temperatures at 5 

and 10% weight loss for BIM PA12/HNTs nanocomposites increased with HNTs 

loading. Compared to pure PA12, at 10 wt.% BIM PA12/HNTs nanocomposite 

temperature was 31ºC higher. Table 2.14 reveals the better thermal properties for the 

BIM PA12/HNTs nanocomposite compared to the TSMC PA12/HNTs. For example, the 

increase in temperature at 10% weight loss for PA12/HNTs at 10% HNTs content is 

12ºC greater for samples prepared using the BIM method compared to those samples 

prepared using the TSMC method. The team postulated that the random orientation of 

HNTs, a result of BIM preparation, provides better barrier properties and consequently 

better thermal stability, compared to preferential orientation of HNTs, a result of TSMC 

preparation method. This postulation was supported by observations using TEM as 

shown in Figure 2.58. Based on this postulation, the team believed that the internal 

structure and presence of iron in HNTs were important factors leading to the result of 

increased thermal stability in PA12/HNTs nanocomposites. 

 
Table 2.13: TGA data of Batch internal mixed (BIM) PA12/HNTs nanocomposites in air 

atmosphere at a constant heating rate of 10ºC /min (Lecouvet et al., 2011). 
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Table 2.14: TGA data of twin-screw compounded (TSMC) PA12/HNTs nanocomposites 

in air atmosphere at a constant heating rate of 10ºC /min (Lecouvet et al., 2011). 

 
 
 

 
 

Figure 2.58: TEM micrograph of PA12/HNTs nanocomposites with 10 wt.% of HNTs 

(a) prepared using BIM and (b) prepared using TSMC (Lecouvet et al., 2011). 

 

In summary, the structure of HNTs is believed to a principal factor underpinning 

enhancement of thermal properties often reported when polymers are modified with this 

type of nano-particle. It is this microstructure of HNTs which promotes favourable 

dispersion and orientation of HNTs within the matrix allowing effective interfacial 

interaction between HNTs and matrix. This microstructure entraps degradation products 

of composites within tubules on heating and provides heat and mass transport barriers 

which enhance thermal stability in polymer/HNTs composites. The chemical 

components of HNTs are also believed to underpin enhancement of thermal properties. 

A layer of thermal insulation is provided through the formation of char in 
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polymer/HNTs composites leads to improvement in thermal stability while and the 

presence of iron from HNTs in composites is considered to be a flame-retardant. 

 
 
2.7 Polymers Nano-Silicon Carbide Nanocomposites 

 
2.7.1 Introduction 
 
Silicon carbide (SiC) exhibits outstanding mechanical and physical properties (Majewski 

et al., 2006). With these properties, SiC is a promising material for both high 

temperature and superior abrasion resistant applications (Zhi-min et al., 2007). 

Accordingly, in recent years, the nano-powder of silicon carbide (n-SiC), has been 

identified as a promising filler to enhance the properties of polymer composites (Liao et 

al., 2011). 

 
2.7.2 Structure and categorized of silicon carbide 
 
The name silicon carbide describes a range of materials that are in fact structurally 

distinct. Mechanical engineers often describe ceramics fabricated from impure SiC 

crystallites bonded with binders under temperature and/or pressure as silicon carbide 

while electrical engineers describe high purity single crystal wafers as SiC. Nonetheless, 

the layered crystal structure of silicon carbide occurs in different polytypes. SiC crystal 

is composed of equal amounts of carbon and silicon. Each atom of SiC ctystal bonds to 

four opposite atoms in a tetrahedral bonding configuration. A, B and C positions are 

three possible arrangements of atoms in each SiC crystal layer. Each polytype has 

similar layers but different stacking sequence (Figure 2.59). As a given layer may be 

stacked on top of another layer in a variety of orientations with lateral translations and 

rotations being feasible, silicon carbide occurs in a variety of stacking sequences. Each 

stacking sequence is unique and generates a different polytype. Cubic, hexagonal and 

rhombohedral structures are all possible. Hexagonal and rhombohedral structures, 

designated as α-form (noncubic), crystallize in a large number of polytypes. In contrast, 

only one form of cubic structure, designated as β-form, has been recorded to date. 

Nonetheless, although a limited number forms are of interest technologically, over 215 
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polytypes have been recorded.  Commercial availability of substrates and low mobility 

anisotropy for certain polytypes drives high demand for these materials (Saddow, 2012, 

Shaffer, 1969, Wright, 2000). 

 

 
 

Figure 2.59: Comparison of stacking sequences of (a) 3C SiC, (b) 4H SiC, and (c) 6H 

SiC (Wright and Horsfall, 2011). 

 
 
2.7.3 Properties of polymer nano-silicon carbide nanocomposites 
 
 
2.7.3.1 Mechanical properties  
 
Nano-sized ceramic composites, for some time, have been known to provide higher 

fracture toughness and strength compared to conventional ceramic composites Niihara. 

Nano-SiC retains its strength at high temperatures and provides good creep properties. 

For example, a 30% increase in tension and flexure properties was observed when only 

1.5 wt.% n-SiC was added to pure epoxy (Kueseng and Jacob, 2006, Zhou et al., 2008). 

 

Concerning elastic modulus and flexural strength, Yong and Hahn (2004) studied effect 

of addition of n-SiC to vinyl-ester with and without the coupling agent/dispersant, 
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gamma methacryloxy propyl trimethoxy silane (MPS). The pair found that elastic 

modulus and flexural strength of vinyl-ester increased with increases in volume fraction 

of SiC (Table 2.15). Changes to the interface and dispersion quality at constant volume 

fraction were not found to have a significant influence on elastic modulus. However, 

these variables are essential in determining composite strength and toughness. There was 

a positive relationship between use of coupling agent (MPS) and strength properties. 

Yong and Hahn (2004) concluded that the increase in strength was attributable to better 

dispersion quality, lower porosity, and stronger particle/matrix interfacial bonding as a 

result of MPS. In contrast, without dispersant, the pair believed that higher particle 

loading introduced larger and more loosely assembled nanoparticle agglomerates, which 

acted as stress concentrators, and caused a decrease in strength (Yong and Hahn, 2004). 

 

Table 2.15: Mechanical properties of pure vinyl-ester and vinyl-ester/n-SiC 

nanocomposites (Yong and Hahn, 2004). 

 
 
 
Rodgers et al. (2005) studied the elastic modulus and flexural strength properties of 

epoxy/n-SiC nanocomposites.  Rodgers et al. (2005) aimed to study the effect of adding 

0.5, 1, and 1.5 wt.% n-SiC on the mechanical properties of epoxy (SC-15 epoxy) matrix. 

The researchers performed flexural tests to evaluate bulk stiffness and strength for each 

nanocomposite. The results revealed that addition of 1 wt.% n-SiC led to the most 

favourable enhancements with a 36% increase in elastic modulus and a 21% increase in 

strength (Table 2.16).  
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Table 2.16: Flexural test data for pure epoxy and epoxy/n-SiC nanocomposites (Rodgers 

et al., 2005). 

 
 

Interestingly, the team found that there was almost negligible difference in enhancement 

between 0.5 wt.% and 1 wt.% addition. Moreover, the researchers noted that mechanical 

properties began to degrade at 1.5 wt.% loading as shown in Figure 2.60 (Rodgers et al., 

2005). 

 

 
Figure 2.60: Stress/strain curves from flexural tests for pure epoxy and epoxy/n-SiC 

nanocomposites (Rodgers et al. 2005). 
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Rodgers et al. (2005) noted that 21% enhancement in strength during flexure was 

surprising compared to the results of previous studies with nanoclays. The researchers 

attributed the enhancement to better dispersion of spherical n-SiC compared to the 

dispersion of nanoclay particles with micron size planar dimensions providing less 

interaction with polymer chains. The team suggested that if the centres of the 

nanoparticles were close to the radius of gyration of the polymer coils, a significant 

increase in the number of atoms at the surface would occur. This increase would 

enhance reactivity between particle and polymer leading to improved mechanical 

properties. The degradation of strength beginning at 1.5 wt.% was believed to be due to 

particle agglomeration (Rodgers et al., 2005). 

  
Liao et al. (2011) studied the elastic modulus, the strength, and the impact strength of 

maleated high density polyethylene (mPE) reinforced with 2, 4, 6 and 8 wt.% n-SiC.  

Liao et al. (2011) aimed to investigate the impact fractography, deformation, and other 

structural factors relevant to the properties of such nanocomposites. The researchers 

found that all specimens exhibited cold drawing and necking behavior which can be seen 

in the typical tensile stress–strain curves for mPE and its nanocomposites (Figure 2.61). 

The team found the reinforcement of 2 wt.% n-SiC led to substantial improvements in 

strength and elastic modulus results (Table 2.17). The researchers noted that mechanical 

properties began to degrade at 4 wt.% loading due to agglomeration of n-SiC at high 

filler content. Liao et al. (2011) attributed the favourable tensile strengths and stiffness 

of their nanocomposites to the higher degree of crystallinity (Xc). While pure mPE has a 

Xc value of 61.0%, adding 2 wt.% n-SiC increased this value to 65.8%, and 8 wt.% to 

67.1%. In addition to degree of crystallinity, the researchers referred to the reinforcing 

effect of n-SiC (Liao et al., 2011). 
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Figure 2.61: Tensile stress/strain curves of mPE reinforced with 2, 4, 6 and 8 wt.% n-

SiC at a 10 mm/min crosshead speed (Liao et al. 2011). 

 

Table 2.17: Mechanical properties of pure mPE and Mpe/n-SiC nanocomposites (Liao et 

al., 2011). 

 
 
Liao et al. (2011) investigated the effect of n-SiC addition on the notched impact 

strength (toughness) of the pure mPE (Figure 2.62). Notch testing revealed a negative 

relationship between impact toughness and n-SiC content (Table 2.16). The researchers 

attributed the low impact toughness in the composites to the absence of particle 

cavitation and matrix fibrillation, and the extreme hardness of the n-SiC (2840-3320 

kg/mm2) compared to the hardness of mPE, which compromises the mechanism of 

plastic deformation in the mPE matrix (Liao et al., 2011). 
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Figure 2.62: Notched impact strength (toughness) of pure mPE, and mPE/n-SiC 
nanocomposites (Liao et al., 2011). 

 
 
2.7.3.2 Thermal properties  
 
Rogers et al. (2005) studied the thermal stability and the reinforcement of epoxy with n-

SiC. To measure changes in heat flow associated with material transitions for various 

volume fractions of n-SiC nanocomposites, the researchers used modulated differential 

scanning calorimetry (DSC) analyses. The researchers also used DSC to determine the 

effect of SiC nanoparticle addition on glass transition temperatures (Tg) of 

nanocomposite systems. Typical heat flows versus temperature curves of this study are 

shown in Figure 2.63. The team described that the broad endothermic peak detected in 

Figure 2.63 at 73ºC was assigned to the Tg of the neat epoxy resin system, and that peak 

is meant to indicate a depression in the curve. The researchers determined glass 

transition temperatures as inflection points of heat flow curves. Rogers et al. (2005) 

reported that for 0.5, 1.0, and 1.5 wt.% epoxy/n-SiC glass transition temperatures (Tg) 

measured were 80ºC, 85, and 65.8ºC respectively. The researchers attributed the 12.8ºC 

increase in Tg from neat epoxy (73ºC) to 1.0 wt.% (85ºC) to increased cross-linking of 

epoxy resin, due to the presence of n-SiC. This restriction of molecular mobility 

decreases free volume However, Rogers et al. (2005) reported the addition of 1.5 wt.% 
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led to a  20ºC decrease in Tg from 1.0 wt.% (85ºC) to 1.5 wt.% (65ºC). The researchers 

attributed this decrease to n-SiC agglomeration and the subsequent increased in 

particle/particle interaction as opposed to particle/polymer interaction. Rogers et al. 

(2005) concluded that particles agglomerated began to act as impurities in polymer, and 

these agglomerations with a much larger volume could no longer occupy free space nor 

restrict molecular mobility. Moreover, particle agglomerations lower Tg by reducing 

cross-linking density of the polymer (Rodgers, et al. 2005). 

  

 

Figure 2.63: Modulated differential scanning calorimetry (MDSC) curves for pure epoxy 

(A), 0.5 (B), 1.0 (C), 1.5 wt.% (D) epoxy/n-SiC nanocomposites (Rodgers et al. 2005). 

 

Rogers et al. (2005) also compared the TGA decomposition temperatures of 0.5, 1.0, and 

1.5 wt.% epoxy/n-SiC with that of pure epoxy (Table 2.18). The researchers reported 

structural decomposition temperatures of 356ºC, 378ºC, and 385.8ºC for neat, 0.5 and 

1.0 wt.% systems respectively. The researchers found that at 1.5 wt.% structural 

decomposition temperature was reduced to 358.8ºC. Rogers et al. (2005) attributed this 

decrease in properties to agglomeration of n-SiC at 1.5wt.% perturbing the microscopic 

integrity of the polymer by weakening the Van der Waals forces that bind polymer 

chains (Rodgers et al., 2005). 
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Table 2.18: DSC and TGA data for pure epoxy and epoxy/n-SiC nanoomposites 

(Rodgers et al. 2005). 

 
 
 

Majewski et al. (2006) also studied the thermal stability of solution blending a styrene 

ethylene butylenes (SEBS) star-polymer reinforced with n-SiC. The TGA curves of 

various composite materials and the polymer with temperature are shown Figure 2.64. 

The researchers found a positive relationship between decomposition temperature and 

fraction volume of the composites. For example, for the pure polymer (SEBS) the 

decomposition temperature was 458ºC while for 35 wt.% n-SiC, 468ºC. The team 

attributed the enhancement of thermal stability in the nanocomposites to the existence of 

inorganic materials in polymer matrix, which generally enhances the thermal stability of 

the composite. Majewski et al. (2006) also plotted temperature against the residual 

weight of pure polymer and polymer reinforced with n-SiC. The researchers reported a 

positive relationship between n-SiC content and degradation temperature (DT) of 

samples (Figure 2.65). For example, increasing n-SiC content to 35 wt.%, resulted in an 

approximate 30ºC increase in DT. The researchers noted that saturation value of 

polymer by n-SiC powder was attained at 35 wt.%, as further increase in n-SiC content 

did not result in an increase of the DT. Majewski et al. (2006) concluded that the quality 

of particle dispersion was an important determinant of thermal stability of particle 

reinforced polymer composites (Majewski et al., 2006). 
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Figure 2.64: TGA of the sample containing up to 40 wt.% n-SiC (Majewski et al., 2006). 

 
 

 
 

Figure 2.65: Degradation temperature (DT) vs. different SiC containing composites 

(Majewski et al., 2006). 
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2.8 Toughening Mechanisms in Polymer Nanocomposites 
 

The toughness of polymers is believed to be primarily underpinned by mechanisms of 

plastic deformation. The plastic deformation zone is located ahead of the crack tip and it 

is a zone that is typically under plane strain condition. It is important to note that when 

polymers are tested for toughness they are typically subjected to high plastic constraint 

(Lim et al., 2007, Silva et al., 2006). If materials do not have constraint relief 

mechanisms, under this triaxial stress, materials such as polymers often are fractured in 

brittle mode exhibiting low toughness. Reinforcing polymers with toughening agents 

such as rubber particles or other flexibilizers, is one way to improve the toughness 

properties of these materials (Bagheri and Pearson, 1996, Kaynak et al., 2001). The 

problem with these traditional fillers, however, is that they, while improving the fracture 

toughness, generally compromise important mechanical properties (Johnsen et al., 2007, 

Robinette et al., 2004). Recent developments have shown by simultaneously improving 

the toughness polymer materials, without sacrificing other mechanical properties, 

nanoparticles can overcome the drawbacks of traditional toughening agents 

(Balakrishnan et al., 2005, Deng et al., 2008, Kitey and Tippur, 2005). This section 

discusses the relationships between nano-filler addition and the mechanisms of plastic 

deformation, crack pinning, crack deflection, de-bonding and plastic void growth, 

micro-cracking and crack bridging and how these relationships lead to increases of 

fracture toughness in polymer nanocomposites.  

2.8.1 Plastic deformation of matrix 

Due to the cross-linked molecular network architecture of thermosetting polymers, these 

polymers have a higher resistance to plastic deformation (i.e. shear banding and crazing) 

compared to thermoplasts. Nevertheless, plastic shear yielding can occur in thermosets 

polymers such as vinyl ester, epoxy and polyester. Plastic shear yielding is believed to 

represent an important toughening mechanism in neat polymers and particle-filled 

composites (Argon and Cohen, 2003, Lee and Yee, 2001). The addition of rigid-

particulate fillers is believed to contribute to enhanced localized plastic deformation of 
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the polymer matrix (Wetzel et al., 2006). This enhanced shear banding and crazing 

causes enhanced fracture toughness. Formation and propagation of shear zones initiate 

at stress levels below the tensile strength, and causes partial orientation of the polymer 

chains (Kausch et al., 1973, Kawaguchi and Pearson, 2003). Shear banding formation 

will depend on the temperature and the local stress states. Microscopic regions of highly 

localized plastic deformation called crazes occurring in regions of high hydrostatic 

tension, cause the formation of micro-voids and fibrils oriented parallel to the tensile 

direction. When tensile load is sufficient, crazed regions elongate and break, causing the 

micro-voids to grow and unite and crack formation begins (Gloaguen and Lefebvre, 

2001, Tanniru et al., 2006). More plastic deformation may exist in nanocomposites 

leading to higher fracture toughness. This is due to the large number of particles in these 

systems as compared to unfilled polymers 

Deng et al. (2007) modified epoxy with 0, 4 and 8 wt.% silica nano-particles (with a 

narrow size distribution centred on 20nm) at different temperatures, - 50, 0, 23, 50 and 

70 °C to evaluate fracture toughness. The silica nano-particles, with a narrow size 

distribution centred on 20nm, in this study were found to provide increased fracture 

toughness for epoxy resins without sacrificing strength, modulus and glass transition 

temperature properties. The study results showed that fracture toughness of the nano-

silica modified epoxies, especially at room temperature and 50 °C, was noticeably 

increased. The greatest improvement was found in the systems of around 4 wt.% nano-

silica. However, in a plasticised matrix at 70 °C, the nano-silica particles do not promote 

any mechanism to increase fracture energy. At low temperatures, the fracture 

mechanisms are similar to those at room temperature, although the influence of nano-

silica in increasing fracture toughness is less pronounced at low temperatures. The 

increases in plastic deformation, as well as the crack deflection were the main 

toughening mechanisms observed on the fracture surfaces (Deng et al., 2007). 

Zerda and Lesser (2001) reported that clay-filled glassy epoxy, upon compression, 

yields in shear with the evolution of a diffuse but visible shear-banding zone (Figure 

2.66 a-b). The scattering of visible light in the band indicates the creation of new surface 

area in this region. When compression further applied past the yield point, the shear-

139



banding zone consumes the entire sample. The authors used SEM to further examine the 

shear-banding zone. In compression, the unfilled system exhibits a gross yielding 

behavior with no apparent void formation. However, in the filled systems (7 wt.% clay), 

void development was confined mostly within the large clay domains (figure 2.66 c). 

The clay particles, upon fracture, serve as stress concentration sites causing debonding 

at the clay-matrix interface or cleavage of clay tactoids leading to the formation of 

micro- or nano-voids.  Before final fracture, these voids may be able to initiate shear 

yielding (plastic deformation) of the epoxy matrix at the crack and micro-crack tips 

throughout the entire volume, thus absorbing a significant amount of energy.  The shear 

yielding of the matrix manifests in a step structure which contributes to surface 

roughness (Zerda and Lesser, 2001). 

 

Figure 2.66: Micrographs showing compressive deformation in a 7 wt % clay sample: 

(a) macroscopic deformation showing diffuse shear band, (b) SEM micrograph of region 

outside shear band, and (c) SEM micrograph of region within shear band with void 

detail (Zerda and Lesser, 2001). 
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2.8.2 Crack pinning 

Lange proposed that crack pinning was a useful mechanism for limiting the 

advancement of cracks in composite materials (Lange, 1970). Evans and Green further 

added to the theory by stating that rigid particles can act as arresting and pinning points 

during crack propagation (Wetzel et al., 2002). More specifically, as a crack starts to 

propagate within a composite material, the front of the crack encounters particle fillers 

and bows out between the rigid particles. The front of the crack remains pinned at all the 

positions where it has encountered filler particles. This is the initial stage of crack 

propagation. At this point, distortion of the crack front by pinning particles increases the 

length of the crack front. As this process of pinning generates secondary cracks as well 

as new fracture surfaces, stored strain energy can be alleviated. After passing particles, 

these secondary cracks unify after passing these obstacle and a fracture step may then be 

formed which occurs as a ‘tail’ (Liu et al., 2005, Park and Jana, 2003). When increases 

is strain energy are sufficient, local step fracture occurs. This causes the pinned points to 

be released. Figure 2.67 shows “tail-like” appearance at fracture surfaces caused by 

local step fracture. During the crack-pinning process, energy is absorbed and dissipated 

leading to increases in fracture toughness (Wetzel et al., 2006, Zhang et al., 2006). 

 

Figure 2.67:  Diagrammatic representation of crack pinning in nanocomposites (Park 

and Jana, 2003). 
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Higher toughness is believed to be derived from crack-particle interactions as well as the 

interactions of a propagating crack front with impenetrable obstacles in brittle 

composites (Liu et al., 2005, Park and Jana, 2003). As mentioned previously, a crack 

propagating through a particle-filled matrix will encounter the particles as obstacles and 

these particles may pin the crack. As the front of the crack continues to move between 

these obstacles, the crack is bowing causes extension which leads to increase crack 

length. This phenomenon is believed to cause a higher ‘line energy’ which enhances 

crack resistance (Kinloch et al., 1985, Wetzel et al., 2006). Tail and crack bowing can be 

seen in Figure 2.68, obtained from  the study of Wetzel et al. (2006). In this study, TiO2 

particles were added to epoxy. On the fracture surfaces of the epoxy/TiO2 composites, 

tail features can be seen (Figure 2.68 item A). The magnification of the image (item B) 

provide evidence of crack pinning by showing bowing of the crack front between 

particles. 

 

Figure 2.68: Crack pinning (item A) and crack front bowing (item B) in epoxy/TiO2 

(300 nm) nanocomposites (Wetzel et al., 2006). 

The phenomenon of bowing results in increased absorption of energy. However, crack 

pinning in composites is only observed when the bonding between filler and matrix is 
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sufficient. This difference between good bonding and weak bonding is shown in Figure 

2.69. In the study of Kawaguchi and Pearson, (2004) it was found that interfacial 

bonding with bisphenol-A epoxy resin was superior for glass spheres (GS) 

functionalized with aminopropyltrimethoxysilane (APS) as opposed to those 

functionalized with n-butylrimethoxysilane (nBS). As seen in Figure 2.69a, toughening 

by crack pinning is detectable from the tails behind the glass spheres in the case of 

treated glass spheres. However, there were no observable traces of crack pinning in the 

case of nBS-treated glass spheres which showed poor adhesion (Figure 2.69b). 

 

Figure 2.69: SEM images of fracture surfaces of fatigue for (a) the GS-APS-A epoxy 

(representing good bonding) and (b) the GS-nBS-A epoxy (representing weak bonding) 

(Kawaguchi and Pearson, 2004). 

Crack pinning, however, appears to be rarely observed in nanoparticle filled resin 

systems (Becker et al., 2002, Ratna et al., 2003). A number of researchers such as Zerda 

et al. (2001) and Johnsen, et al. (2007) have called the effectiveness of nano-fillers as 

pinning agents into question. These authors believe is that typical crack surface 

displacement occurs on a length scale, and being larger than the nano-scale filler, so that 

the nano-scale filler does not generate a crack pinning pattern on the fracture surface. It 

is generally accepted that toughening occurs over a specific size range. It is also 

believed that effective toughening, at nanolength scales, might not be energetically 

favourable. Nanoparticles feature dimensions that are generally too small to provide the 

crack-pinning mechanism (Zerda and Lesser, 2001, Pavlidou and Papaspyrides, 2008). 
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Moreover, this may be the same reason why nanoparticles cannot effectively enhance 

crack-trajectory tortuosity. Without these mechanisms toughening is not observed. 

Therefore, fully exfoliated nanocomposites might not be suitable for the purposes of 

material toughening (Balakrishnan et al., 2005, Kaneko et al., 2013). 

2.8.3 Crack deflection 

During crack propagation in a particle-filled polymer, crack deflection at, or near, the 

interface of particles and polymers is a source of energy dissipation. As the front of a 

crack approaches the interface between a polymer and a particle, the front is presumed 

to potentially deflect by obstacles and that forces the front, through tilting and twisting, 

to move out of the initial propagation plane (Wang et al., 2011, Zhao et al., 2008b). This 

deflection causes a stress state change, from mode I to mixed-mode. For instance, mode 

I/II (tensile/in-plane shear) are in the case that the crack tilts, and mode I/III 

(tensile/anti-plane shear) if the crack twists (Chao and Liu, 1997, Gao and Shih, 1998, 

Liu et al., 2004). Compared to the driving force to propagate a crack in pure mode I, the 

driving force required to propagate a crack under mixed mode conditions is much 

higher. When crack deflection occurs, the total fracture surface area also increases as the 

crack front follows a tortuous path around particles. These events caused more energy to 

be absorbed during propagation in filled materials compared to propagation in unfilled 

materials (Liu et al., 2004, Wang et al., 2011, Zhao et al., 2008a). 

 

Zerda and Lesser (2001) used a double-notched four-point bend technique (DN-4PB) to 

investigate epoxy-clay nanocomposites fracture behaviour. To perform this technique, 

two cracks of equal length are introduced into a specimen and identically loaded.  One 

crack propagates to failure while the other another propagates sub-critically. Using 

optical microscopy (OM), cracks that survive can be used to study toughening 

mechanisms. The following figure, Figure 2.70, shows optical micrographs in which a 

straight crack with a smooth surface can be seen in the neat epoxy (Figure 2.70a), and a 

tortuous crack trajectory and exhibits evidence of crack branching along the crack path, 

can be seen in the intercalated nanocomposite (Figure 2.70b). 
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Figure 2.70: Optical micrographs showing DN-4PB specimen crack tip in (a) neat epoxy 
sample and (b) 10 wt.% clay sample (Zerda and Lesser, 2001) 

Liu et al. (2004) investigated nanoclay addition effect epoxy-nanocomposite fracture 

behaviour and morphology. In this study, transmitted optical microscopy (TOM) was 

used to investigate arrested crack tip damage zone of the DEN-4PB specimens. Figure 

2.71a shows that the unfilled epoxy contains a large crack tip damage zone. A sharp and 

straight crack path (with almost no deflection) is evident running through the material. 

Therefore, where there are featureless crack paths, running almost parallel to the 

direction of crack propagation, it is expected that any significant plastic shear 

deformation is absent. However, Figure 2.71b shows how small-size crack trajectories 

that are deflected and meandering through the matrix manifest in the nanocomposite 

containing 2 wt.% clay. 
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Figure 2.71: TOM images showing crack tip damage zones in (a) neat epoxy and (b) 

epoxy/clay nanocomposite (containing 2 wt.% nanoclay). Crack propagation direction 

indicated by arrows (Liu et al., 2004). 

Using SEM, as shown in Figure 2.72, the researchers compared neat epoxy fracture 

surfaces with nanocomposite fracture surfaces (Li et al. 2004). A relatively smooth 

fracture surface with cracks in different planes but almost parallel to the crack-

propagation direction is observable in the neat epoxy resin as indicated by a white arrow 

(Figure 2.72 a). This fracture surface appearance is a typical fractography feature of 

brittle fracture behaviour. In contrast, the fracture surfaces of the nanocomposites show 

considerably different fractographic features. The failure surface of the nanocomposite 

containing 2 wt.% clay is shown in Figure 72b. Upon adding clay into the epoxy matrix, 

a much rougher fracture surface is generally seen. Clay platelets make crack propagation 

more difficult, and this is believed to cause the crack tip to be deflected. Increased 

surface roughness observable on the sample is believed to be evidence of this. Liu et al. 

(2004) believe that increasing nanoclay content, past 2 wt.% clay, leads to an 

increasingly deflected crack path. The distance between the intercalated clay particles 

decreases as the clay concentration increases, which most likely accounts for the crack 

taking a more tortuous path around the clay particles (Liu et al., 2004). 
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Figure 2.72: Fracture morphologies within the crack initiation region observed by SEM 

(a) neat epoxy and (b) epoxy/clay with 2 wt.% nanoclay (Liu et al., 2004) 

Wetzel et al. (2002) studied the reinforcement of epoxy polymer with varying amounts 

of calcium silicate CaSiO3 microparticles as well as the the reinforcement of epoxy 

polymer with varying amounts of titanium dioxide TiO2 nanoparticles. The objective of 

the study was to compare the effect of different filler size addition on mechanical 

properties. The results showed that the mechanical properties of the composites using 

nano-size filler are better than those using micron size fillers. Optimum filler loading 

level was found to be 4vol% TiO2 nanoparticles. The rougher and more textured 

fracture surface of the nanocomposites suggests that these materials exhibit more 

ductile fracture behaviour than the corresponding neat resin exhibit. The team indicated 

that the increase in ductile fracture behaviour was due to the activation of additional 

energy dissipating fracture mechanisms such crack deflection (Wetzel et al., 2002). 

 

2.8.4 Particles/matrix de-bonding and plastic void growth 

Another effective toughening mechanism for particle filled composites is 

particles/matrix de-bonding. This mechanism occurs when rigid particles from the 

polymer matrix de-bond. Typically, de-bonding occurs when interface local tensile 

stress is greater than thermal mismatch stress and interfacial cohesive strength (Wetzel 
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et al., 2003, Zuiderduin et al., 2003). This void growth toughening mechanism is 

frequently observed for rubber toughened polymer systems. For nanocomposites, 

interface-dominated materials, there can be large energy dissipation if significant de-

bonding occurs at the interfaces. In addition, the de-bonding of the particles allows 

another key energy dissipation mechanism, the subsequent plastic void growth within 

the polymer (Figure 2.73). 

 

Figure 2.73: (a) distribution of hard particles, (b) particle/matrix de-bonding, and (c) 

void-growth mechanism (Chevrier and Klepaczko, 1999).  

 
It is generally accepted that, compared to the plastic deformation of the matrix, the de-

bonding process absorbs little energy. De-bonding, nonetheless, is essential because it 

reduces constraint at crack tip allowing the matrix to deform plastically via a void 

growth mechanism (Hsieh et al., 2010, Norman and Robertson, 2003). 

Johnsen et al. (2007) attributed the majority of the toughness increment seen in 

nanocomposites to the plastic void growth mechanism. The team found a mean fracture 

toughness, KIc, of 0.59 MN m -3/2 for unmodified epoxy polymer. This measured 

toughness was increased by the addition of nanosilica. A maximum KIc of 1.42 MN m-3/2 

was measured for the polymer at 13.4 vol% nanosilica. The fracture energy increased 

from 100 J/m2 for the unmodified epoxy polymer to 460 J/m2 for the epoxy polymer 

with 13 vol% of nanosilica. SEM and atomic force microscopy (AFM) micrographs of 

the fracture surfaces revealed nanoparticles surrounded by voids providing evidence of 

de-bonding of the nanoparticles and subsequent plastic void growth (Figure 2.74). 
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Figure 2.74: (a) SEM micrograph and (b) AFM micrograph of a fracture surface of the 

epoxy polymer containing 9.6 vol% nanosilica, voids with nanoparticles are circled 

(Johnsen et al., 2007). 

 
Hsieh et al. (2010) evaluated fracture properties of four epoxy polymers reinforced with 

silica nanoparticles at concentrations of 0, 10 and 20 wt.%. The silica nanoparticles 

were characterised as being well dispersed amongst the matrices. The team concluded 

that localised shear bands initiated by the stress concentrations around the periphery of 

the silica nanoparticles, and de-bonding of the silica nanoparticles followed by 

subsequent plastic void growth of the epoxy polymer were two important toughening 

mechanisms (Hsieh et al., 2010). 

The energy absorbed during the process, primarily through particle de-bonding and 

plastic void growth is believed to be dependent on adhesion, particle-matrix interface 

interfacial properties, and far-field applied stress (Hsieh et al., 2010, Pukánszky and 

Maurer, 1995).  Nano-size particles are believed to have the advantage of being able to 

create a higher number of voids when compared to micron sized fillers at the same filler 

weight percentage. This means that the polymeric material is more involved in the 

plastic deformation process. Moreover, voids created by nano-fillers are smaller and 

more stable than those created by a micro-filler, avoiding early brittle fracture.  
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2.8.5 Micro-cracking and crack bridging 

When micro-cracking is observed near to the crack tip, it reduces stress intensity and 

improves overall fracture toughness. Zones of micro cracking reduce local modulus and 

lead to local stress reduction. Micro-cracking, as a result of differential thermal 

shrinkage between polymer and fillers, also releases residual stress present in 

composites. Particular size and spatial distributions of micro-cracks near the main crack 

tip may be able to shield the crack and slow further crack advancement (Wouterson et 

al., 2007, Ye et al., 2007).  

Wang et al. (2005) studied the vicinity of an arrested crack tip of an epoxy/clay 

nanocomposite using a DN-4PB specimen (Figure 2.75). Incipient cracks were found 

that consist of several discontinuous cavities which were believed to be closely 

associated with clay platelets (Figure 2.75a). In the region ahead of the arrested crack 

tip, long, narrow micro-cracks associated with clay were also found (Figure 2.75b). It 

can be seen that most of the micro-cracks are formed either along the matrix-clay 

interface or on the delaminated clay platelets. 

 

Figure 2.75: TEM micrographs of thin sections taken from the region in front of arrested 

crack tip in epoxy/clay nanocomposites (Wang et al., 2005). 
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TEM was used to study the crack propagation of a double-cantilever-beam specimen, as 

shown in Figure 2.76. Micro-cracks can be seen (Figure 2.76 a and b) to develop into a 

main crack with a multitude of secondary cracks formed perpendicular to the main 

crack. Figure 2.76 c shows how these secondary cracks cease after a short crack 

extension, and their tips are blunted. Wang et al. (2005) concluded that the initiation and 

development of a large number of micro-cracks due to the delamination of clay layers 

and the increase of fracture surface area due to crack deflections (Figure 2.76), led to the 

improvement in toughness.  In accounting for the events, the team described, compared 

to the fracture toughness from 0.70 MPa.m1/2 in neat epoxy, the addition of 2.5 wt.% of 

clay increase fracture toughness to 1.26 MPa.m1/2 in the epoxy nanocomposites. 

 

Figure 2.76: TEM micrographs showing crack propagation in epoxy-clay 

nanocomposites (Wang et al., 2005).  

 

Similarly, multiple cracking was also reported by Sue et al. (2004) to be a primary 

reason for the increased toughness in epoxy/α-ZrP nanocomposites where α-ZrP layers 
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partially exfoliated. In this study, voiding, from the delamination of the intercalated α-

ZrP platelets (Figure 2.77), along the crack path in the crack tip region caused the 

formation of micro-cracks. 

 

Figure 2.77: TEM showing epoxy/α-ZrP nanocomposite crack tip damage zone. The 

delaminated micro-cracks are observable at the crack tip region (Sue et al., 2004). 

 

Crack bridging is also reported to be an effective toughening mechanism for particle 

reinforced composite materials. Nanotubes, near the crack tip, bridge the crack tip and 

slow down the crack growth. As the stress increases, nanotube pull-out or breakage 

occur leading to partial dissipation of strain energy near the crack tip. Thus, the quantum 

of toughness increase is dependent on the filler's length, aspect ratio, and surface 

properties. Studies by Ye et al. (2007) and Deng et al. (2008) have showed that micro-

cracks were spanned by halloysite nanotubes causing enhanced resistance to the crack 

propagation (Figure 2.53 b). 
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2.9 Natural fibre Reinforced Polymer Nano-composites 

The use of synthetic fibre to reinforce nanocomposite matrices has been studied by a 

number of researchers (Bozkurt et al., 2007, Gojny et al., 2005, Kinloch et al., 2006, 

Tsai and Wu, 2008, Xu and Hoa, 2008). However, investigation of the reinforcement of 

nanocomposite matrices with natural fibres is yet to be widely explored.  

 

For example, Faruk and Matuana (2008) investigated the mechanical properties of 

wood/epoxy nanocomposites. The study conducted to investigate the effect of using 

different preparation methods, and different nanoclays, on the flexural and tensile 

properties of wood/epoxy nanocomposites. Melt blending process and direct dry 

blending process wood/epoxy nanocomposite fabrication methods were compared. 

Similarly, the effects of five nanoclays (Cloisite 10A, 15A, 20A, 25A, and 30B) were 

compared.  Concerning the different preparation methods, melt blending process 

involved clay reinforced epoxy being used as a matrix for the wood/epoxy 

nanocomposites. In contrast, direct dry blending process involved nanoclay being 

directly added into the wood/epoxy composites. Using the melt blending method, the 

researchers found that the addition of nanoclay enhanced both flexural and tensile 

properties. The results also indicated that Cloisite 10A provided markedly superior 

mechanical properties. Faruk and Matuana (2008) attributed this to the favourable 

intercalation of this nanoclay. The team then investigated the effect of using different 

preparation methods on the flexural properties of wood/Cloisite10A/epoxy 

nanocomposites. Compared to the unfilled wood/epoxy composites, the flexural strength 

and flexural modulus of wood/Cloisite10A/epoxy nanocomposites fabricated using the 

melt blending process were superior (Table 2.19).  However, when the direct dry 

blending process was used to fabricate wood/Cloisite10A/epoxy nanocomposites the 

resulting flexural strength was lower than that of the unfilled wood/epoxy composites, 

and while the flexural modulus had increased, the increase was not as significant as the 

increase observed using the melt blending process (Table 2.19). 
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Table 2.19: The effect of the direct dry blending process compared to the melt blending 

process on the flexural properties of wood/Cloisite 10A/epoxy nanocomposites (Faruk 

and Matuana, 2008). 

 
 
 
Satapathy et al. (2009) studied the physical and mechanical properties of jute fibre 

reinforced epoxy/ nano-silicon carbide (n-SiC) nanocomposites. The researchers 

investigated the effect n-SiC addition on these properties for the resultant jute fibre 

reinforced epoxy/nSiC nanocomposites. Satapathy et al. (2009) prepared 40 wt.% jute 

fibre reinforced epoxy nanocomposites filled with either 10 or 20 wt.% n-SiC. The 

results revealed that after the addition of SiC, tensile and flexural strength of unfilled 

composites increased as jute fibre content increased. However, the addition of SiC into 

composites led to a reduction in both tensile and flexural strength as seen in Figure 2.78. 

Authors claimed that the incorporation of SiC particles could reduce the stress transfer at 

the matrix/fibres interface resulted in low tensile strength. 
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Figure 2.78: Tensile and flexural strength of jute fibre/epoxy composites as a function of 

SiC content. (Satapathy et al., 2010). 

 
 

Mohan and Kanny (2011) studied the water absorption behaviour of sisal fibre 

reinforced epoxy/clay nanocomposites. The team investigated the effect on water uptake 

of nanoclay addition to sisal fibre/epoxy composites at three weight fractions (1%, 3%, 

5% wt.%). Included in the study was microclay addition at 5%. The results revealed the 

dramatic reduction in water content that was associated with clay addition at each of the 

concentrations to sisal fibre/epoxy composites. By reducing water mass uptake, the 

presence of nanoclay improved the water barrier properties of the sisal fibre/epoxy 

nanocomposites as shown in Figure 2.79. As the clay content increased, water mass 

uptake decreased, and the maximum reduction of water mass uptake occurring with 5 

wt.% nanoclay. A useful finding of the study was the comparison of the barrier 

properties of sisal fibre/epoxy composites filled with 5 wt.% microclay and sisal 

fibre/epoxy composites filled with 5 wt.% nanoclay. The latter was found to provide 

superior barrier properties to the resultant sisal fibre reinforced epoxy/clay 

nanocomposites. 
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Figure 2.79: The effect on water uptake of nanoclay addition to sisal fibre/epoxy 

composites at 1%, 3%, 5%, and 5% microclay (Mohan and Kanny, 2011). 
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Abstract The effect of prolonged water absorption on the

physical and mechanical properties has been investigated

for vinyl-ester composites reinforced with natural fibres.

The elastic modulus of these composites was measured and

the data were validated with various mathematical models.

The modelling results revealed that the experimental data

matched the data predicted by the Cox–Krenchel model.

Prolonged exposure of these composites to water absorp-

tion caused a reduction in elastic modulus and strength.

Introduction

The rationale underpinning the synthesis of polymer–

matrix composites is that the lower stiffness and strength of

polymers is generally improved through the addition of

stiffer and stronger fibres. Aramid, glass, polyethylene and

carbon are commonly used for fabricating polymer com-

posites. As a result of growing global concern over

greenhouse gas emissions, the depletion of petroleum

resources, natural fibres are now increasingly used which

include flax, hemp, jute, coconut, cotton, kenaf and sisal

[1]. Unlike most synthetic fibres, natural fibres are com-

pletely biodegradable; they will not remain in the envi-

ronment for millions of years, as synthetic fibres are likely

to do. Moreover, natural fibres require less energy to pro-

duce than glass and carbon fibres if the life cycle assess-

ment of these fibres is taken into consideration [2].

Natural fibres have a lower density (1.25–1.5 g/cm3) than

carbon fibres (1.8–2.1 g/cm3) and E-glass (2.54 g/cm3) [8].

In addition, products reinforced with natural fibres are lighter

than those that are reinforced with synthetics. With an

excellent modulus–weight ratio, natural fibres are successful

in stiffness-critical designs [3]. The favourable acoustic

damping properties of natural fibres over glass and carbon

fibres also make them suitable for noise attenuation purposes

a requirement for many automobile interior products [4].

Newspapers, printed paper and cardboard are recognised

as useful sources from which cellulose fibres can be

extracted [5]. Composites reinforced with cellulose fibres

from newspaper have comparable properties to those

reinforced with wood fibres [6]. Most importantly, cellu-

lose fibres reinforced composites are easily produced with

lower cost, greater renewability of the resource, greater

flexibility and lower wear on processing machinery [7].

However, natural fibre reinforced polymeric composites

still must overcome inherent incompatibility issues. For

example, natural fibres are hydrophilic and matrix compo-

nents are hydrophobic, which negatively affects the strength

of composites. Thus, to improve fibre–matrix adhesion and

prevent this loss of strength, physical and chemical treat-

ment of the fibre surface is required [8]. Moisture-related

problems must also be considered, as climatic conditions

influence water absorption mechanisms [9]. For example, at

high levels, humidity enables water to diffuse into poly-

meric composites primarily via inter-polymer chain micro-

gaps. This also occurs to a lesser degree via the fibre–matrix

interfaces, by using capillary transport to trace any gaps or

flaws caused by incomplete wettability and impregnation.

Lastly, it also occurs via microcracks in the matrix that

result from swelling of the natural fibres [10]. The volume

fraction of fibre, the presence of voids, the viscosity of the

matrix, the humidity, and the temperature are all relevant

when determining the extent to which moisture diffusion

will occur in a composite [11].
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In this article, an infiltration method was used to prepare

vinyl-ester composites reinforced with cellulose fibres.

This approach enabled the fabrication of polymer com-

posites with minimum voids and large fibre–volume frac-

tion. High fibre content is generally desired to achieve high

performance in short fibre reinforced polymer (SFRP)

composites as is the case in this study. The effect of pro-

longed water absorption on the flexural strength and

modulus of these composites was investigated.

Experimental

Materials

RCF sheets of grade 80 GSM and 100-lm thickness were

supplied by Todae Company, New South Wales, Australia.

A general purpose vinyl-ester resin was supplied by

Fibreglass and Aesin Sales Pty Ltd, Perth, Western

Australia.

Samples preparation

To provide the baseline data, pure vinyl-ester resin (VER)

samples were made as controls. Preparation of these sam-

ples required the VER to be mixed with a 1.0 wt% catalyst

(MEKP). To ensure that no air bubbles were formed within

the matrix, the system was slowly and thoroughly mixed.

The resultant mixture was then poured into silicon moulds

and left under low vacuum (20 kPa) for 2 h, then left at

room temperature for 24 h to cure. To prepare the VER/

RCF composites, it was necessary to remove stored mois-

ture in RCF. To do this, the RCF sheets were dried at

150 �C in a fan-assisted oven for 60 min. Storage moisture

was recorded to be approximately 10 %. The RCF sheets

were then fully soaked in the vinyl-ester system and laid-up

in the mould. During the laying-up of the RCF sheets, low

pressure was applied frequently to remove trapped air

bubbles. The moulds were placed under compressive

pressure and in a vacuum of 60 kPa for 2 h. The com-

posites were then left at room temperature to cure for 24 h.

To investigate the effect of the fibre content on the physical

and mechanical properties of the VER/RCF composites,

samples with 20, 30, 40 and 50 wt% fibre were fabricated.

These composites were then labelled VER/20 % RCF,

VER/30 % RCF, VER/40 % RCF and VER/50 % RCF,

respectively.

Density and void content

The fibre volume fraction, the density and void content of

the composites were determined according to ASTM

D2734-94 standard [12] by using the following equations:

Vv ¼ ðpct � pceÞ=pct½ � � 100 ð1aÞ
pct ¼ 1=½Wf=pf þ Wm=pm� ð1bÞ
pce ¼ M=V ð1cÞ
Vf ¼ ðWf=pfÞ=½Wf=pf þ Wm=pm� ð1dÞ

where Vv is the void fraction percentage, pct and pce are the

theoretical density and the experimental density of the

composites, respectively. Wf and Wm are the weight frac-

tions, and pf and pm are the densities of the fibre and

matrix, respectively. Vf is the fibre volume fraction (where

there are no voids). M and V are mass and volume,

respectively.

Water uptake test

The water absorption of the composites was determined as

a percentage by using the difference in weight between dry

samples and samples immersed in water. This is shown in

the following equation [13]:

WA ¼
MT �MD

MD

� 100 ð2Þ

where WA is water uptake, MD is dry mass and MT is mass

of the sample soaked, within time, T.

Different models to describe the moisture absorption

behaviour of materials have been developed over time [13].

For moisture absorption that is one-dimensional, each

sample is exposed on two sides to the same environment.

The following equation can be used to express total

moisture content (G) [14]:

G ¼ m � mi

ms � mi

¼ 1 � 8

p2

X1

j¼0

1

ð2j þ 1Þ2
exp �ð2j þ 1Þ2p2Dxt

h2

" #
ð3Þ

where mi is the initial weight of moisture in the material

and ms is the weight of moisture in the fully saturated

material in equilibrium with its environment. D is the mass

diffusivity in the composite, which represents effective

diffusivity as heterogeneities of the composites have been

neglected. t is time, h is thickness of the specimen and

j represents the summation index. The diffusion coefficient

is an important constraint of Fick’s law [15]. The following

equation [14] shows how the diffusion equation for the

weight of moisture can be determined and then rearranged

in terms of moisture content (W):

W ¼ 4Mm

h

t

p

� �0:5

D0:5
x ð4Þ

where Mm is the moisture content of the sample at

equilibrium or when no more moisture is absorbed. The

value of Mm corresponds to the maximum absorption of
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moisture. A graph of weight gain versus time can be plotted

by using the weight gain data of the material with respect to

time. Using the following equation, by considering the slope

of the first part of the weight gain curve versus the square

root of time, the diffusion properties of the composites

described by Fick’s laws were evaluated by using the weight

gain measurements of the pre-dried specimens immersed in

water. The diffusion coefficient (D) can be defined as the

slope of the normalised mass uptake set against the square of

time. This takes the form [15]:

D ¼ p
kh

4Mm

� �2

ð5Þ

where k is the initial slope of the plot of M(t) versus t1/2,

Mm is the weight gain maximum, and h is composite

thickness.

Elastic modulus and flexural strength

Rectangular bars of 60 mm 9 10 mm 9 10 mm were cut

from the fully cured samples for three-point bend tests,

with a span of 40 mm, to evaluate the elastic modulus and

flexural strength. A LLOYD material testing machine

(5–50 kN) with a displacement rate of 1.0 mm/min was

used to perform the test. Five samples of each group were

used to evaluate elastic modulus and flexural strength. The

values of each measurement were recorded and analysed

with machine software (NEXYGENPlus), and averages

values were calculated.

Microstructure examination

A NEON 40ESB, scanning electron microscope, SEM,

(ZEISS, UK) operating at accelerating voltage of 5 kV,

under secondary electrons mode was used to examine the

microstructure of the RCF and fracture surfaces of the

samples. In order to avoid charging, all samples were

coated with platinum.

Theoretical models

Theoretical models have been proposed for modelling the

elastic modulus properties of composite material based on

the parameters of the composites. Thus, it is the properties

of components, as well as their arrangement, that determine

the outcomes of the models of mechanical properties.

Elastic modulus, Poisson’s ratio and the relative volume

fractions of the fibre and matrix are the inputs used in

mathematical modelling. To a lesser extent, fibre aspect

ratio and fibre orientation are also used. In this study, the

experimental results for the elastic modulus were compared

with the theoretical values obtained from micromechanical

modelling, based on the following models.

Rule of mixtures (ROM) and inverse rule of mixtures

(IROM) models

The ROM is one of the simplest models for the prediction

of the elastic properties of composite materials. Presuming

that the matrix and fibre experience the same strain, and

that this strain is a result of uniform stress applied over a

uniform cross-sectional area, the elastic modulus of the

composite material in one direction (E1) can be determined

according to the ROM and the IROM equations. For

apparent elastic modulus in the fibre direction, the ROM

equation is [16]:

E1 ¼ Ef Vf þ EmVm ð6Þ

where Ef, Em, Vf and Vm are the respective moduli and

volume fractions for the fibre and matrix materials.

The ROM is useful for aligned continuous fibre com-

posites, particularly when there is the correct assumption of

equal strain in the two components. Elastic modulus of a

composite in the two directions (E2) is calculated, pre-

suming that the applied transverse stress is equal in the

fibre and matrix. This means that E2 is determined using

the IROM, as given by [16]:

E2 ¼
EfEm

VmEf þ VfEm

ð7Þ

When composites have well-bonded reinforcements, the

values predicted by the ROM mixtures or the IROM

equations serve as the upper and lower bounds for elastic

modulus in the principal fibre direction [17].

Halpin–Tsai model

Halpin and Tsai developed a semi-empirical model that is

widely used for modelling the elastic properties of short

fibre reinforced composites. For short fibre reinforced

composites, the Halpin–Tsai equation, in the following

form, is used to predict the elastic modulus [18]:

E ¼ Em

1þ ng Vf

1� g Vf

� �
ð8Þ

The parameter g, which depends on various

characteristics of the reinforcing phase, such as the shape

and aspect ratio of the fibres, is given as:

g ¼ ðEf=EmÞ � 1

ðEf=EmÞ þ n
ð9Þ

where n in Eqs. 11 and 12 is a shape fitting parameter to fit

the Halpin–Tsai model to experimental data. This

parameter considers the packing arrangements and
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geometry of the reinforcing fibre. The following equation

[19] gives n when the elastic modulus in the principal fibre

direction is required, and the fibres are circular in shape:

n ¼ 2ðl=dÞ ð10Þ

where l is the length of the fibre in one direction and d is

the diameter of the fibre.

Tsai–Pagano model

Tsai and Pagano developed a method to model elastic

modulus in those composites containing short fibres with

random orientation [20]. This model has similarities to

Halpin and Tsai’s equation. It is given as:

E ¼ 3

8
E1 þ

5

8
E2 ð11Þ

where E is the elastic modulus of the composite, and E1

and E2 are the elastic moduli of fibre reinforced composites

containing short fibres with random orientation, as given by

the Halpin–Tsai model [21]:

Ei ¼ Em

1 þ nigi Vf

1 � gi Vf

� �
ð12Þ

gi ¼
ðEf=EmÞ � 1

ðEf=EmÞ þ ni

ð13Þ

ni ¼ 2ðlf=dfÞ for i ¼ 1 or ni ¼ 0:5 for i ¼ 2

ð14Þ

Cox–Krenchel model

The Cox–Krenchel model is a relatively simple mathemati-

cal equation for modelling. This yielded good agreement

with the experimental elastic modulus values for a range of

glass fibre lengths and volume fractions. The model also

performed acceptably well for certain natural fibre com-

posites [22]. The composite elastic modulus, E, is related to

the fibre and matrix moduli, Ef and Em, and the fibre volume

fraction, Vf, by using a ROM type of relationship [23]:

E ¼ g0EglEEfVf þ ð1 � VfÞEm ð15Þ

where g0E is the orientation factor and glE is the fibre length

efficiency factor. In the case of reinforcing fibres of length,

l, the fibre length efficiency factor is given by [22].

glE ¼ 1 � tanhðbl=2Þ
bl=2

ð16Þ

where the value of b, which represents the orientation of

fibres, can be expressed as:

b ¼ 1

rf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Em=ð1þ vÞ
Ef lnðp=4VfÞ

s

ð17Þ

where rf is the fibre radius and v is Poisson’s ratio of the

matrix.

Results and discussion

Density and void content results

Table 1 provides results for the density, fibre volume

fraction and void content of the samples. As the weight

fraction of the fibre increased, the theoretical and experi-

mental composite densities also rose. This was due to the

presence of fibrous material (1.54 g/cm3) within the com-

posites, which was denser than the matrix (1.14 g/cm3). A

plausible explanation for the increase in densities in these

composites may be the efficient packing of fibres and

favourable fibre–matrix adhesion [24].

The experimental density values of the composites were

lower than the theoretically predicted values (Table 1).

This discrepancy suggests some void formation in the

composites of this study. Despite this, as the weight frac-

tion of the fibre increased, there was a clear reduction in

void content. This reduction could be linked to the prepa-

ration method. First, soaking the thin RCF sheets allowed

for more contact of the fibre–matrix surfaces, thus leading

to better adhesion. Second, formation of the composite

using compression moulding forced the air to be expelled

from specimens more readily during the composite pro-

cessing. Thus, these processes minimise void content and

increase the densities of the resultant composites.

These results agree with other earlier studies. For

instance, Sreekala et al. [24] found that, as oil palm fibre

volume fraction increased from 0.24 to 0.40 in phenol

formaldehyde/glass fibre composites reinforced by oil palm

fibres, the void content in these composites decreased from

3.33 to 2.83 %. In another study, Facca et al. [17] used a

Table 1 Fibre volume fraction

and void content of VER/RCF

composites

Sample Fibre weight

fraction (wt%)

Fibre volume

fraction (%)

Theoretical

density (g/cm3)

Experimental

density (g/cm3)

Void content (%)

VER/20 % RCF 20 0.16 1.21 1.18 ± 0.03 5.6 ± 0.3

VER/30 % RCF 30 0.24 1.24 1.21 ± 0.02 4.8 ± 0.2

VER/40 % RCF 40 0.33 1.27 1.24 ± 0.05 3.3 ± 0.5

VER/50 % RCF 50 0.43 1.31 1.27 ± 0.02 2.7 ± 0.2
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range of fibres to reinforce high-density polyethylene

(HDP) composites. They found that void content reduced,

in most cases, as the weight fraction of the fibre increased.

In their study, as the weight fraction of hemp fibre was

increased from 10 to 50 wt%, the void content dropped

from 9 to 3 %. The fracture surfaces of composites with

40 wt% RCF at low and high magnification are shown in

Fig. 1(a, b). From these images, no noticeable voids can be

detected within the composites and the appearance of good

adhesion between the fibre and matrix is clearly observed.

Water absorption behaviour

Figure 2 shows the percentage of water uptake as a func-

tion of the square root of time for pure VER and RCF

reinforced samples at 20, 30, 40 and 50 wt% addition,

immersed in tap water at room temperature. The maximum

water uptake for VER and the composites immersed for

2500 h at room temperature was 0.76, 6.52, 9.56, 12.37 and

14.62 %, respectively.

All the composites that were immersed in water for a

prolonged period demonstrated Fickian diffusion behav-

iour. When first exposed to water, absorption occurred

rapidly. However, the rate of moisture absorption slowed as

time progressed, until reaching the point of equilibrium

[25]. An increase in content of cellulose fibres led to an

increase in water uptake, as would be expected. It is worth

noting that, for the composites, in the first 250 h, the rate of

water uptake was rapid, and thereafter steadied. In natural

fibres, the mechanism of water absorption is well under-

stood. When exposed to moisture, the first molecules of

water are absorbed by the hydrophilic groups of the natural

fibres. After this, a second group of water molecules is

attracted to the other hydrophilic groups present. A third

group of water molecules may also be attracted to the top

molecules already absorbed. When humidity is high, sur-

face tension forces may hold liquid water in capillary

spaces [9, 11]. The presence of hydroxyl groups on natural

fibres gives the fibres a hydrophilic nature. This causes

water molecules to be attracted and bound to the natural

fibres by forming hydrogen bonds [26]. The addition of

cellulose fibre to the polymer composites increases the size

of the interfacial area, thereby allowing more water to be

absorbed as a result of the capillary effect [27, 28]. Hence,

the higher the content of cellulose fibres in the composites,

the higher the rate of water absorption [29].

Moreover, when these composites are exposed to envi-

ronments of extreme moisture, swelling of the cellulose

fibres occurs. For brittle thermosetting resins, such as

vinyl-ester, fibre swelling causes microcracking. These

microcracks can create swelling stresses that lead to com-

posite failure [27, 30]. As the composite cracks, the dam-

age facilitates capillarity and transport that uses

microcracks. Capillarity is a mechanism that involves the

flow of water molecules along fibre–matrix interfaces, and

diffusion through the bulk matrix. The water molecules

attack the interface, causing degradation of the fibre–

matrix interface areas [26, 29].

The microstructures of composites reinforced with 30

and 50 wt% RCF, after water absorption experiment are

Fig. 1 a Low and b high magnification SEM micrographs of fracture surfaces for 40 wt% RCF reinforced VER

Fig. 2 Water absorption curves of VER and VER/RCF composites
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shown in Fig. 3. The loss of adhesion between fibre and

matrix can be seen. The fibres appear degraded with

absence of a covering matrix layer on them, and the

microfibrils can be observed.

An increase in the fibre volume fraction of composites

caused gradual increases in maximum water content and

diffusion coefficient values (Table 2). As mentioned ear-

lier, composites with higher fibre loading contain a higher

content of cellulose fibres and have greater interfacial area,

each of which leads to greater diffusivity.

Elastic modulus

Figure 4 shows the elastic modulus versus RCF volume

fraction for VER/RCF composites in dry and wet condi-

tions. For the dry samples, the elastic modulus increased as

the fibre volume fraction increased. The addition of 20, 30,

40 and 50 wt% RCF, corresponding to 0.16, 0.24, 0.33 and

0.43 fibre volume fractions, increased the elastic modulus

by 49.2 76.4, 113.8 and 143.4 %, respectively, compared to

pure VER (2.97 GPa). Thus, an increase in the fibre con-

tent of the composite material resulted in an increase in the

elastic modulus. The improvement in elastic modulus is

believed to be due to the higher initial modulus of the

cellulose fibres acting as backbones in the composites [21,

29]. This is supported by earlier studies, which have

reported significant increases in the elastic modulus of

natural fibre reinforced polymer composites. For example,

Ma et al. [31] investigated winceyette fibres reinforced

thermoplastic starch composites with increasing fibres

content from 0 to 20 %. In this study, the elastic modulus

increased from 45 MPa for neat resin to approximately

140 GPa as the fibre content increased. Hajnalka et al. [32]

studied the elastic modulus for hemp fibre reinforced

polypropylene with zero to 70 wt% fibre loading. Com-

pared with an elastic modulus of 2.7 GPa for the matrix, at

50 % fibre loading, the result was nearly 2.5 times greater.

However, after the elastic modulus peaked at 50 %, it was

found to be lower at 70 % fibre loading. Similarly, Khoa-

thane et al. [33] studied the effect of fibre contents on the

elastic modulus of polypropylene copolymer composites

reinforced with bleached hemp fibre. In this study, the

elastic modulus for neat resin was 1.3 GPa, and it was

Fig. 3 SEM micrographs showing the degradation of the fibre–matrix interface due to moisture attacked composites with a 30 wt% RCF and

b 50 wt% RCF

Table 2 Maximum water uptake, M?, and diffusion coefficients, D,

of VER and VER/RCF composites

Sample Fibres

weight

fraction

(wt%)

Fibres

volume

fraction (%)

M?

(%)

D

(mm2/sec)

VER 0 0 0.76 3.72 9 10-6

VER/20 % RCF 20 0.16 6.52 2.71 9 10-7

VER/30 % RCF 30 0.24 9.56 6.66 9 10-7

VER/40 % RCF 40 0.33 12.36 1.19 9 10-6

VER/50 % RCF 50 0.43 14.62 2.01 9 10-6

Fig. 4 Elastic modulus versus fibre volume fraction in dry and wet

conditions
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found that increasing the amount of fibre to 30 wt%

increased the elastic modulus to 4.4 GPa.

For wet samples, water absorption reduced elastic

modulus (see Fig. 4). For example, RFC reinforced com-

posites with 0.16 and 0.43 fibre volume fractions were

found to show 5.2 and 15.4 % reductions in elastic mod-

ulus, when compared with the results for the dry samples

with equivalent fibre volume fractions. A reduction in

elastic modulus as a result of water absorption has also

been found in earlier studies [11, 26]. In the current study,

the reduction in elastic modulus was found to be most

noticeable for composites with high fibre content. The most

likely reason for this is that moisture absorption reduces the

integrity of bonding between the fibre and matrix, which

degrades the interfacial stress transfer capability, thereby

leading to reduced elastic modulus.

Analysis of elastic modulus

As there are no theoretical or experimental data available

for the elastic modulus of RCF, as used in this study, the

elastic modulus of RCF was assumed to be 39 GPa. This

assumption was based on the earlier investigations of Lamy

and Baley38, which found a close relationship between the

diameter and elastic modulus for natural fibres. Lamy and

Baley found that, where fibres were approximately 35 lm

in diameter, elastic moduli were around 39 GPa, whereas a

diameter of approximately 5 lm had elastic moduli at

around 79 GPa. They attributed these variations in elastic

moduli to changes in lumen size among fibres of different

diameters. Another important parameter is the fibre orien-

tation factor, g0E. This value is determined by using fibre

orientation distribution. The g0E value for random in-plane

orientation of the fibres is theoretically 0.375 [22, 28]. The

value of 0.375 neglects the influence of transverse defor-

mations. Nonetheless, it is expected that in-plane orienta-

tion would be approximately based on the arrangement of

fibres in the RCF sheets.

Using the presumptions of the fibre’s elastic modulus

and orientation factor, the four models mentioned earlier

could be applied to the data listed in Tables 1 and 3.

A plot of predicted elastic moduli against fibre volume

fraction is shown in Fig. 5. All values of elastic modulus

for both the prediction data and the experimental data fell

between the upper bounds (ROM) and lower bounds

(IROM). However, when compared to other models, the

ROM-IROM models offer the least validity of results in

this study.

The Halpin–Tsai model greatly overestimated elastic

modulus for composites. This is because this model relies

upon the use of a fitting parameter, n which is determined

using Eq. 13. This equation was based on observations of

synthetic fibres primarily glass fibres. Synthetic fibres have

lengths and cross-sections that are well defined; thus, this

model produces good prediction of the elastic modulus for

composites reinforced with synthetic fibres. However,

natural fibres do not possess the same uniformity of

dimensions; they have complex, irregular lengths and

cross-sections (see Fig. 6).

The initial overestimation of elastic modulus using the

Halpin–Tsai model with values of n computed using

equation 13 indicated large discrepancies between the

Table 3 Material properties required for micromechanical models

Material property Value

Poisson’s ratio of VER 0.35

VER densitya 1.14

Elastic modulus of VERa 2.97 GPa

RCF densitya 1.54 g/cm3

RCF diameter and lengthb 30 lm, 1500 lm

a This study’s experimental data
b Measured based on 50 different fibres (SEM observation)

Fig. 5 Experimental and prediction data of elastic modulus against

fibre volume fraction

Fig. 6 SEM micrograph showing irregularly shaped fibres
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values of n computed using Eq. 13 and the best-fit value of

n. The calculations revealed that a value of n adjusted to

2.3 gave the best fit to the experimental data of this current

study. The Tsai–Pagano model, similar to the Halpin–Tsai

model, also overestimated the elastic modulus of experi-

mental data. The explanation made earlier is also relevant

here. The discrepancy between experimental data for the

elastic modulus of natural fibre reinforced composites and

prediction data based on the Halpin–Tsai model and the

Tsai–Pagano model has been found in other studies [21,

34].

The Cox–Krenchel model prediction data gave the best

agreement with the experimental data. The values obtained

from the model were consistent with the experiment data,

despite being slightly higher. A plausible explanation for

the marginally greater elastic modulus results based on the

prediction data is that the Cox–Krenchel model relies on an

orientation factor (g0E) of 0.375 a value based on two-

dimensional random orientation synthetic fibre composites

that is not necessary suitable for natural fibre composites.

Unlike glass fibres, which are stiff and remain straight,

natural fibres exhibit curvature and may readily bend or

curl in the mat after processing [35]. Thus, composites

reinforced with natural fibres are more compliant than

comparable composites reinforced with synthetic fibres

[23]. This highlights that the orientation factor (g0E) of

0.375 that the Cox–Krenchel model relies on needs to be

adjusted to provide a better fit with the experiment data for

the elastic modulus of natural fibre reinforced composites.

The inaccuracy of predicted values obtained using

elastic modulus modelling based on Cox–Krenchel has

been reported in earlier studies by Bos et al. [36] and

Andersons et al. (2006) [23]. Bos et al. used an orientation

factor (g0E) of 0.62 to obtain best fit between the prediction

and experimental data for polypropylene composites rein-

forced with short flax fibres. Andersons et al. used an

adjusted orientation factor (g0E) of 0.2 to obtain best fit

between the prediction and experimental data for poly-

propylene composites reinforced with extruded flax fibres.

Interestingly, for the present study, the best-fit orienta-

tion factor (g0E) was found to be 0.333. This value is close

to the theoretical orientation factor value of 0.375 that was

taken to predict data with the Cox–Krenchel model. This

may be due to the use of thin fibre sheets (mats) with fibre

lengths (1500 lm) much greater than the thickness of the

sheets (100 lm). It may also be because the fibres were

expected to be mainly oriented in two directions.

Flexural strength

Figure 7 provides the flexural strength results for dry and

wet conditions as a function of fibre volume fraction. For

the dry samples, increasing fibre content improved

significantly flexural strength. Specifically, the addition of

20, 30, 40 and 50 wt% RCF led to 173.7, 216.5, 254.2 and

295.7 % increases in flexural strength, respectively. These

significant enhancements in strength were attributed to a

reinforcing effect caused by cellulose fibres, which are of

high strength and modulus [37]. Moreover, the ability of

RCF to resist bending force is also believed to improve

composite flexural strength as the fraction volume of fibre

is increased in composites [38]. Increasing RCF content

also provided increased resistance to shearing during the

three-point flexure test [24].

At lower RCF content, lower values of flexural strength

were observed. This was attributed to a reduction in load

transfer from matrix to fibre, resulting in lower load car-

rying by fibres. In general, the reinforcement provided by

fibres in composites was not served where the volume

fraction of fibre was insufficient [39]. In contrast, at higher

RCF content; there was an increase in flexural strength.

This is believed to be due to the increase in stress trans-

ferred from matrix to fibres. The level of stress transfer

from the matrix to the fibre is dependent on fibre–matrix

interactions [40]. A good bond between the fibres and

matrix is required in this process. Where good bonding is

present, the fibres will provide uniform stress distribution

from the continuous polymer matrix phase to the dispersed

fibres phase, which gives the composite its strength. In this

study, the enhancement of flexural strength with increasing

fibre content suggests good bonding between the fibre and

matrix. In general, blending higher fibre content

([40 wt%) with polymer matrix leads to poor fibre–matrix

bonding, which promotes microcrack formation [41]. This

poor bonding is due to limited wettability, in which the

fibres are not completely surrounded by the matrix material

[42]. Limited wettability can increase fibre–fibre interac-

tion, thereby reducing effective stress transfer from the

matrix to the fibres and lowering the composite strength

[24].

Figure 7 also reveals the effect of moisture absorption

on flexural strength. The flexural strength for the samples

Fig. 7 Flexural strength versus fibre volume fraction in dry and wet

conditions
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decreased markedly after water absorption. Compared to

the dry samples, the reductions in flexural strength of the

samples reinforced with 20, 30, 40 and 50 wt% RCF were

17.4, 20.5, 23.9 and 26.7 %, respectively. Espert et al. [14]

and Zamri et al. [43] published similar reports that high-

lighted a negative effect of water uptake on the flexural

strength of natural fibre composites. The reduction in

flexural strength was due to the weakening of the fibre–

matrix interface. As water content increased in the com-

posite, the absorbed water formed intermolecular hydrogen

bonding with the cellulose fibres. This occurrence reduced

interfacial adhesion between the fibre and matrix, and the

strength was subsequently reduced [44, 45]. In environ-

ments with high percentages of hydroxyl groups, natural

fibres exhibit low resistance to moisture [46]. This leads to

dimensional variations of the composite products (the

matrix and fibres) and poor bonding between the matrix

and fibres. It also causes lower stress transfer from the

matrix to the fibres. Again, these factors cause a decrease in

the composite’s mechanical properties [26, 47]. Moreover,

higher fibre content also leads to increased water absorp-

tion, which negatively affects the fibre–matrix bonding [13,

41].

Figure 8 shows the adverse effects of water uptake on

the fibre–matrix interface reinforced with 20 and 50 wt%.

As the content of RCF increased, the effect of water uptake

on interfacial bonding became more evident.

Conclusions

An infiltration method was used to prepare RCF-reinforced

polymer composites. The composites produced were

measured for their elastic modulus and strength with var-

ious fibre volume fractions. The effect of varying fibre

contents on water absorption behaviour was also investi-

gated. The water absorption followed a Fickian behaviour,

and that higher fibre content led to greater moisture

absorption. Elastic modulus for the composites was mod-

elled using a number of typical mathematical models for

prediction. The modelling results revealed that the exper-

imental data matched the prediction data best with the

Cox–Krenchel model. Exposure of composites to moisture

caused reductions in elastic modulus and strength.
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1. Introduction

There has been increasing attention into the study of materials
of a composite nature. In contrast to monolithic materials, these
composite materials usually involve a matrix, such as polymers,
and fillers such as fibres [1]. The rationale behind creating a poly-
mer matrix composite is that the lower stiffness and strength of
polymer can be improved through the addition of stiffer and stron-
ger fibres. The most common synthetic or human made fibres
include aramid, glass, polyethylene, and carbon [2]. Glass is the
most common form of the reinforcing fibres because it is cheap
and has good mechanical properties. The resultant composites
are used in a range of industries including aerospace, leisure, sport-
ing, automotive, and construction [1].

However, increasingly the scientific community is recognising
the shortcomings of synthetic fibres and is paying more attention
to natural fibres [3]. Some examples of natural fibres include flax,
hemp, jute, pineapple wood, coconut, cotton, kenaf, abaca, banana
leaf fibres, bamboo, wheat straw and sisal [4,5]. Part of the reason
for the interest in greener substances is that there is growing
global concern over the rapid depletion of petroleum resources,
greenhouse gases issues, and a greater need to recycle and reuse.
Some regions such as the European Union and Japan have legisla-
tion which states that a particular percentage of a vehicle must be
reused or recycled [6]. This percentage is currently approximately
012 Published by Elsevier Ltd. All
80% but is expected to increase in the coming years. More and
more, scientists are looking to use materials which have a greater
compatibility with the environment [7]. Developing products
which promote a global sustainability message has now become
very important for manufactures. For example, Mercedes-Benz
has developed fifty polymer–natural fibre composites products
for its E class series of automobiles [6].

Natural fibres are environmentally friendly. They are biodegrad-
able, so they will not stay on the earth’s surface for millions of
years unlike some plastics and the energy required to produce
these fibres is low especially compared with the consumption re-
quired to produce glass and carbon fibres [5–8]. Natural fibres have
a lower density 1.25–1.5 g/cm3 compared with 1.8–2.1 g/cm3 for
carbon fibres and 2.54 g/cm3 for E-glass [9]. Products reinforced
with natural fibres are lighter than synthetic reinforced [8]. Natural
fibres also can have an excellent modulus-weight ratio. This makes
them successful in stiffness-critical designs [10]. The acoustic
damping property of natural fibres makes them preferable to glass
or carbon for noise attenuation which is a requirement for automo-
bile interior products [10]. Natural fibres are also more commer-
cially viable than most synthetic fibres [9–11].

Researchers can now extract cellulose fibres from newspapers,
printed paper, and cardboard [3]. Newspaper fibre reinforced
composites, for example, have similar properties to wood fibre
reinforced composites. Moreover, newspaper fibre reinforced com-
posites can be more easily produced due to cost advantage, renew-
ability of the resource, greater flexibility and a lower wear on
processing machinery [12]. Load bearing roof systems, sub-flooring
rights reserved.
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and framing components as well as residential applications such as
doors, windows, and furniture are applications for recycled waste
paper fibre reinforced materials [3,12–14].

Drawbacks for natural fibre reinforced polymeric composites
exist however. Inherent incompatibility must be overcome be-
tween natural fibres which are hydrophilic and the matrix compo-
nents which are hydrophobic [11]. The hydrophilic nature of
natural fibres adversely affects the strength of the composites.
Extensive physical and chemical treatment of the fibre surface is
required to improve fibre–matrix adhesion and prevent loss of
strength [15]. Moisture-related problems also must also be taken
into account. The mechanism of water absorption is based on the
climatic conditions [16]. Humidity at high levels will mean that
water is able to diffuse into polymeric composites in three ways;
primarily via the inter-polymer chain micro-gaps, to a lesser de-
gree, via the fibre and matrix interfaces through capillary transport
tracing any gaps and/or flaws caused by incomplete wettability
and impregnation [17], and finally, via micro-cracks in matrix
which result from natural fibre swelling [11].

Implications of natural fibre reinforced polymeric composites’
adhesion incompatibility and moisture-related problems are a sig-
nificant loss in mechanical properties and overall properties in
general. Moisture compromises fibre–matrix interface integrity.
This leads to poor stress transfer efficiencies and overall loss in
mechanical properties [16–18]. Water absorption is, thus, is key
deterrent to research and development in natural fibre reinforced
polymeric composites due to degrading mechanical properties in
wet conditions [19]. In addition to this, adhesion between the
matrix and fibre can affect the thermal properties. Initiatives to
improve adhesion have resulted in an improvement of thermal sta-
bility [20]. In general, the composite properties will be a result of
the nature of the matrix, the fibre, the interfacial bonding involved,
and the adhesion quality of the finalised composite [21].

Nanoclay addition enhances polymer performance. Organically
modified layered silicate nanocomposites demonstrate barrier
properties, mechanical properties, flammability resistance, and
thermal stability properties which are superior to the unmodified
polymer [22]. Silicate content of lower than 5 wt.% provides the
desirable material properties while at the same time allowing for
a lighter composite. Such a product reconciles earlier shortcomings
and can thus compete in the material market for specific applica-
tions [23]. Silicate clay nanolayers possess high particle aspect
ratios and can be further enhanced through modification of the
interlayer surface using ion-exchange reaction and the formation
of stable SiAO bonds [24,25].

The aim of this study, thus, was to combine knowledge on nat-
ural fibre reinforced polymeric composites, their strengths and
weaknesses, namely, adhesion incompatibility and moisture-
related problems, with knowledge of nanoclay addition, in order
to reconcile the shortcomings and possibilities from both areas of
study. In essence, this study aimed to investigate the effect of
nanoclay on water absorption, mechanical, flammability and ther-
mal properties of vinyl-ester reinforced with recycled cellulose
fibre sheets.
Table 1
The physical properties of the nanoclay (Cloisite 30B).

Physical properties of Cloisite 30B

Color Off white
Density (g/cm3) 1.98
Aspect ratio 200–1000
Surface area (m2/g) 750
Mean particle size (lm) 6
2. Experimental methods

2.1. Materials

Recycled cellulose fibre sheets (RCFs) of grade 80GSM, 100 lm
thickness, were supplied by Todae Company, NSW, Australia. In
addition to the RCFs, general purpose vinyl ester resin was used
in this study. The resin was supplied by Fibreglass & Aesin Sales
Pty Ltd, WA, Perth, Australia. A third material used in the study
was organoclay (Cloisite 30B), supplied by Southern Clay Products
in the USA. Cloisite 30B is organically-modified clay with physical
properties shown in Table 1.
2.2. Samples preparation

2.2.1. Preparation of pure samples
Pure polymer samples (VER) were the first samples made. These

samples were needed as a control to provide baseline data of the
properties of pure vinyl ester resin. The vinyl ester resin was mixed
with 1.0 wt.% catalyst (MEKP) in order to prepare the samples. The
mixture was slowly and thoroughly mixed to ensure that no air
bubbles formed within the matrix. The resultant mixture was
poured into silicon moulds and left under low vacuum (70 kPa)
for 2 h and later left at room temperature for 24 h to cure.
2.2.2. Preparation of eco-composites
The second group samples were the eco-composites (VER/RCF).

Here, recycled cellulose-fibre sheets (RCFs) were dried for 60 min
at 150 �C. RCFs ware fully soaked in the vinyl-ester system and
then laid up in close silicon mould under 20 kg load and under vac-
uum of (150 kPa) for 2 h. Then samples left to cure for 24 h at room
temperature. The weight percentage of fibres in these eco-compos-
ites was 40%.
2.2.3. Preparation of eco-nanocomposites
The third group of samples was eco-nanocomposites. Here,

nanocomposite mixtures containing different concentrations
(wt.%), namely, 1%, 3%, and 5%, of Cloisite 30B were prepared.
Nanoclay was first dried for 60 min at 150 �C, and then mixed with
vinyl ester resin for 30 min using high speed electrical-mixer. The
mixtures were then left under (150 kPa) to remove air bubbles.
After that, catalyst was added and mixed manually to void creating
air-bubbles inside the composites. Next, the mixtures were then
reinforced with the same percentage of RCFs sheets (40 wt.%).
The sheets were also dried for 60 min at 150 �C. The sheets then
were fully soaked in the mixtures and pressed together under
20 kg and under vacuum of (150 kPa) for 2 h. Finally, the samples
were left to cure at room temperature for 24 h. The resultant
eco-nanocomposites were labelled as VER/RCF/1%NC, VER/RCF/
3%NC and VER/RCF/5%NC.
2.3. 3. Microstructure examination

The samples were measured on a D8 Advance Diffractometer
(Bruker-AXS) using copper radiation and a LynxEye position sensi-
tive detector. The diffract metre were scanned from 3� to 50� (2h)
in steps of 0.02� using a scanning rate of 0.5�/min XRD patterns ob-
tained by using Cu Ka lines (k = 1.5406 Å). A knife edge collimator
was fitted to reduce air scatter.

The fracture surfaces of the samples were examined using a
NEON 40ESB, ZEISS scanning electron microscope (SEM), operating
at accelerating voltage of 5 kV, under secondary image mode. All
samples were coated with platinum before the analysis to avoid
charging.
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2.4. Water uptake test

2.4.1. Weight gain study
Rectangular bar samples with dimensions of 20 mm �

20 mm � 6 mm were used. The researcher soak individual sample
with tap water at room temperature. At prescribed intervals, the
researcher removed individual samples, removed excess water,
weighed the samples, and immediately returned the samples to
the water. A digital scale (AA-200, Denver Instrument Company,
USA) with a 0.0001 g weighing precision was used to determine
weight change. The following equation was used to determine
the amount of moisture uptake or absorbed (MA) by the samples
over a period of 120 days [11].

MA ¼
Mt �MD

MD
� 100 ð1Þ

where MD is the dry mass and Mt is the mass of sample soaked for
time t.

Diffusion coefficient behaviour of all samples have been calcu-
lated by using following equation [11]:

D ¼ p
16

Mt=M1ffiffiffiffiffi
t=

p
h

 !2

ð2Þ

where M1 is maximum water uptake, Mt is water uptake at time t, h
is sample thickness, and D is diffusion coefficient.

2.4.2. FTIR analyses
The Fourier transform infrared spectroscopy (FTIR) was per-

formed in the transmission-mode with a Perkin Elmer Spectrum
100 FTIR spectrometer. The device is fitted with a single-bounce
diamond/ZnSe ATR accessory and a room temperature detector.
Four background and four sample scans were performed and were
co-averaged and ratios determined to produce the transmittance
spectrum. The spectral resolution was four wavenumbers. To com-
pensate for the wavelength dependence on penetration depth, an
ATR correction was performed. The rationale for applying FTIR
was to study water content in all composites after placed in water,
as well as the gathering data on the effect of nanoclay addition on
water absorption behaviour of all samples.

2.5. Mechanical tests

2.5.1. Impact toughness
To determine the impact toughness (GIC), a Zwick Charpy-

impact tester with a 2.0 J pendulum hammer was used. Five
40 mm-span bar samples with varying notch lengths and razor-
cracks were used. The impact toughness value was calculated
using the equation [3]:

U ¼ GICBD/þ U0 ð3Þ

where U is the measured energy, U0 is the kinetic energy, D is the
specimen thickness, B is the specimen breadth, and / is the calibra-
tion factor for the geometry used [3].

2.5.2. Impact strength
To determine the impact strength (ri), a Zwick Charpy impact

tester with a 2.0 J pendulum hammer was used. Five 40 mm-span
bar samples were assessed. Impact strength was calculated using
the following equation [3]:

ri ¼
E
A

ð4Þ

where E is the impact energy to break a sample with a ligament of
area A.
2.5.3. Flexural strength
To evaluate the flexural strength (rF), rectangular bars of

60 mm � 10 mm � 6 mm were cut from the fully cured samples
for three-point bend tests with a span of 40 mm. This test was per-
formed with a LLOYD Material Testing Machine using a displace-
ment rate of 1.0 mm/min. Five samples of each of the four
composition groups were used for the measurements. The value
of rF was computed using the following equation [3]:

rF ¼
3
2

PmS

WD2 ð5Þ

where Pm is the maximum load, S is the span of the sample, D is the
specimen thickness and W is the specimen width.

2.5.4. Fracture toughness
For the fracture toughness (KIC) measurement, the ratio of notch

length to width of sample (a/w) used was 0.4 and a sharp razor
blade was used to initiate a sharp crack. The flexural tests were
performed with a LLOYD Material Testing Machine using a dis-
placement rate of 1.0 mm/min; five samples of each composition
were used for the measurements. The value of KIC was computed
using the following equation [3]:

KIC ¼
pmS

WD2=3 f
a
w

� �
ð6Þ

where pm is the load at crack extension, S is the span of the sample,
D is the specimen thickness, W is the specimen width, and a is the
crack length, and f(a/w) is the polynomial geometrical correction
factor given as [3]:

f
a

W

� �
¼3ða=WÞ1=2½1:99�ða=WÞð1�a=WÞ�ð2:15�3:93a=Wþ2:7a2=W2Þ�

2ð1þ2a=WÞð1�a=WÞ2=3

ð7Þ
2.6. Thermal and flammability test

Thermal behaviours composites were examined using a ther-
mogravimetric analyser (TGA-DTA; Instrument: 2960 SDT V3.0F).
Each composite was heated from room temperature to 800 �C, at
a rate of 20 �C/min. Thermal decomposition temperatures of the
composites were examined under20 ml/min of nitrogen using plat-
inum pans.

Flammability was determined through horizontal burning test-
ing using three measures, ignition time, burning out time and fire
velocity. Three samples, with the dimensions of 100 mm �
10 mm � 10 mm were prepared for each composite and hung on
a retort stand. A stop watch was used to record times and a con-
stant flam source was applied.

3. Results and discussion

3.1. Structure and morphology of composites

XRD patterns for both nanoclay and VER/clay nanocomposites
are shown in Fig. 1. A sharp reflection peak is demonstrated at
4.74� at 2h for Cloisite 30B corresponding to interlaying spacing
of 1.8 nm. Different results were revealed in the XRD of nanocom-
posites with 5 wt.% nanoclay which is shifting to a broad and weak
lower diffraction peak at 4.42�. This shifting is corresponding to the
interlaying spacing of 2.1 nm. An intercalated nanocomposite
structure was the result evident from entrance of matrix polymer
into nanoclay interlayer spacing and increased d-spacing. How-
ever, at 1 wt.% and 3 wt.% nanoclay there was no reflection peak
for the XRD patterns of the composites. The result could suggest
an exfoliated structure with uniform dispersion of nanoclay within
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Fig. 1. XRD pattern of nanoclay (Cloisite 30B) and VER/nanoclay composites.

Table 2
Maximum water uptake M1 and diffusion coefficients D of VER-eco and eco-
nanocomposites.

Samples M1 (%) D (mm2/s)

VER/RCF 12.81 0.989 � 10�6

VER/RCF/1%NC 11.13 0.832 � 10�6

VER/RCF/3%NC 8.78 0.827 � 10�6

VER/RCF/5%NC 5.57 1.16 � 10�6
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the matrix. Alternatively, the absence of this peak may be due to
the lower nanoclay concentration in composites then that XRD
reflection is absent or due to the exciting of an aggregated arrange-
ment of clay nanolayers which indicates there is no nanocompos-
ites formation.
3.2. Water uptake properties

3.2.1. Weight gain
Water absorption curves of the eco-composites and eco-

nanocomposites are shown in Fig. 2. Results showed that samples
followed typical Fickian diffusion behaviours. Water absorption,
according to the theory, occurs rapidly at the beginning of expo-
sure of the matter with water, however, after time, the absorption
rate slows down until reaching the point of equilibrium. Nanoclay
addition reduces the uptake of water. Nanoclay platelets cause this
behaviour as they have a high aspect ratio [26] where the water
molecules path is distributed. The presence of the nanoclay plate-
lets means that the water molecules path is altered from the di-
rect-fast diffusion into the polymer matrix to a maze-like
obstacle-ridden path decreasing the overall uptake of water
[27,28]. Table 2 shows the maximum water uptake M1 and diffu-
sion coefficient D values of all composite.

Table 2 shows that as nanoclay loading is increased, the amount
of water absorbed is decreased. This shows that nanoclay limits
water absorption in composites. This is a desirable property for
commercial applications. However, as the nanoclay loading is in-
creased, there is no statistically significant change in the diffusion
behaviours of the composites as per the diffusion coefficient. In
other words, no trend between the nanoclay content and the
water’s diffusivity values is observed [29,30].
3.2.2. FTIR
The following FTIR spectrums of eco-composite and nanocom-

posites identify the main absorbance peaks of water sensitive
Fig. 2. Water absorption behaviour of VER, VER/RCF, VER/RCF/1%NC, VER/RCF/3 and
VER/RCF/5%NC.
bands. The FTIR spectrums in both dry and wet conditions are pre-
sented (Fig. 3).

The main peak in each of the figures represents the hydroxyl
(OH) stretching that occurs between 3000 and 3700 cm�1. This
hydroxyl stretching at this higher frequency is a fundamental
phenomenon which corresponds to the hydroxyl peak of liquid
water and is often assigned to unassociated water alternatively
with loosely bound water, and indirectly bonded water bonded
to the hydroxyl groups using other water molecules. Moreover,
the lower frequency region peak is associated with strongly
bound water as characterised by water bound directly by
hydrogen bonds to hydroxyl groups of composite components
[31,32].

When these hydroxyl groups interact with water, water adsorp-
tion occurs. Evidence for this is the hydroxyl groups which are part
of the water molecules displaying in-plane bending at 1650 cm�1

[33]. Out-of-plane vibrations of the hydroxyl groups cause the
broad band which is evident at 700 cm�1. These vibration are re-
ferred to as librations – a collective normal multiple water mole-
cule mode [31].

In addition to these peaks, there are peaks arising between 1000
and1110 cm�1 due to SiAO stretching, peaks at around 915 cm�1

due to AlAO/AlAOH stretching, and peaks at around 851 cm�1

due to AlAMgAOH deformation. CH2 bending vibration causes
peaks around 1460 cm�1 and CH3 bending vibration causes peaks
1350 cm�1. These peaks are due to nanoclay vibrations [34,35].
All composites displayed peaks at around 2900 cm�1. It is expected
that these peaks are due to CH stretching, as CH is present in the
chemical structures of vinyl-ester and cellulose fibres stretching
[36,37]. The benzene ring of vinyl-ester is believed to cause the
exhibited absorptions between 1607 cm�1 and 1510 cm�1 [38].
Out-of-plane bending of carbonAhydrogen bonds in the vinyl
group of the vinyl-ester monomer is believed to cause the absor-
bance at 945 cm�1 [39]. As well as, a specific absorption band from
vinyl-ester at around 1030 cm�1 is a resulting from CAOAC bend-
ing vibrations [36,37]. Finally, the C@O stretching of the acetyl
groups of hemicellulose is believed to cause the peak at around
1730 cm�1 [36].

The peak of interest in this study is the peak centred at
3350 cm�1 (Fig. 4). This peak indicates the water content. Even in
dry conditions, this peak is still present due to the HO groups
which are part of the chemical structure of cellulose fibres (see
Fig. 5). After the water absorption experiment, the peak was found
to increase in response to immersion in water for 120 days. The
FTIR spectrums for the different composite samples included in
the study indicated that water immersion led to an increase in
the quantities of moisture absorbed and that these quantities were
different for each composite.

The peak due to water content which centred at 3350 cm�1,
was studied to identify the effect of nanoclay addition on
water uptake behaviours of eco-composites and eco-nanocom-
posites. Nanoclay addition decreases the amount of water
absorption in composites. In particular, the addition of 5 wt.%
nanoclay provided substantial water absorption resistance to
composites as evidenced by both the weight gain study and FTIR
analysis.
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Fig. 3. FTIR Dry and Wet spectrums of (a) VER/RCF eco-composites (b) VER/RCF/1%NC eco-nanocomposites (c) VER/RCF/3%NC eco-nanocomposites and (d) VER/RCF/5%NC
eco-nanocomposites.

Fig. 4. Diagrammatic representation of cellulose structure [40].
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3.3. Mechanical properties

3.3.1. Strengths
Flexural strength and impact strength are measures of strength

properties. Results for flexural strength (Fig. 6) revealed that eco-
composites and eco-nanocomposite had greater strength than pure
samples. Results for impact strength (Fig. 7) also indicated that
ecocomposites and eco-nanocomposite were stronger than the
pure samples. Specifically, compared to the pure sample, the eco-
composite’s flexural strength was greater by approximately
33.98%. Cellulose fibres’ high strength and modulus and the strong
matrix–fibre interfacial adhesion contribute to the observed
enhanced flexural properties [8,16,18]. The improved strength
properties of polymer reinforced with natural fibres composites
have also been also documented in other studies [41–43]. The
addition of 1 wt.%, 3 wt.% nanoclay showed 38.43% and 41.42%
respective increase in flexural strength.
The addition of 5 wt.% nanoclay reduced flexural strength how-
ever. The failure of 5 wt.% nanoclay addition to further enhance
strength properties is because of the processing events. At higher
clay content, viscosity increases during mixing of resin and nano-
clay rendering degassing insufficient before curing. A complete
degassing process is essential for the composite to minimise void
formation. For nanocomposites containing 5 wt.% of clay, the
degassing process is particularly critical as the formation of voids
causes specimen failure even on exposure to very low strains.
The highly viscous mixture that results when 5 wt.% nanoclay is
added to polymer also has further undesirable effects on fibre–ma-
trix adhesion. Since high viscosity causes a reduction in wettabil-
ity, interfacial adhesion between matrix and fibres are more
likely which also reduce the resultant material’s strength [44,45].

The pure sample impact strength was 2.6 kJ/m2. Eco-composites
were found to be many magnitudes stronger at 15.9 kJ/m2. The
addition of 1 wt.% and 3 wt.% nanoclay gave impact strength
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Fig. 5. Comparison between FTIR spectrums peaks of water content of eco and eco-
nanocomposites.

Fig. 6. Flexural strength of vinyl-ester eco and nano-eco composites.

Fig. 7. Impact strength of vinyl ester eco and eco-nanocomposites.
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results of 17.9 kJ/m2 and 20.0 kJ/m2 respectively. The addition of
5 wt.% nanoclay did not give a higher impact strength result. The
high viscosity of the mixture reduced interfacial adhesion of matrix
and fibre reducing strength properties.

Impact strength and flexural strength results, as seen in Figs. 5
and 6, all indicate improved values due to nanoclay addition. De-
spite the problems described above regarding the addition of
5 wt.% nanoclay, strength property results in both impact strength
and flexural strength were greater than the unmodified eco-com-
posites. The fibre–matrix adhesion is a primary determinant in
composite quality. In a fibre reinforced composite, the role of the
matrix is to transfer the load to the stiff fibres through shear stres-
ses at the interface, this process requires a good bond between the
polymeric matrix and the fibres [15,16,18]. Studying the fracture
surfaces of modified samples (eco-nanocomposites) and
unmodified samples eco-composites using SEM reveals the effect
of nanoclay addition on fibre–matrix adhesion.

Fig. 8 shows the fracture surfaces of all samples using SEM. The
images display fibres pull-outs from the matrix. The disparity in
the length of fibres, the fibre surfaces and matrix–fibre gaps is
apparent in each of the composites. The pull-out lengths, the ex-
tent that individual fibres are isolated, was greater for in the
unmodified composites (Fig. 8a) in comparison to the modified
composites (Fig. 8b–d). Also, the number of fibres that were pulled
out was greater in the unmodified sample. This phenomenon is a
result of poor adhesion between the fibres and the matrix materi-
als [46,47].

The fibre surfaces in unmodified eco-composite appear clean.
This suggests poor adhesion as no matrix materials have adhered
to the fibres [48,49]. In contrast, the modified eco-nanocomposite
fibres surfaces are rough indicating better adhesion between the fi-
bres and the matrix materials. Finally, the matrix–fibre gaps ap-
pear larger in the unmodified composites compared to the small
gaps of the modified composites. The fracture surface images are
indicative of nanoclay addition’s positive effect on matrix–fibre
adhesion [50,51].

3.3.2. Toughness
The RCF composites feature fracture toughness and impact

toughness greater than those of the pure samples (Figs. 9 and
10). Cellulose fibres interact with the matrix to provide a compos-
ite which has better crack deflection, energy dissipation, and frac-
ture resistance properties. [41–43].

Typically, natural fibre–polymer composites display crack
deflection, de-bonding between fibre and matrix, pull-out effect
and a fibre-bridging mechanism, which all contribute to fracture
toughness. In terms of the matrix alone, plastic deformation pro-
vides toughness using an energy dissipation mechanism [46,52].
However, this mechanism is hindered by the addition of fibres.
Nonetheless, the overall material is tougher due to the toughness
mechanisms provided by natural fibres.

In this study, eco-composites’ fracture toughness (Fig. 9) was, at
its highest, 60% greater than the baseline pure matrix. Increasing
nanoclay addition, however, led to a reduction in fracture tough-
ness. It was previously discussed that nanoclay addition results
in desirable strength properties due to fibre–matrix adhesion
improvement. However, this improvement of fibre–matrix adhe-
sion makes the eco-nanocomposite brittle as indicated in the lower
fracture toughness results for the samples. The addition of nano-
clay causes fibre–matrix adhesion to be high which prevents the
materials energy absorption mechanisms provided by fibre pull-
outs and fibre de-bonding [46]. The images in Fig. 8 reveal how
without nanoclay, the fibres in the eco-composite slide out from
the matrix in a greater length and number (Fig. 8a), however, with
nanoclay, the fibres pulled-out are shorter and in less number
(Fig. 8b–d) indicating the strong interfacial adhesion of the eco-
nanocomposites [49].

For this reason, a similar trend was observed with impact
toughness (Fig. 10). Eco-composite impact toughness was
markedly greater than the baseline pure matrix sample with
42.3 kJ m2 and 1.5 kJ/m2 as respective results. Increasing of the
loading of nanoclay decreased impact toughness properties again.
Fibre pull-outs and fibre fracture were determined the dominant
toughness mechanisms as evidenced by the images in (Fig. 8).

3.4. Calculation of flexural strength and modulus

From the load–deflection data obtained from testing, flexural
strength (rF), modulus (EF) and strain to failure (eF) can be calcu-
lated by [53]:
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Fig. 8. SEM images of fracture surfaces of (a) eco-composite, (b) eco-nanocomposite with 1 wt.% nanoclay loading, (c) eco-nanocomposite with 3 wt.% nanoclay loading (d)
eco-nanocomposite with 5 wt.% nanoclay loading all samples were subjected to fracture toughness test.

Fig. 9. Fracture toughness of eco-composite and eco-nanocomposites.
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Fig. 10. Impact toughness of eco-composite and eco-nanocomposites.
rF ¼
3PmaxL

2bh2 1þ 6
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� �2
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� �" #
ð8Þ

EF ¼
mL3

4bh3 ð9Þ

eF ¼
6Dh

L2 ð10Þ

where L, b and h are the span, width and depth of the specimen, m is
the slope of the tangent to the initial straight-line portion of the
load–deflection curve, D is the maximum deflection before failure,
and Pmax is the maximum load encountered before failure.

For each weight loading, five tests were conducted for each con-
figuration, and the average values and variations were determined
and presented. Following the testing, specimens were also in-
spected under an optical microscope in order to investigate any
anomalies in flexural performance.

3.4.1. Void content
If voids exist in a composite, the fibre weight fraction wf is given

by

wf ¼
qf Vf

qf V f þ qmð1� Vf � VvÞ
ð11Þ

where qc, qf and qm are the densities of composite, fibre and matrix,
respectively, and Vf and Vv are the volume fractions of fibre and
voids, respectively.

If the fibre weight fraction is known, the fibre volume fraction
can be found by

Vf ¼
1� Vv

1þ qf

qm

1
wf
� 1

� � ð12Þ
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Fig. 11. Comparison between flexural moduli from the experiment and
calculations.

Fig. 12. Effect of void content on flexural strength.

Fig. 13. TGA curves of eco-composites and eco-nanocomposites.
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The density of composite can be obtained using the rule of mix-
tures as given below.

qc ¼ qf Vf þ qð1� Vf � VvÞ ð13Þ

When a composite is void-free, Eqs. (12) and (13) become

Vf ¼
1

1þ qf

qm

1
wf
� 1

� � ð14Þ

qc ¼ qf Vf þ qmð1� Vf Þ ð15Þ

Substituting Eqs. (14) into (15) yields

qc ¼ qm þ
qf � qm

1þ qf

qm

1
wf
� 1

� � ð16Þ

First, the VER/RCF composites are assumed to be void-free, and
the density of RCF sheets was derived to be qRCF = 1.542 g/cm3 from
the densities of VER/RCF composites and VER (Table 3) using Eq.
(16). The fibre volume fraction is 32.76%.

3.4.2. Flexural modulus and flexural strength
Since the eco-composites contain voids, they are three-phase

materials and modulus is given by [54]:

EVER=RCF=NC ¼ EVER=ROF
1�V2=3

v

1�V2=3
v þVv

 !
1þðENC=EVER=RCF �1ÞV2=3

NC

1þðENC=EVER=RCF �1ÞðV2=3
NC �VNCÞ

" #

ð17Þ

where EVER/RCF/NC, ENC and EVER/RCF are the elastic moduli of the com-
posite, nanoclay particles and matrix, respectively. The tensile mod-
ulus and tensile strength of Cloisite 30B are 170 GPa and 1 GPa,
respectively [55].

Because of the linear load–displacement relationships, the elas-
tic modulus and the flexural modulus are very close. The flexural
moduli from the experiments and calculation are shown in
Fig. 11. It is seen that good agreement is found. The general trend
is flexural modulus increases with weight percentage of nanoclay
particles except the 5%NC specimens, where their decreased flex-
ural modulus is due to their highest void content. The flexural
strengths from the experiments are shown in Fig. 12. It is also seen
that the flexural strength of the 5%NC specimens decreases due to
their highest void content.

3.5. Thermal and flammability properties

Fig. 13 shows the TGA curves for vinyl-ester, eco-composites
and eco-nanocomposites. The temperature range used for the anal-
ysis was room temperature to 800 �C. For vinyl-ester Thermal deg-
radation occurred in a single stage at around 370 �C. Compared
with the pure samples, the samples reinforced with RCF sheets
showed a slightly higher thermal stability. This is due to the higher
and longer thermal resistance of the cellulose fibres [56]. In all
composites, the release of moisture led to a slight weight loss be-
tween 60 �C and 100 �C. At approximately 230–260 �C, the degra-
dation profile of the composites started according to
thermogravimetric analysis. Between 270 �C and 480 �C degrada-
tion of the eco-composites followed relating to constituent decom-
Table 3
Measured thicknesses, densities and void contents.

Samples NC wt.% Measured density (g/cm3) Void content (%)

VER/RCF 0 1.263 0
VER/RCF/1%NC 1 1.273 0
VER/RCF/3%NC 3 1.277 0.12
VER/RCF/5%NC 5 1.269 1.17
position. Continued decomposition was evident from 380 �C until
the temperature reached near 500 �C at which point a constant
mass was achieved. Eco-nanocomposite thermal stability results
followed a similar trend however the temperature required for
decomposition were slightly higher (Fig. 13). Eco-nanocomposites
with 1 wt.%, 3 wt.%, and 5 wt.% of nanoclay required 387.1 �C,
399.76 �C, and 404.3 �C temperatures respectively to start constit-
uent decomposition.

In terms of weight loss, from 60 to 250 �C, eco-composites gave
a percentage mass drop of 1.85% according to TGA analysis. At
350 �C, a 23.3% drop in mass was recorded. However, at the same
temperature the eco-nanocomposites gave about 22.9%, 21.9%
18.9% degradation for composites with 1%NC, 3%NC and 5%NC
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Table 4
Flammability properties of vinyl ester resin and its composites.

Sample Burning out
time (s)

Ignition
time (s)

Fire spreading speed
(mm/s)

VER 92 3.2 0.109
VER/RCF 98 3.53 0.097
VER/RCF/1%NC 102 4.03 0.102
VER/RCF/3%NC 104 4.24 0.098
VER/RCF/5%NC 110 4.6 0.091
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respectively. Above 700 �C, the residual weight of eco-composites
was 16.3% of the original. While the pure samples, only 8.3% re-
mained. For the eco-nanocomposites at 1%NC, 3%NC and 5%NC,
17.6%, 17.8% and 18% of the starting weight remained respectively.
The quantities of residual weights were only slightly higher due
the addition of the nanoclay silicate [28,29].

Flammability tests simulate the realistic fire action and there-
fore were conducted at ambient conditions. Time of burning out
and ignition time were determined and the fire spreading speed
was calculated. Pure samples were found to burn out and ignite
faster than eco-composites and eco-nanocomposites as seen in
Table 4.

As previously described in terms of thermal stability, cellulose
fibres provide more favourable thermal properties. Nanoclay addi-
tion was found to further reduce the flammability of the compos-
ites due to its insulating mechanism and action as a mass
transport barrier for volatile products of decomposition
[29,57,58]. Nanoclay addition also promotes the formation of char
which acts as a fire-retardant [28,59].
4. Conclusions

Vinyl-ester eco-composites and vinyl-ester eco-nanocompos-
ites have been fabricated and studied in terms of water uptake,
mechanical and thermal properties. Nanoclay was found to effec-
tively decrease the water uptake in eco-nanocomposites with 5%
loading giving more favourable results compared to 1% and 3%.
Strength properties were also found to be enhanced due to the
reinforcing effect of both RCF and nanoclay. In particular, nanoclay
addition improved fibre–matrix adhesion giving greater strength
property results for the eco-nanocomposites. A good agreement
was found between the experiment and calculations regarding
flexural modulus. With weight percentage of nanoclay particles,
flexural modulus increases except for the 5%NC specimens in
which high void content leads to a decreased flexural modulus.
Due to the toughness mechanism of cellulose fibres, the presence
of cellulose fibre found to increase the toughness properties of
samples. However, nanoclay addition resulted in samples which
were brittle due to the nanoclay’s effect on the fibre–matrix adhe-
sion limiting the mechanisms of fibre pull-out and fibre debonding.
Therefore, the toughness properties of the eco-nanocomposites
were lower than those of the eco-composites. The thermal proper-
ties, both thermal stability and flammability, of the eco-nanocom-
posites were preferable to those of the eco-composites or pure
samples. Nanoclay addition increased both the thermal stability
and fire-resisting properties of the composites.
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Abstract

Natural fibres are generally added to polymer matrix composites to produce materials with the desirable mechanical

properties of higher specific strength and higher specific modulus while at the same time to maintain a low density and

low cost. The physical and mechanical properties of polymer composites can be enhanced through the addition of

nanofillers such as halloysite nanotubes. This article describes the fabrication of vinyl ester eco-composites and eco-

nanocomposites and characterizes these samples in terms of water absorption, mechanical and thermal properties.

Weight gain test and Fourier transform infrared analysis indicated that 5% halloysite nanotube addition gave favourable

reduction in the water absorption and increased the fibre–matrix adhesion leading to improved strength properties in

the eco-nanocomposites. However, halloysite nanotube addition resulted in reduced toughness but improved thermal

stability.

Keywords

Vinyl ester, halloysite nanotubes, recycled cellulose fibre, water uptake, mechanical properties, thermal properties

Introduction

Halloysite nanotubes (HNTs) are derived from natur-
ally deposited alumino-silicate (Al2Si2O5 (OH)4�H2O)
and are chemically similar to kaolin.1 Structurally, due
to mismatch between tetrahedral and octahedral inter-
nal components, HNTs take on a cylindrical shape
forming the tubes which are typically between 1 and
15 mm in length.2 These tubes have dimensions of
between 50 and 70 nm for the outer diameters and
between 10 and 30 nm for the inner diameters. As the
tubes are hollow, they allow HNTs to have very high
surface area with a high aspect which promotes excel-
lent interaction between the filler and matrix.3 Tensile,
fracture and impact strength as well as other mechan-
ical and thermal properties are believed to be dramat-
ically improved when HNTs are added to epoxy,
polystyrene, polypropylene, polyvinyl alcohol and
other polymers.4

Natural fibres are eco-friendly, commercially viable
fillers, that have excellent modulus to weight ratios and

are capable of forming polymer composites with excel-
lent toughness properties.5 Natural fibres are bio-
degradable, unlike plastics, and are energy efficient
and often less expensive than the synthetic counter-
parts.6,7 Natural fibres are lighter than synthetic mater-
ials, and having an excellent modulus to weight ratio,
are ideal for stiffness-critical designs needed in con-
struction, automotive and even aerospace industries.7

Acoustic damping properties of natural fibres make
them suitable for use in components in the internal
areas of automobiles.8 Compared to synthetic fibres,
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many natural fibres have elastic modulus and specific
modulus comparable or better than synthetic fibre
composites.7,8

Vinyl ester (VER) resins are a newer thermosetting
resin compared to alternatives such as polyester and
epoxy resins. In terms of industrial applications, the
desirable properties of VER resins make them suitable
for adhesives, coatings, electrical applications, mould-
ing compounds and structural laminates. Thus, VER
resins that combine the most sought-after properties
of epoxies and unsaturated polyesters are favoured by
the industry.9

So far, studies have established that the addition of
natural fibres to polymer matrices as a micro-scale
reinforcement material provides toughness and strength
to these composites.10 Barrier, thermal and mechanical
properties of polymeric composites can also be
improved by adding a low concentration of nanofiller
particles as a nanoscale reinforcement material.11 The
combination of multi-scale reinforcement materials in
polymer matrix can provide the reinforcements proper-
ties at two scales. However, incorporation nanofillers to
natural fibre polymer composites, is an area that has
not been widely investigated.

The selection of HNTs as the nanofiller to be incor-
porated in natural fibre polymer composites for the
purposes of development and characterization is a
novel proposition and one which it seems has yet to
be attempted by the scientific community at this time.
This study, therefore, aimed to investigate this addition
of HNTs to VER reinforced with recycled cellulose
fibre (RCF) and to characterize the resulting compos-
ite’s properties in terms of water absorption, mechan-
ical, thermal and flammability. A novel finding on the
functions of HNT particles was revealed by the water
uptake behaviours and fibres–matrix adhesion.

Experimental

Materials

RCF in sheets form, grade 80GSM, 100mm thickness,
supplied by Todae Company, NSW, Australia; a gen-
eral purpose VER resin, supplied by Fibreglass & Aesin
Sales Pty Ltd, WA, Perth, Australia and ultrafine
HNTs with 50.4% SiO2, 35.5% Al2O3, 0.25 Fe2O3

and 0.05TiO2 (wt%), supplied by NZCC, New
Zealand, were used in this study.

Preparation of samples

Preparation of pure samples. VER samples were first made
as a control to provide the baseline data of the proper-
ties of pure VER resin. The VER resin was mixed with
1.0wt% methyl ethyl ketone peroxide in order to

prepare the samples. The mixture was slowly and thor-
oughly mixed to ensure that no air bubbles formed
within the matrix. The resultant mixture was poured
into silicon moulds and left under low vacuum
(20 kPa) for 2 h and later left at room temperature for
24 h to cure.

Preparation of eco-composites. RCF sheets were dried for
60min at 150�C. RCF sheets were then fully soaked in
the VER system. Next, the sheets were laid up in a sili-
con mould under compressive pressure (10.2 kPa) and
then placed under vacuum (60kPa) for 2 h. Then, sam-
ples left to cure for 24h at room temperature. The weight
percentage of fibres in these eco-composites was 40%.

Preparation of eco-nanocomposites. Nanocomposites con-
taining different concentrations, namely, 1, 3 and
5wt% HNTs were prepared. HNTs were first dried
for 60min at 150�C, and then mixed with VER resin
for 30min using high-speed electrical mixer. The mix-
tures were then left under vacuum of 60 kPa to remove
air bubbles. After that, catalyst was added and mixed
manually to avoid creating air bubbles inside the
composites. Next, the mixtures were then reinforced
with the same percentage of RCF sheets (40wt%).
The sheets were also dried for 60min at 150�C. The
sheets were then fully soaked in the mixtures and
pressed together under compressive pressure of
10.2 kPa and under vacuum of 60 kPa for 2 h. Finally,
the samples were left to cure at room temperature for
24 h. The resultant eco-nanocomposites were labelled
as VER/RCF/1%HNTs, VER/RCF/3%HNTs and
VER/RCF/5%HNTs, respectively.

Characterization

Microstructure examination

Samples were measured on a D8 Advance
Diffractometer (Bruker-AXS) using copper radiation
and a LynxEye position sensitive detector. The diffract
meter were scanned from 3� to 50� (2�) in steps of 0.02�

using a scanning rate of 0.5�/min X-ray diffraction ana-
lysis (XRD) patterns obtained using Cu-Ka lines
(�¼ 1.5406 Å). A knife edge collimator was fitted to
reduce air scatter.

To study the morphologies of the HNTs and their
dispersion inside the VER matrix, a transmission elec-
tron microscope (TEM; JEOL JEM2011, Japan) was
used. A NEON 40ESB, scanning electron microscope
(SEM; ZEISS, UK) operating at accelerating voltage of
5 kV, under secondary electrons mode was used to
examine the microstructure of HNTs and fracture
surfaces of the samples. In order to avoid charging,
all samples were coated with platinum.
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Water uptake properties

Samples with rectangular-shaped dimensions
(10� 10� 6mm3) were used. Individual samples were
soaked in tap water at room temperature. At prescribed
intervals, samples were removed from water. After
excess water was removed, they were weighed and
immediately returned to the water. The amount of
moisture uptake or absorbed (MA) by the samples
over a period of 120 days, was determined using the
following equation9

MA ¼
MT �MD

MD
� 100 ð1Þ

where MD is the dry mass and MT the mass of sample
soaked for time t.

Diffusion coefficient of samples have been calculated
using the following equation12

D ¼
�

16

Mt=M1ffiffiffiffi
t=
p

h

� �2

ð2Þ

where M1 is the maximum water uptake, Mt the water
uptake at time t, h the sample thickness and D the dif-
fusion coefficient.

Fourier transform infrared analysis

A Perkin Elmer Spectrum 100 Fourier transform infra-
red analysis (FT-IR; Perkin Elmer, MA, USA) infrared
spectrometer was used for the Fourier transform spec-
troscopy analysis (FT-IR). The spectral resolution was
four wavenumbers. The FT-IR analysis was conducted
to determine the water content of the samples after the
water absorption experiment. An ATR correction was
performed to compensate for the wavelength depend-
ence on penetration depth. Thin slice samples with
dimensions 5� 5� 1mm3 for both the dry- and wet-
condition specimens were prepared. The dry condition
samples were dried for 15min at 100�C prior to FT-IR
analysis to remove existing moisture. The wet-condition
samples were immersed in water for 120 days, and
immediately prior to FT-IR analysis, these samples
were left at room temperature (�25�C) for 5min to
remove surface moisture.

Flexural strength

Rectangular bars of 60� 10� 6mm3 were cut from the
fully cured samples for three-point bend tests with a
span of 40mm to evaluate the flexural strength.
A LLOYD Material Testing Machine (5–50 kN) with
a displacement rate of 1.0mm/min was used to perform
the test. Five samples of each batch were used to

evaluate flexural strength. The values were recorded
and analysed with the machine software
(NEXYGENPlus) and average values were calculated.

Impact strength

To determine impact strength �i, a Zwick Charpy
impact tester with a 2.0 J pendulum hammer was
used. Five 40mm span bar samples in edgewise position
were assessed. Impact strength was calculated using the
following equation13

�i ¼
E

A
ð3Þ

where E is the impact energy to break a sample with a
ligament of area A.

Fracture toughness

For the fracture toughness (KIC) measurement, the
ratio of notch length to width of sample (a/w) used
was 0.4 and a sharp razor blade was used to initiate a
sharp crack. The flexural tests were performed with a
LLOYD Material Testing Machine using a displace-
ment rate of 1.0mm/min; five samples of each compos-
ition were used for the measurements. The value of
(KIC) was computed using the following equation14

KIC ¼
pmS

WD2=3
f
a

w

� �
ð4Þ

where pm is the maximum load, S the span of the
sample, D the specimen thickness, w the specimen
width and a the crack length, and f ða=wÞ is the polyno-
mial geometrical correction factor given as14

f a=wð Þ ¼

3 a=wð Þ
1=2
½1:99� a=wð Þ 1� a=wð Þ

ð2:15� 3:93a=wþ 2:7a2=w2Þ�

� �

2 1þ 2a=wð Þ 1� a=wð Þ
2=3

ð5Þ

Impact toughness

To determine the impact toughness (GIC), a Zwick
Charpy impact tester with a 2.0 J pendulum hammer
was used. Five 40mm span bar samples in edgewise
position with varying notch lengths and razor sharp
cracks were used. The value of impact toughness was
calculated using the equation14

U ¼ GICBD�þU0 ð6Þ
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where U is the measured energy, U0 the kinetic energy,
D the specimen thickness, B the specimen breadth and
� the calibration factor for the geometry used.

Thermal and flammability test

A differential thermo-gravimetric analyser (TGA;
Instrument: 2960 SDT V3.0F) was used to examine
thermal behaviours of composites. At a rate of 20�C/
min, composites were heated from room temperature to
800�C. Thermal decomposition temperatures of the
composites were examined under 20mL/min of nitro-
gen using platinum pans. Horizontal burning testing
determined flammability in terms of ignition time,
burning-out time and fire velocity. For each composite,
three samples (100� 10� 10mm3) were prepared and
hung on a retort stand and a constant flame source was
applied.

Results and discussions

X-ray diffraction analysis

XRD patterns for pure HNTs and VER/RCF/HNTs
composites with 1, 3 and 5wt% of HNTs are shown in
Figure 1. A diffraction peak at 2� at around 12.27�

related to the (0 0 1) plane can be seen in XRD pattern
of pure HNTs. A highly disordered tubular morph-
ology featuring inter-stratification of layers with vari-
ous hydration states and small crystal size is indicated
by this basal reflection.15 Two additional diffraction
peaks at 2�& 20.15� and 2�& 24.95� which relate to
the (0 2 0) and (0 0 2) basal reflections are

noticeable.1,16 Trace amounts of quartz and feldspar
in powders are also evident and are represented by (*)
and (+), respectively. The presence of these minerals in
HNT samples has been noted by other researchers.15,17

For pure HNT samples, a diffraction peak at
2�¼ 12.27� corresponds to a basal spacing of
0.721 nm. For VER/HNT composites, the diffraction
peak has shifted towards lower 2� values. The diffrac-
tion peaks, with the corresponding basal spacing shown
in parenthesis, for VER/1%HNTs, VER/3%HNTs and
VER/5%HNTs were 11.87� (0.745 nm), 12.07�

(0.733 nm) and 12.15� (0.728 nm), respectively
(Table 1). The evidence of intercalation between VER
chains and the HNTs is strongly supported by the 2�
reductions or the increases in the basal spacing of the
HNTs in these composites, which further confirms the
formation of nanocomposites as found in other stu-
dies.1,4 In relation to the two additional diffraction
peaks displayed in the XRD pattern for pure HNTs,
the subsequent XRD patterns for the composites sam-
ples revealed that the pure HNTs peak at 2� at around
20.15�, for the composites, had shifted markedly lower,
and the pure HNTs peak at 2� at around 24.95�, for the
composites, had almost completely vanished. These
results support the existence of intercalation of the
VER chain into the structure of the HNTs.

Microstructure of HNTs and VER/RCF/HNT
composites

The SEM and TEM images of HNTs reveal that the
majority of HNTs exist in a tubular shape and this is
evidenced in Figure 2. The presence of short tubular

Figure 1. XRD pattern of pure HNTs and VER/HNT composites.

XRD: X-ray diffraction analysis; VER: vinyl ester; and HNTs: halloysite nanotubes.
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HNTs, semi-rolled HNTs and pseudo-spherical HNTs
is evident. A mean particle size of 2mm and a length of
HNTs ranging from 400 nm to 3 mm were determined.
The aspect ratio of HNTs varies between 1.5, 3 and 10.
The inner diameters range from 50 to 150 nm while the
outer diameters of the HNTs range from 150 to 500 nm.
The TEM micrographs (Figure 3) show that there is an
acceptable degree of dispersion of HNT particles or
clusters within the composites for 1, 3 and 5wt%
HNTs.

Water uptake properties

Weight gain test. Water absorption curves of the eco-
composites and eco-nanocomposites are shown in
Figure 4. When the samples were first exposed to
water, the process of water absorption occurred rapidly
then gradually the absorption rate slowed down until
equilibrium, these behaviours follow the Fickian diffu-
sion behaviour.12 Clearly, increasing the HNT addition

to the system has resulted in a reduction in the uptake
of water. The most plausible explanation for this is that
HNTs interfere with the transfer paths of water mol-
ecule by transforming the original path of direct-fast
diffusion into a torturous or maze-like path which
slows water absorption and reduces the overall uptake
of water. The impermeability of nanocomposites pro-
vided by HNTs prevents their complete saturation and
causes maximum water uptake to be lower.18,19 The
maximum water uptake M1 and diffusion coefficient
D values for all composites are presented in Table 2.
The amount of water absorbed decreased as the HNT
loading increased, thus indicating the desirable effect of
HNTs in reducing water absorption in the composites.

FT-IR analysis. The FT-IR spectra of eco-composites and
eco-nanocomposites in dry- and wet-conditions are
shown in Figure 5(a) and (b). A broad peak represent-
ing the stretching of hydroxyl groups between 3000 and
3700 cm�1 can be seen for each spectrum in dry

Table 1. XRD results of HNTs and VER/HNTs composites

Specific plane (0 0 1) (0 2 0) (0 0 2)

2�/d-spacing 2� d (nm) 2� d (nm) 2� d (nm)

HNTs 12.27 0.721 20.15 0.44 24.95 0.357

VER/1%HNTs 11.87 0.745 19.85 0.447 – –

VER/3%HNTs 12.07 0.733 19.92 0.445 – –

VER/5%HNTs 12.15 0.728 19.98 0.444 – –

XRD: X-ray diffraction analysis; VER: vinyl ester; and HNTs: halloysite nanotubes.

Figure 2. (a) SEM micrograph of HNT particles and (b) TEM micrograph of HNT particles.

SEM: scanning electron microscope; HNT: halloysite nanotube; and TEM: transmission electron microscope.
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Figure 3. Dispersion of HNTs particles within composites: (a) 1 wt% of HNTs, (b) 3 wt% of HNTs and (c) 5 wt% of HNTs.

HNTs: halloysite nanotubes.

Figure 4. Water absorption behaviour of VER, VER/RCF, VER/RCF/1%HNTs, VER/RCF/3%HNTs and VER/RCF/5%HNTs.

VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.
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Table 2. Maximum water uptake M1 and diffusion coefficients D of VER-eco and eco-nanocomposites

Samples RCF content (%) HNTs content (%) M1 (%) D (mm2/s)

VER 0 0 1.29 2.72� 10�6

VER/RCF 40 0 12.83 2.81� 10�6

VER/RCF/1%HNTs 40 1 11.44 2.56� 10�6

VER/RCF/3%HNTs 40 3 10.28 2.16� 10�6

VER/RCF/5%HNTs 40 5 9.58 2.99� 10�6

VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.

Figure 5. FT-IR dry and wet spectrums of: (a) VER/RCF eco-composites, (b) VER/RCF/1%HNT eco-nanocomposites, (c) VER/RCF/

3%HNT eco-nanocomposites and (d) VER/RCF/5%HNT eco-nanocomposites.

FT-IR: Fourier transform infrared analysis; VER: vinyl ester; HNT: halloysite nanotube; and RCF: recycled cellulose fibre.
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conditions due to OH ions present in VER, RCF and
HNTs.20–22 This broad peak will be reference for the
description of water absorption behaviour.

Additional peaks also caused by presence of VER,
RCF and HNTs can be seen in addition to this broad
peak. A strong peak at �2924 cm�1 and weaker peak at
around 2870 cm�1 caused by the presence of VER and
RCF can be seen in all spectra displayed. It is expected
that these peaks are due to symmetric and asymmetric
vibration from CH.16 The absorption peak at 830 cm�1

is believed to be caused by bending vibrations of the
vinylic group in VER whereas the peak near 947 cm�1 is
believed to be caused by out-of-plane bending of VER
monomer.23 The bending vibration peak at �1450 cm�1

for methyl groups and 1350 and 1380 cm�1 for methy-
lene groups are due to symmetric and asymmetric

vibration from CH.24 Absorption peaks seen at 1607
and 1510 cm�1 are attributed to the benzene ring of
VER while peaks at �1720 and 1180 cm�1 are due to
the carbonyl groups of the ester linkage.25 The presence
of HNTs is believed to cause at least three more peaks.
The peak at around 1030 cm�1 is caused by perpendicu-
lar Si–O stretching whereas the peak at 1113 cm�1 is
caused by apical Si–O vibration. The stretching of the
Al–O/Al–OH bonds is responsible for the peak at
�912 cm�1.23

The water absorption of composites for 120 days
caused an increase in the broad peak of hydroxyl
stretching. The higher frequency region of the peak
is due to hydroxyl stretching which is caused by the
hydroxyl peak of absorbed liquid water. The effects
of absorbed liquid water are considered to include

Figure 5. Continued.
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the effects of unassociated water, loosely bound
water, as well as the indirectly bonded water which
may be bonded to the hydroxyl groups using other
water molecules. The lower frequency region of the
peak is a result of hydroxyl stretching caused by
hydroxyl stretching of strongly bound water.
Strongly bound water is produced when direct
hydrogen bonds are formed between the hydroxyl
groups of absorbed water and the composite
components.26

The broad peaks, centred at around 3340 cm�1, are
shown in Figure 6. These peaks increased after 120 days
of immersion in water. The respective FT-IR spectra
reveal that there were differing quantities of moisture
absorbed for each composite. The addition of HNTs
was found to lead to a decrease in water uptake behav-
iours. This provides further support for the premise
that HNT addition increases the resistance to water
absorption. When compared to 1 and 3wt% HNTs,
the addition of 5wt% HNTs led to the greatest

resistance to water absorption as evidenced by the stu-
dies on weight gain and FT-IR.

Elastic modulus and strength properties

Table 3 presents the results for elastic modulus, flexural
strength and impact strength. Compared to pure VER,
eco-composites and eco-nanocomposites had greater
elastic modulus. In particular, the elastic modulus of
eco-composites VER/RCF increased by 162.3%. The
improvement in elastic modulus is due to the higher
initial modulus of the cellulose fibres acting as back-
bones in the composites.27

The flexural strength of eco-composite (148.4MPa)
was more than three times that of the pure sample
(41.9MPa). These significant enhancements in strength
properties are attributed to the reinforcing effect
imparted by cellulose fibres which are of high strength
and modulus. Moreover, the ability of cellulose fibres in
resisting bending force is also a contributor in the

Figure 6. Comparison between FT-IR spectrum peaks of water content of eco-composites and eco-nanocomposites.

FT-IR: Fourier transform infrared analysis.

Table 3. Elastic modulus and strength properties of pure VER, VER/RCF eco-composites and VER/RCF/HNTs eco-nanocomposites

Samples

RCF content

(%)

HNTs content

(%)

Elastic modulus

(GPa)

Flexural strength

(MPa)

Impact strength

(kJ/m2)

VER 0 0 2.97� 0.2 41.9� 1.4 2.6� 0.2

VER/RCF 40 0 4.82� 1.1 148.4� 1.7 15.9� 1.2

VER/RCF/1%HNTs 40 1 5.11� 1.3 156.1� 1.5 16.81� 1.5

VER/RCF/3%HNTs 40 3 5.75.1� 1.2 161.2� 1.7 18.86� 1.3

VER/RCF/5%HNTs 40 5 5.24� 0.9 150.2� 1.3 16.12� 1.2

VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.
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improved flexural strength.28 Since, the role of matrix is
to transfer the load to the stiff fibres through shear
stresses at the interface, a good bond between the poly-
meric matrix and the fibres is required in this process.29

When compared to pure VER, the impact strength
of eco-composites was found to be six times larger at
15.9 kJ/m2. As impact strength is defined as the ability
of a material to resist fracture under conditions of stress
applied at high speed, the marked enhancement of
impact strength in the eco-composites can be attributed
to cellulose fibres having a superior ability to absorb
impact energy compared to pure polymer.30 Similarly,
good interfacial bonding is required for composites to
exhibit enhanced impact strength. This is because when
there is good bonding between fibres and matrix, the
load requires for debonding or fibre pull-outs will be
high and thus high impact resistance can be expected.31

Previous studies have documented these improvements
in elastic modulus and strength properties in polymer
composites reinforced with natural fibres.30,32

The addition of HNTs to VER/RCF composites
resulted in eco-nanocomposites with increased elastic
modulus. Compared to unfilled eco-composites, eco-
nanocomposites reinforced with 1, 3 and 5wt% of
HNTs exhibited enhanced elastic moduli of 5.1, 5.8
and 5.2GPa, respectively. HNTs have a high specific
surface area which is favourable for interfacial inter-
action with the polymer matrix, thus promoting stron-
ger bonding at the interfaces. Hence, HNTs are
expected to hinder the mobility of surrounding chains
in the polymer matrix, thus increasing the matrix stiff-
ness.9,33 Moreover, HNTs have a higher elastic modu-
lus (i.e. 10.1GPa) when compared to pure VER
(2.97GPa) or VER/RCF eco-composites (4.8GPa).

The addition of HNTs imparted a moderate increase
in both flexural and impact strengths. When eco-com-
posites were reinforced with 1, 3 and 5wt% HNTs, the
flexural strength of eco-nanocomposites increased from
148.4 to 156.1, 161.2 and 150.2MPa, respectively.
Similarly, the addition of HNTs at 1, 3 and 5wt%
increased the impact strength from 15.9 to 16.8, 18.9
and 16.1 kJ/m2, respectively.

The SEM micrographs in Figure 7 show the fracture
surfaces of all samples. The investigation of the quality
of fibre–matrix adhesion is based on fibre pull-outs,
disparity in fibre lengths, fibre surfaces and fibre–
matrix gaps. Figure 7(a) shows that the pull-out
lengths, the extent that individual fibres are debonded,
were greater in the eco-composites when compared to
eco-nanocomposites shown in Figure 7(b) to (d).
Moreover, Figure 7(a) shows that the number of
fibres that were pulled out was greater in the eco-com-
posites when compared to eco-nanocomposites. Th
greater pull-out lengths and greater number of fibres
pulled-out in eco-composites is a consequence of poor

interfacial adhesion and can be contrasted with the
stronger fibres–matrix adhesion in eco-nanocompo-
sites.31,34 In the case of weak fibre–matrix adhesion,
cracks propagate along the debonded fibre–matrix
interfaces and result in greater fibre pull-out length
and number. In contrast, when fibre–matrix adhesion
is strong, the propagation of cracks along the debonded
interfaces is less and thus less fibre pull-outs.

Interestingly, with loading of HNTs the length and
number of fibres pulled out was clearly reduced com-
pared to eco-composites. In eco-nanocomposites with
3wt% HNTs, almost no fibre pull-outs are observed
and the fibres can be seen to be fractured instead due
to strong interfacial bonding. Another distinguishing
feature of the eco-composites is the clean appearance
of the fibre surfaces. This clean appearance is another
indicator of poor adhesion between the matrix and
fibres. This contrasts with the rough appearance of
fibre surfaces in eco-nanocomposites as a result of
strong fibre–matrix adhesion.35 Finally, the matrix–
fibre gaps appear larger in the eco-composites com-
pared to the eco-nanocomposites. These observations
indicate that the addition of HNTs leads to stronger
adhesion between fibre–matrix with concomitant
strength improvements. The high surface area of
HNTs increases the contact area within the matrix
and thereby increases the interfacial bonding between
the fibre and the polymer matrix.36,37 In addition;
HNTs can provide strong attractive forces to further
enhance adhesion between the fibres and the matrix.38

With regards to the addition of 5wt% HNTs, it was
found that this concentration led to less improvement
in strengths when compared 1 and 3wt% HNTs.
Processing events are believed to underpin the failure
of 5wt% HNTs addition to further improve the
strength. When there is a high loading of HNTs, the
viscosity increases during mixing of resin and HNTs
rendering insufficient degassing before curing. It is
vital that during processing, a complete degassing pro-
cess is ensured for the composite to minimize void for-
mation. The formation of voids in composites can act
as stress-concentrators to reduce the strength.39 The
SEM images in Figure 8 compares the fracture surfaces
due to void formation in sample with 5wt% HNTs
with void-free samples with 1 and 3wt% HNTs.

The ASTM D2734-94 standard40 was used to deter-
mine void content or porosity of the composite samples.
The void contents for eco-composites and 1, 3 and
5wt% eco-nanocomposites were determined to be
3.3% and 1.1%, 0.57% and 3.1%, respectively. Eco-
nanocomposites exhibited a lower void content when
compared to eco-composites. Eco-nanocomposites
with 3wt% exhibited the lowest void content (0.57%).
However, the void content for 5wt% (3.1%) was almost
the same as the unfilled eco-composites (3.3%).
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A plausible explanation is that the addition of 5wt%
HNTs caused an increase in the resin viscosity, thus
resulting in a reduction of fibre wettability by the
matrix or interfacial adhesion.

SEM observations of fibre/matrix adhesion com-
bined with the calculation values of void content sup-
port the observed strength results. Thus, the higher
strengths exhibited by 3wt% eco-nanocomposites are
attributed to strong fibre/matrix adhesion and low void
content. In contrast, weaker fibre/matrix adhesion and
higher void contents resulted in lower strength.

Toughness properties

Table 4 presents that, compared to pure samples, the
eco-composites have greater fracture toughness and
impact toughness. The improved fracture toughness
may be attributed to the pronounced display of
crack-deFection, interfacial debonding, fibre-bridging
and pull-outs in these materials.29,31 When compared

to pure VER samples which are quite brittle like all
thermosetting resins9 (1.8MPa	m1/2), eco-composites
are much tougher with 4.4MPa	m1/2. Similarly, com-
pared to pure samples, with an impact toughness of
1.5 kJ/m2, eco-composites are also much tougher with
an impact toughness of 42.3 kJ/m2. However, toughness
properties were reduced on increasing the loading of
HNTs. Addition of 1, 3 and 5wt% HNTs reduced
the fracture toughness to 3.8, 3.1 and 3.1MPa	m1/2,
respectively. Similar reductions in impact toughness
were observed impact toughness.

Thermal and flammability properties

The TGA curves for VER, eco-composites and eco-
nanocomposites are shown in Figure 9 and summarized
in Table 5. Here, the temperature range used was from
room temperature to 800�C. Thermal degradation, for
VER, occurred in a single stage at around 430�C.
Across all composites, the release of moisture
led to slight weight loss between 60�C and 100�C.

Figure 7. SEM images showing the fracture surfaces of: (a) eco-composite, (b) eco-nanocomposite with 1 wt% HNT loading,

(c) eco-nanocomposite with 3 wt% HNTs loading and (d) eco-nanocomposite with 5 wt% HNTs loading.

SEM: scanning electron microscope; HNTs: halloysite nanotubes.
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In eco-composites, decomposition occurred in two
stages with complete degradation occurring at approxi-
mately 445�C. These results also support that the eco-
composites, fibre-filled polymer matrix, decompose at
higher temperatures compared to pure samples. The
present results are in agreement with previous studies
on the thermal properties of lingo-cellulosic fibre com-
posites. The thermal resistance of the cellulose fibres,

and the ability of these natural fibres to increase char
formation are responsible for the improved thermal
stability.41

For eco-nanocomposites, the thermal stability fol-
lowed a similar trend albeit requiring a marginally
higher temperature whereby eco-nanocomposites of 1,
3 and 5wt% HNTs required 392�C, 394�C and 395�C,
respectively. In terms of weight loss, from 100�C

Figure 8. SEM images showing the fracture surfaces of eco-nanocomposites contain: (a) 1 wt% HNTs, (b) 3 wt% HNTs and (c) 5 wt%

HNTs with existing of voids.

SEM: scanning electron microscope; HNTs: halloysite nanotubes.

Table 4. Toughness properties of pure VER, VER/RCF eco-composites and VER/RCF/HNTs eco-nanocomposites

Samples

RCF content

(%)

HNTs content

(%)

Fracture toughness

(MPa	m1/2)

Impact toughness

(kJ/m2)

VER 0 0 1.8� 0.2 1.5� 0.2

VER/RCF 40 0 4.4� 0.5 42.3� 2.1

VER/RCF/1%n-SiC 40 1 3.84� 0.3 36.5� 1.5

VER/RCF/3%n-SiC 40 3 3.06� 0.2 26.2� 1.3

VER/RCF/5%n-SiC 40 5 3.12� 0.9 29.3� 1.2

VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.
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to 200�C, eco-composites and eco-nanocomposites
gave a weight loss of about 2% according to TGA ana-
lysis. At 300�C, in eco-composites a weight loss of
11.7% was recorded. However, at the same tempera-
ture the eco-nanocomposites gave a weight loss of
11.7%, 10.1% and 9.2% for loading of 1, 3 and
5wt% HNTs, respectively. Above 700�C, the residual
weight of eco-composites was 19.7% of the original. In
contrast, only 8.7% remained in the control sample.
For the eco-nanocomposites with 1%, 3% and 5%
HNTs, the residual weight was 23.1%, 23.6% and
24.7%, respectively.

The improvement of interfacial adhesion between
RCF and VER as a result of HNTs addition can lead
to the enhancement of thermal stability.16 Nanofillers
such as HNTs are believed to provide, first, a thermal
barrier which prevents heat transfer inside the polymer
matrix, and second a mass transport barrier which
during the process of degradation forms a char which
hinders the escape of the volatile products.42,43 The
hollow tubular structure of HNTs is also reported to

be another factor that leads to enhanced thermal sta-
bility. The hollow tubular structure of HNTs enables
the entrapment of degradation products inside the
lumens, causing effective delay in mass transfer which
leads to improved thermal stability.1,2 The presence of
iron oxides, Fe2O3, in silicate fillers is also a possible
flame retardant which serve to enhance the thermal sta-
bility of composites by trapping radicals during the
process of degradation.43

Flammability tests conducted at ambient conditions
included time of burning out, ignition time and fire vel-
ocity determinations. Pure VER samples were found to
burn out and ignite faster than VER/HNT composites,
as indicated in Table 6. Calculations imply that fire
spreads through pure VER at nearly twice the rate of
5wt% VER/HNT composite, thus highlighting the
favourable flammability resistance of the composites.
The presence of HNTs within composites provides a
mechanism of insulation which protects the composites
from contacting with fire. Furthermore, char formation
of HNTs acts as a heat and fire-retardant.

Figure 9. TGA curves of VER, VER/RCF, VER/RCF/1%HNTs, VER/RCF/3%HNTs and VER/RCF/5%HNTs.

TGA: thermo-gravimetric analyser; VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.

Table 5. TGA data of pure VER, VER/RCF eco-composites and VER/RCF/HNTs eco-nanocomposites

Sample

Temperature at

50% weight loss (�C)

Temperature at

maximum weight loss (�C)

Residual

weight (%)

VER 418 430 8.7

VER/RCF 409 445 19.7

VER/RCF/1%HNTs 423 448 23.1

VER/RCF/3%HNTs 429 453 23.6

VER/RCF/5%HNTs 431 460 24.7

TGA: thermo-gravimetric analyser; VER: vinyl ester; HNTs: halloysite nanotubes; and RCF: recycled cellulose fibre.
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Conclusions

VER eco-composites and VER eco-nanocomposites
have been fabricated and studied in terms of water
uptake, thermal and mechanical properties. The add-
ition of 5wt% HNTs led to the greatest water absorp-
tion resistance compared to 1 and 3wt% HNTs as
evidenced by both the weight gain study and FT-IR
analysis. Elastic modulus and strengths properties
were also found to be enhanced due to the reinforcing
effect of both RCF and HNTs. In particular, HNT
addition improved fibre–matrix adhesion in eco-nano-
composites and gave greater strength properties. Due
to the toughness mechanism provided by cellulose
fibres, the presence of cellulose fibres increased the frac-
ture toughness of all composites. However, the HNT
addition led to a reduction in fracture toughness due to
the improvement of fibre–matrix adhesion. The HNT
addition increased both the thermal stability and fire-
resisting properties of the eco-nanocomposites.
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24. Jebrane M and Sèbe G. A new process for the esterifica-
tion of wood by reaction with vinyl esters. Carbohydr
Polym 2008; 72(4): 657–663.

25. Scott TF, Cook WD and Forsythe JS. Kinetics and net-
work structure of thermally cured vinyl ester resins. Eur
Polym J 2002; 38(4): 705–716.
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Abstract Polymer eco-nanocomposites based on vinyl-

ester, recycled cellulose fibre and nano-silicon carbide

(n-SiC) have been synthesized and characterized in terms

of porosity, water-absorption behaviour, thermal and

mechanical properties. The addition of n-SiC led to

reduced porosity and water uptake because of enhanced

fibre–matrix adhesion which permitted efficient load

transfer and thus strength improvement. However, n-SiC

addition reduced the prevalence of fibre debonding and

pull-outs, thus causing sample brittleness and inferior

fracture toughness. In terms of thermal properties, n-SiC

addition facilitated improved mass transport and heat bar-

riers, thus improving thermal stability and fire resistance.

Introduction

Studies on the preparation and characterization of ther-

mosetting and thermoplastic composites reinforced with

flax, sisal, oil palm, henequen, jute, banana, wood pulp,

stinging nettle, coir, or hemp natural fibres with and

without treatment have been extensively conducted in more

recent decades [1, 2]. Currently, increasing interest has

been drawn to the use of these natural fibres to reinforce

polymer composites because of the low cost of natural

fibres, their low density, excellent modulus–weight ratio

properties and benefits of biodegradability [3, 4]. Fibre–

matrix adhesion is believed to be the primary determi-

nant in mechanical performance and overall composite

quality [5]. The role of the matrix in a fibre-reinforced

polymer composite is to transfer the load to the fibres

through shear stresses at the interface. Strong bond

between the polymeric matrix and the fibres is required in

this process [5, 6]. Various physical and chemical methods

have been proposed to improve the compatibility between

the natural fibres and the polymer matrix [3, 7]. In general,

the properties of composites depend on the nature of

matrix, fibre, interfacial bonding, and quality of adhesion

[8]. Polymer nanocomposites are composites that contain

particles in which one or more dimensions of the particles

are at the nano-scale level [9]. The very large surface area

of nanoparticles can facilitate rapid phase interactions

within the polymer matrix [10, 11]. The use of nanofillers

for improving the physical and mechanical properties of

polymers is not new where numerous investigations poly-

mers reinforced with nanoclay and carbon nanotubes have

been reported since the 1990s [12, 13]. Studies on the

characteristics of natural fibre–polymer composites con-

taining nanofillers appear to be limited [14–16]. The

introduction of fibres into the polymer/nanoclay system is

well known to improve the mechanical and thermal prop-

erties. The incorporation of nanofillers and natural fibres in

a polymer matrix can also provide multi-scale reinforce-

ment effects to the matrix [17]. For example, while the

dominant effect on the stiffness of natural fibre–polymer

composites is due to the natural fibres, nanofillers can also

stiffen the matrix and influence the overall stiffness of

these composites. Thus, the nanofillers enhance stiffness,

thermal and barrier properties, while the natural fibres

provide the main stiffness and strength [18–20]. In this

study, multi-scale hybrid eco-nanocomposites from vinyl-

ester, recycled cellulose fibres and nano-SiC have been

synthesized and characterized. The influence of the multi-

scale reinforcements on the physical, water absorption,
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thermal and mechanical properties has been studied and

discussed.

Experimental

Materials

The materials used in this study were recycled cellulose

fibre sheets (RCF) of grade 80GSM, 100-lm thickness,

supplied by Todae Pty Ltd; a general-purpose vinyl ester

resin (VER), supplied by Fibreglass & Aesin Sales Pty Ltd;

and nano-silicon carbide (n-SiC)—a spherical-shaped filler

with a purity: [95 %; specific surface area: 70–90 m2/g;

a particles size \100 nm; and elastic modulus of

470 GPa—supplied by Sigma-Aldrich.

Samples preparation

Three groups of samples were prepared: pure vinyl ester

resin (VER), eco-composites (VER/RCF), and eco-nano-

composites (VER/RCF/n-SiC). First, pure VER samples

were prepared as controls. The VER was mixed with

1.0 wt% catalyst, methyl ethyl ketone peroxide (MEKP),

slowly and thoroughly to ensure that no air bubbles are

formed within the matrix. The mixture was left under low

vacuum (20 kPa) for 2 h and then left at room temperature

for 24 h for curing. To prepare eco-composite samples,

recycled cellulose–fibre sheets (RCF) were dried for

60 min at 150 �C, prior to soaking in VER and then laid up

in closed silicon mould under 20-kg load and vacuum of

(60 kPa) for 2 h. Then the samples were left to cure for

24 h at room temperature. To prepare eco-nanocomposites,

mixtures containing different concentrations (1, 3 and

5 wt%) of n-SiC were prepared. Nano-SiC was first dried

for 60 min at 150 �C, and then mixed with VER for 30 min

using a high-speed electrical mixer. The mixtures were

then left under vacuum (60 kPa) to remove air bubbles. A

catalyst was then added and mixed manually to minimize

formation of air bubbles. The mixtures were then rein-

forced with the same wt% of RCFs sheets which were

initially dried for 60 min at 150 �C and then fully soaked in

the resin mixtures and pressed together under 20-kg load in

vacuum of (60 kPa) for 2 h. Finally, the samples were left

to cure at room temperature for 24 h.

Microstructure examination

A NEON scanning electron microscope (ZEISS) operating

at accelerating voltage of 5 kV, under secondary image

mode was used to examine the microstructures of the

fracture surfaces. Samples were coated with platinum to

avoid charging during examination.

Density and porosity measurements

The dry mass of each sample (Md) was measured after oven

drying to a constant weight. The samples were then immersed

in deionized water for 24 h. After removal from water and

removal of excess water, the mass of the saturated samples in

air was measured (Ms). Then, the saturated samples were

suspended in water, and the mass of the saturated samples in

water was measured (Mi). According to the Australia Stan-

dard 1774.5 (2001), the density (Db) and porosity (Pa) of the

samples were determined using Eqs. (1) and (2), respectively.

Db ¼
Md

Ms �Mi

� ðg/cm3Þ ð1Þ

Pa ¼
Ms �Md

Ms �Mi

� 100 ð2Þ

Water uptake test

Three samples with dimensions of 20 mm 9 20 mm 9 6 mm

were used. Individual samples were soaked in tap water at

room temperature. At prescribed intervals, individual sam-

ples were removed from water, and the excess water was

gently removed before they were weighed and immediately

returned to the water. A digital scale with a 0.0001-g

weighing precision was used to determine weight change.

The following equation was used to determine the amount of

water uptake or absorbed by the samples over a period of

120 days [21].

WA ¼
Mt �Md

Md

� 100 ð3Þ

where WA is water uptake, Md is the dry mass and Mt is the

mass of sample soaked for time t.

The following equation can be used to calculate relevant

Diffusion Coefficients for each of the samples [21]:

D ¼ p
16

Mt=M1ffiffiffiffiffiffiffi
t=h

p
 !2

ð4Þ

where M1 is maximum water uptake, Mt is water uptake at

time t; h is sample thickness, and D is diffusion coefficient.

Elastic modulus and flexural strength measurements

Rectangular bars were cut from the fully cured samples for

three-point bend tests with a span of 40 mm to evaluate the flex-

ural strength and modulus. A LLOYD Material Testing

Machine (5–50 kN) with a displacement rate of 1.0 mm/min

was used to perform the test. Five samples of each group were

used to evaluate elastic modulus and flexural strength. The val-

ues of were recorded and analysed using the machine software

(NEXYGENPlus), and their average values were calculated
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Impact strength measurements

A Zwick Charpy impact tester with a 2.0-J pendulum hammer

was used to determine the impact strength. Five bar samples of

each group with 40 mm span were used, and the impact

strength was calculated using the following equation [4]:

ri ¼
E

A
ð5Þ

where ri is impact strength, E is the impact energy to break

a sample with a ligament area A.

Fracture toughness measurements

Rectangular single edge notch bend (SENB) samples of

dimensions 10 mm 9 10 mm 9 60 mm were used in

fracture toughness testing. A sharp razor blade (with a

notch-tip radius of 0.25 mm) was used to initiate a sharp

crack on samples with the ratio of notch length to width of

sample ða=wÞ at 0.45–0.55 for the measurements.

The flexural tests were performed using a LLOYD

Material Testing Machine using a displacement rate of

1.0 mm/min. Five samples with 40-mm span of each group

were used, and the value of fracture toughness was calcu-

lated using the following equation [22]:

KIC ¼
PmS

WD2=3
f

a

w

� �
ð6Þ

where KIC is fracture toughness, Pm is the maximum load,

S is the span of the sample, D is the specimen thickness, W is

the specimen width, and a is the crack length, and f ða=wÞ is

the polynomial geometrical correction factor given as [22]

Impact toughness measurements

A Zwick Charpy-impact tester with a 2.0-J pendulum

hammer was used to determine the impact toughness. Five

40-mm-span bar samples with varying notch lengths and

razor-cracks were used. The impact toughness was calcu-

lated using the following equation [4]:

U ¼ GICBDuþ U0 ð8Þ

where GIC is impact toughness, U is the measured energy,

U0 is the kinetic energy, D is the specimen thickness, B is

the specimen breadth, and / is the calibration factor for the

geometry used [3].

Thermal and flammability tests

A thermogravimetric analyser (TGA-DTA; Instrument:

2960 SDT V3.0F) was used to characterize the thermal

behaviour. Samples were powdered by abrasion, and

approximately 50 mg of each sample was prepared for

TGA. The heating rate was 20 �C/min over a temperature

range of ambient to 800 �C. The thermal decomposition

temperatures were measured under 20 ml/min of nitrogen

using platinum pans. The flammability of samples was

determined through horizontal burning using three mea-

sures, namely the ignition time, burning out time and fire

velocity.

Results and discussion

Density and porosity

Table 1 shows the values of density and porosity for

pure, eco-composite and eco-nanocomposite samples. The

addition of RCF and n-SiC was found to increase the

density of the composites. The porosities in eco-composites

and eco-nanocomposites were found to be much higher

compared with the pure samples. Owing to the incompat-

ibility between the hydrophilic natural fibres and hydro-

phobic polymer matrices, the presence of natural fibres in

the composite samples has created voids at the interfacial

areas between RCF and matrices [21, 23]. However, the

addition of n-SiC has reduced the porosities of the eco-

nanocomposite samples which can be attributed to the

improvement of RCF–VER interfacial adhesion. The high

specific surface area and high surface energy of n-SiC due

to its nano-sized dimension can facilitate rapid phase

interactions within the polymer matrix. Therefore, RCF–

VER interfacial adhesion can be improved. Furthermore,

n-SiC provides strong electrostatic attractive forces at the

fibre–matrix interfaces serving to impart additional adhe-

sion between the fibres and the matrix [24, 25].

f ða=wÞ ¼ 3ða=wÞ1=2
1:99� ða=wÞð1� a=wÞð2:15� 3:93a=wþ 2:7a2=w2Þ½ �

2ð1þ 2a=wÞð1� a=wÞ2=3
ð7Þ
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Water uptake behaviour

Figure 1 shows the water absorption curves of the eco-

composites and eco-nanocomposites. The Fickian diffusion

behaviour was observed for each of the samples immersed

in water for prolonged period with water absorption

occurring rapidly in the beginning and then slowing down

prior to reaching equilibrium [21]. The addition of n-SiC

has led to a slight reduction in the overall uptake of water

in each of the eco-nanocomposite samples. Table 2 shows

that as n-SiC loading is increased, and the amount of water

uptake is decreased. This indicates that n-SiC addition

inhibits water absorption in eco-nanocomposites. As the

equilibrium water content reduces; however, there is no

statistically significant change in the diffusion behaviours

of the composites. This finding supports the view that there

is no direct relationship between water content and diffu-

sivity value as was reported by previous studies [26, 27].

These findings imply that a critical determinant of water

uptake may be the rate of water flow into the immersed

composite. The following equation provides a method for

measuring water transmission rate [27]:

WTR ¼ M1ðgÞ
TSAðm2Þ � TðdaysÞ ð9Þ

where WTR is the water transmission rate, M1 is the maximum

of water uptake, TSA is total surface area of specimen since the

specimen was exposed to the water in all directions and T is the

time to reach the maximum water uptake.

Figure 2 shows that with the increasing n-SiC content,

there is a slight reduction in WTR. This measurement (i.e.

WTR) provides a better understanding of water uptake

behaviours of composites as it is representative of water

flow in three dimensions of the samples. In contrast, dif-

fusivity is the measurement of one-dimensional water flow

along the thickness of the samples.

Table 1 Density and porosity results of pure, eco-composite and eco-nanocomposite samples

Sample RCF content

(wt%)

n-SiC content

(wt%)

Density (g/cm3) Porosity (%)

VER 0 0 1.14 ± 0.01 0.52 ± 0.01

VER/RCF 40 0 1.26 ± 0.02 3.97 ± 0.03

VER/RCF/1 %n-SiC 40 1 1.28 ± 0.01 3.32 ± 0.01

VER/RCF/3 %n-SiC 40 3 1.29 ± 0.01 2.99 ± 0.02

VER/RCF/5 %n-SiC 40 5 1.32 ± 0.02 2.88 ± 0.03

Fig. 1 Water absorption

behaviour of eco-composites

and eco-nanocomposites

Table 2 Maximum water uptake M? and diffusion coefficients D of

eco-composites and eco-nanocomposites

Sample RCF

(wt%)

n-SiC

(wt%)

M?

(%)

D (mm2/s)

VER/RCF 0 0 12.8 2.86 9 10-6

VER/RCF/1 %

n-SiC

40 1 11.9 2.76 9 10-6

VER/RCF/3 %

n-SiC

40 3 11.4 2.75 9 10-6

VER/RCF/5 %

n-SiC

40 5 10.9 2.77 9 10-6
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In general, reinforcing composites with nanoparticles

can lead to dramatic improvements in the barrier properties

of the resultant samples by virtue of the need for the per-

meating molecules to wiggle around the nanoparticles.

Also, the pathway tortuosity of diffusion depends strongly

on the aspect ratio or length/width ratio of the nanoparti-

cles. Hence, particles with large aspect ratios will be more

likely to form composites with high barrier properties

[23, 28]. The low aspect ratio of n-SiC because of its

spherical shape suggests that its addition will only impart

moderate barrier properties. As mentioned previously, the

reduction of water uptake in eco-nanocomposites may be

attributed to the improvement of fibres/matrix interfacial

bonding as a result of n-SiC addition. Better interfacial

adhesion can reduce the width of the interface areas

existing between fibres and matrix, thus causing a reduc-

tion in the amount of water absorption [29].

Elastic modulus and strength properties

The results for the elastic modulus, flexural strength and

impact strength are provided (Table 3). Compared with

neat VER (2.97 GPa), the elastic moduli of the eco-

composites and eco-nanocomposites were found to be

greater. There was a 162.3 % increase in the elastic

modulus of VER/RCF eco-composite (4.81 GPa). This

enhancement is believed to be attributable to the higher

initial modulus of the cellulose fibres [30].

Compared with neat VER (41.9 MPa), the flexural

strength of eco-composites was significantly greater

(148.4 MPa). The enhancement in strength is believed to

be attributable to a reinforcing effect imparted by the high-

strength and high-modulus cellulose fibres as well as the

resistance to bending force that the fibres provide [5, 15].

Fibres–matrix interaction is also critical to composite

strength. Good bonding between polymeric matrix and the

fibres facilitates the role of the matrix in transferring

load to stiff fibres through shear stresses at the interface

[4, 22, 29].

Compared with neat VER (2.6 kJ/m2), the impact

strength of the eco-composites was significantly greater

(15.9 kJ/m2). This increase in strength is attributed to the

superior ability of cellulose fibres in terms of impact

energy absorption compared to that of the pure polymer.

Energy absorption in fibre–polymer composite materials

occurs through the energy dissipation mechanisms of fibre

pull-out and fibre debonding. Favourable fibre–matrix

interaction promotes good interfacial bonding, which also

is a significant factor for enhancing impact strength

[15, 23, 31]. These improvements in elastic modulus and

Fig. 2 Water transmission rate

for pure VER, eco-composites

and eco-nanocomposites

Table 3 Elastic modulus and strength properties of pure VER, VER/RCF eco-composites and VER/RCF/n-SiC eco-nanocomposites

Samples RCF Content

(%)

n-SiC content

(%)

Elastic modulus

(GPa)

Flexural strength

(MPa)

Impact strength

(kJ/m2)

VER 0 0 2.9 ± 0.2 41.9 ± 1.4 2.6 ± 0.2

VER/RCF 40 0 4.8 ± 1.1 148.4 ± 1.7 15.9 ± 1.2

VER/RCF/1 % n-SiC 40 1 5.8 ± 1.2 173.1 ± 1.5 21.8 ± 1.4

VER/RCF/3 % n-SiC 40 3 6.2 ± 1.2 176.1 ± 1.7 24.6 ± 1.3

VER/RCF/5 % n-SiC 40 5 6.9 ± 1.4 179.4 ± 1.3 27.4 ± 1.1
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strength properties in polymer composites reinforced with

natural fibres have been reported by earlier studies [4, 31, 32].

The addition of n-SiC was found to enhance the elastic

moduli of the samples. The elastic modulus of the unfilled

eco-composites was 4.8 GPa, whereas addition of 1, 3 and

5 wt% of n-SiC led to eco-nanocomposites with elastic

moduli of 5.8, 6.2 and 6.9 GPa, respectively. The n-SiC

used in this study, as in the case of other nanofillers, has a

high specific surface area, which is believed to provide

dense interfacial interaction with polymer matrix. It is

believed that the presence of n-SiC affects the mobility of

surrounding chains in the polymer matrix, which leads to

increased matrix stiffness. Another reason believed to be

leading to the increased matrix stiffness is the very high

initial elastic modulus of the n-SiC (470 GPa) compared to

those of pure VER (2.9 GPa) and the VER/RCF eco-

composites (4.8 GPa). By virtue of the rule of mixtures,

this high initial elastic modulus is believed to be also

contributing to the increased elastic modulus of each of the

eco-nanocomposites observed in this study [33, 34]. These

two effects of n-SiC are believed to be contributing to the

overall stiffness of the composite.

The addition of n-SiC was also found to enhance the

flexural strength and impact strength of the samples. The

flexural strength of the unfilled eco-composites was

148.4 MPa, whereas addition of 1, 3 and 5 wt% n-SiC led to

eco-nanocomposites with flexural strengths of 173.1, 176.1

and 179.4 MPa, respectively. The addition of 1, 3, and

5 wt% of n-SiC also increased the impact strengths of the

samples from 15.9 kJ/m2 for the unfilled eco-composite to

21.8, 24.6 and 27.4 kJ/m2, respectively for the eco-nano-

composites. Fibre–matrix adhesion, as mentioned, is an

important determinant of composite quality. In fibre-rein-

forced composites, the matrix has the role of transferring

load from the matrix to the fibres. This occurs through shear

stresses at the interface. Effective transfer of load requires a

strong bond to be formed between the polymeric matrix and

the fibres [35, 36]. SEM is a useful technique for investiga-

tion of the effects of n-SiC addition on the interaction

between the cellulose fibre and the VER matrix at the frac-

ture surfaces of eco-composites and eco-nanocomposites.

The fracture surfaces of all composites are shown in

Fig. 3 which reveals an extensive occurrence of fibre pull-

outs. In addition, these micrographs also reveal useful

information about the fibre surfaces and interfacial

debondings. It is worth noting that the pull-out lengths and

the number of pull-outs were greater in eco-composites

(see Fig. 3a) compared with eco-nanocomposites (see

Fig. 3b–d). This supports the notion that the strength of

interfacial adhesion is stronger in eco-nanocomposites

compared with eco-composites. In the presence of weak

interfacial adhesion, cracks tend to propagate through the

fibre–matrix interfaces and result in greater fibre pull-out

lengths and numbers. In contrast, when fibre–matrix

adhesion is strong, propagation of cracks through the fibre–

matrix interfaces is less, and thus less fibre pull-outs are

observed. Interestingly, as the loading of n-SiC increased

from 1 to 3 % and then to 5 %, the lengths and numbers of

fibre pull-outs were reduced. For example, in eco-nano-

composites with 5 wt% n-SiC, almost no fibre pull-outs

were observed, and the fibres were broken off with no

interfacial debonding. These observations are the result of

strong adhesion between the fibres and the matrix [37, 38].

The micrographs also show that the roughness of the fibre

surface increases with the increasing n-SiC loading. In

particular, eco-composites with no n-SiC addition have

fibre surfaces which appear smooth, which indicate poor

interfacial adhesion [8, 39]. In addition, the interfacial gaps

due to debonding appear larger in eco-composites com-

pared with eco-nanocomposites. These fracture surface

images indicate that the addition of n-SiC has led to the

display of a stronger matrix–fibre adhesion.

The notion of thermal expansion mismatch may explain

the improvements in the observed interfacial adhesion for

eco-nanocomposites. As a result of thermal expansion

mismatch, stresses can develop at the interface between

matrix and filler of composite materials. The magnitude of

radial (rr) and tangential (rt) stresses induced as a result of

thermal expansion mismatch can be estimated from the

following equation [40, 41]:

�rr ¼ 2rt ¼
DaDT

ð1þ vm=2EmÞ þ ð1� 2vf=EfÞ
ð10aÞ

� DaDTEm ð10bÞ

where a, T, v and E represent the linear thermal expansion

coefficient, temperature, Poisson’s ratio and elastic modu-

lus, respectively. The matrix is referred to as (m), and

dispersed filler is (f). The thermal expansion characteristics

of the phases at the interface play a dominant role in

determining the nature of these stresses.

In this study, the polymer matrix is reinforced with RCF

and n-SiC. These two phases have lower thermal expansion

coefficients (1 9 10-6 �C-1 and 2.77 9 10-6 �C-1, respec-

tively) [42, 43] compared with VER (56.8 9 10-6 �C-1).

Therefore, Da for the two systems, RCF/VER and n-SiC/

VER, is negative. In the case of RCF/VER, and according to

Eq. (9), a compressive radial stress of approximately

3.24 MPa is induced at the RCF/VER interface with the

production of tensile tangential stresses in the matrix. Com-

pressive radial stresses of about 3.47 MPa are generated at the

n-SiC/VER interface in concert with the production of tensile

tangential stresses in the matrix. These stresses serve to

increase the intrinsic bond developed at the interfaces between

VER and both fillers (i.e. RCF and n-SiC) [40, 41]. Under this

circumstance, and due to the presence of these lower thermal
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expansion fillers, extra compressive stresses can be induced at

the filler/VER interfaces which serve to improve the interfa-

cial adhesion. Thus, the improved strengths of eco-nano-

composites can be attributed to enhanced adhesion at the

fibre–matrix interfaces due to the addition of n-SiC as dis-

cussed previously.

Toughness

The eco-composites had significantly greater fracture

toughness and impact toughness compared with the pure

samples (Table 4). As expected, eco-composites displayed

greater values of fracture toughness and impact toughness

relative to the control. It is the interaction of cellulose

fibres with the polymer matrix that is believed to enable

eco-composites to exhibit the preferable energy-dissipat-

ing, crack-deflection and fracture-resistance properties

[33]. In this study, the fracture toughness and impact

toughness of eco-composites were significantly enhanced

comared with the control. The favourable fracture tough-

ness properties that natural fibre–polymer composites

typically display are believed to be determined through

crack-deflection, debonding between fibre and matrix, the

pull-out effect and a fibre-bridging mechanism [4, 34].

A plausible explanation for the enhanced toughness

properties found for the eco-composites in this study is the

effect of toughness mechanisms provided by RCF. Pure

samples had a fracture toughness of 1.8 MPa m1/2, whereas

Fig. 3 SEM images of fracture surfaces of a eco-composite, b eco-nanocomposite with 1 wt% n-SiC loading, c eco-nanocomposite with 3 wt%

n-SiC loading, and d eco-nanocomposite with 5 wt% n-SiC loading; all samples were subjected to three-points bending test

Table 4 Toughness properties of pure VER, VER/RCF eco-composites and VER/RCF/n-SiC eco-nanocomposites

Samples RCF Content

(%)

n-SiC content

(%)

Fracture toughness

(MPa m1/2)

Impact toughness

(kJ/m2)

VER 0 0 1.8 ± 0.2 1.5 ± 0.2

VER/RCF 40 0 4.4 ± 0.5 42.3 ± 2.1

VER/RCF/1 %n-SiC 40 1 2.9 ± 0.1 28.7 ± 1.7

VER/RCF/3 %n-SiC 40 3 2.7 ± 0.2 26.4 ± 1.2

VER/RCF/5 %n-SiC 40 5 2.5 ± 0.1 23.1 ± 1.3
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eco-composites had a fracture toughness of 4.4 MPa m1/2.

Similarly, the impact toughness of eco-composites (42.3 kJ/m2)

was significantly higher than the impact toughness of the

pure samples (1.5 kJ/m2). However, the increasing loading of

n-SiC reduced the toughness properties of the sample. For

example, the addition of 5 wt% n-SiC reduced the fracture

toughness from 4.4 to 2.5 MPa m1/2 and the impact toughness

from 42.3 to 23.1 kJ/m2. The addition of n-SiC, as mentioned,

resulted in strength improvements by virtue of enhanced

interfacial adhesion. However, fibre–matrix adhesion

enhancement causes the eco-nanocomposites to become more

brittle inhibiting fibre debonding and fibre pull-out and ulti-

mately leading to lower fracture toughness [8, 33, 38].

Figure 4 displays the load–displacement curves for

fracture testing of VER, eco-composites and eco-nano-

composites. For the composite samples, it can be seen that

after the initial rise, nonlinearity occurs until the peak

fracture load. This shift from linearity to nonlinearity is

indicative of improved toughness in the composite sam-

ples. For pure VER, the figure shows catastrophic failure at

a lower fracture load. In contrast, for eco-composite sam-

ples, the results suggest better durability with these mate-

rials initially resisting fracture and failing only at a much

higher fracture load. Moreover, the eco-composites failed

in a graceful manner exhibiting a discontinuous fracture or

multiple ‘stick–slip’ fracture [4]. Repeated occurrence of

crack initiation, arrests and fibres debonding at the RCF

sheet/epoxy interfaces is the most plausible explanation for

the observed nonlinearity. SEM images of the fracture

surfaces support this explanation (see Fig. 3a). For the eco-

nanocomposites, these samples exhibited a dramatic failure

at fracture load lower than that by the eco-composites.

The dramatic failures of eco-nanocomposites are indicative

of simultaneous fracture of the matrix and the fibres. This

explanation is consistent with the appearance of the frac-

ture surfaces of these samples (see Fig. 3b–d). However, it

should be noted that the pronounced display of nonlinear

fracture behaviour in both eco-composites and eco-nano-

composites implies that the principles of linear elastic

fracture mechanics are invalid for the measured KIC values,

and these quoted values are apparent but not ‘true’ fracture

toughness values. As such, these materials will invariably

exhibit an R-curve fracture behaviour by virtue of exten-

sive slow crack growth and fibre-bridging at the crack

wake.

Thermal and flammability properties

The thermal degradation behaviours of VER, eco-com-

posites, and eco-nanocomposites were investigated using

TGA, and the results are shown in Fig. 5 and summarized

in Table 5. The results show that thermal degradation of

pure VER occurred in a single stage starting at *260 �C

with complete degradation at *430 �C. However, in all

composite samples, the release of moisture has led to a

slight weight loss at 60–100 �C. In eco-composite samples,

decomposition occurred in two stages with complete deg-

radation occurring at *445 �C. These results further sup-

port that eco-composites decompose at higher temperatures

compared with pure VER. This is due to the thermal

resistance of cellulose fibres, and the ability of these nat-

ural fibres to increase char formation leading to improved

thermal stability [44–46]. These results are in agreement

with previous studies on thermal properties of lingo-cel-

lulosic fibre composites [47, 48]. In all eco-composite

samples thermal depolymerization of hemicellulose, pec-

tin, and cleavage of glycosidic linkages of cellulose are

believed to occur at 200–300 �C, and the decomposition

of cellulose occurs at 300–370 �C. The decomposition of

lignin occurs over a wide range of temperatures, i.e.

200–700 �C because of the aromatic and highly branched

structure of lignin [49, 50].

In a manner similar to eco-composites, the decomposi-

tion of eco-nanocomposites followed the same trend, albeit

the temperatures required for complete decomposition of

the eco-nanocomposites were slightly higher, with 1, 3, and

5 wt% loading of n-SiC showing complete decomposition

at 456, 471, and 484 �C, respectively. While the residual

weight of the pure sample was only 8.7 % of the original,

the residual weights of eco-composites and eco-nanocom-

posites with 1, 3, and 5 wt% loading of n-SiC were found to

be greater with 19.8, 22.8, 23.7 and 24.6 % of the starting

weight remaining, respectively. Nano-fillers (n-SiC) pro-

vide a thermal barrier which prevents heat transfer inside

the matrix and a barrier to mass transport by forming a char

Fig. 4 Load–displacement curves of pure VER, VER/RCF eco-

composites and VER/RCF/n-SiC eco-nanocomposites during flexural

toughness testing
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during the process of degradation. This char formation can

hinder the escape of volatile products out of the composites

[51]. In addition, the improvement of the adhesion between

RCF and VER due to the presence of n-SiC can lead to

enhanced thermal stability [44, 52].

Burning out rate, ignition time and fire velocity were

determined as part of our investigation into the flamma-

bility properties of the pure, eco-composite and eco-

nanocomposite samples. Flammability tests were conducted

at room temperature to simulate realistic fire action. Table 6

shows that pure VER samples are burnt out and ignited faster

than the eco-composite and eco-nanocomposite samples.

During flammability test, the burning characteristics of the

pure, eco-composites and eco-nanocomposites were clearly

different. When the test commenced, pure VER immediately

started dripping and continued with fast burning rate, until

total loss of material observed at the end of the test. In

contrast, the eco-composites showed a different behaviour;

when the test commenced, the samples maintained a con-

stant flame with much less burning rate, no dripping, and at

the end of the test, it became completely charred. The eco-

nanocomposites also displayed similar burning character-

istics with longer ignition time, no dripping and slower

burning rate.

As previously mentioned, cellulose fibres provide pref-

erable thermal properties. The addition of n-SiC addition,

due to its insulating and mass transport barrier capabilities,

was found to further reduce the flammability of the com-

posites. The further formation of a fire-retardant char due

to addition of n-SiC serves to impart enhanced flamma-

bility [26, 53]. Char formation has been found to be

directly correlated to the potency of flame retardation for

polymer composites [54]. Hence, the use of both RCF and

n-SiC has resulted in the observed improved thermal sta-

bility and reduced flammability.

Conclusions

Pure VER, eco-composite and eco-nanocomposite samples

were synthesized and investigated in terms of porosity, water

absorption behaviour, mechanical and thermal properties. The

addition of n-SiC has led to reduced porosity and water uptake

but improved mechanical strength by virtue of an improve-

ment in fibre–matrix interfacial adhesion. The presence of

Fig. 5 TGA curves of pure

VER, VER/RCF

eco-composites and

VER/RCF/n-SiC

eco-nanocomposites

Table 5 TGA data of pure VER, VER/RCF eco-composites and

VER/RCF/n-SiC eco-nanocomposites

Sample Temperature

at 50 %

weight loss (�C)

Temperature

at maximum

weight loss (�C)

Residual

weight (%)

VER 418 430 8.7

VER/RCF 420 445 19.8

VER/RCF/1

%n-SiC

429 456 22.8

VER/RCF/3

%n-SiC

441 471 23.7

VER/RCF/5

%n-SiC

451 484 24.6

Table 6 Flammability properties of pure VER, VER/RCF eco-

composites and VER/RCF/n-SiC eco-nanocomposites

Sample Burning out

rate (g/min)

Ignition

time (s)

fire velocity

(mm/min)

VER 0.67 ± 0.06 10.8 ± 1.6 31.5 ± 1.7

VER/RCF 0.54 ± 0.02 17.2 ± 1.5 19.7 ± 1.3

VER/RCF/1 %n-SiC 0.49 ± 0.02 23.6 ± 1.4 16.3 ± 1.8

VER/RCF/3 %n-SiC 0.42 ± 0.05 27.4 ± 1.2 15.2 ± 1.2

VER/RCF/5 %n-SiC 0.29 ± 0.06 37.7 ± 1.8 14.4 ± 1.6
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cellulose fibre increased the fracture toughness significantly,

but the addition of n-SiC resulted in reduced fracture tough-

ness. The fracture toughness of eco-nanocomposites was

lower than eco-composites, but they showed better thermal

stability and flammability by virtue of improved mass and heat

barriers and the enhanced fibre–matrix interfacial adhesion

provided by n-SiC.
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Abstract Halloysite nanotube (HNT) addition to vinyl-

ester resin (VER) is a field yet to contain an in-depth

repository of information. This work represents the first study

on the development and characterisation of HNT-reinforced

VER nanocomposites, and presents findings on their water

absorption, mechanical, and thermal properties. VER com-

posites reinforced with HNTs (1, 3, and 5 wt%) were fabri-

cated using high speed mechanical stirring. Weight gain and

FTIR spectrum analysis indicated that the addition of 5 wt%

HNTs gave perceptible reduction in the water absorption

behavior of the samples. Results showed that elastic modulus

increased with increasing HNT content. Strength and

toughness were also found to steadily increase with

increasing HNT content. Favorable strength can be attribut-

able to the large aspect ratio of HNTs, favorable adhesion

and dispersion, and the suitable extent of inter-tubular

interaction while enhancements to toughness can be attrib-

utable to crack bridging, deflection, and plastic deformation

mechanisms. Thermal stability of nanocomposites was found

remarkably enhanced by the incorporation of HNTs. The

thermal stability enhancement and decrease in flammability

are attributable to HNT’s barriers for heat and mass transport,

presence of iron, and hollow tubular structure.

Introduction

Polymer nanocomposites are blended polymer-based mate-

rials that contain one or more dimensions at the nano-scale

level [1]. The presence of nano-particles gives the material an

extremely large surface area, which is an attribute facilitating

rapid phase interactions, and greater interfacial matrix inter-

action overall. The increased surface area is a key determinant

behind the properties of an extraordinary nature that polymer

nanocomposites demonstrate [2–4]. The mechanical, electri-

cal, barrier and thermal properties of polymer nanocompos-

ites have aroused research and development attention due to

their noted advantages over pure and conventional compos-

ites [5, 6]. The science of nano-filler addition to polymers,

however, is not new. Polymer engineering has involved

investigations of clay mineral and carbon nanotube acting as

fillers since the 1990s [7]. Conventional plastics engineering

has also involved inquiry into the behavior of nano-fillers

infused into polymers and research has described desirable

properties of material transparency, surface advantages, flame

retardance, heat resistance, gas permeability reduction, wear

and barrier protection [8–10].

Vinyl-ester resins (VERs) are used in the fabrication of

reinforced pipes, tanks, scrubbers, as well as hard-worked

hull and deck structures in marine craft [11]. They are the

prime thermoset matrix candidate with mechanical prop-

erties suitable for coatings, adhesives, molding compounds,

structural laminates, and electrical applications [12]. With

higher design flexibility, better moisture resistance, better

chemical resistance compared with cheaper polyester res-

ins, VERs combining the best properties of epoxies and

unsaturated polyesters are favored and provide industry

with control over cure rate and reaction conditions [13–15].

Halloysite nanotubes (HNTs) are derived from naturally

deposited aluminosilicate (Al2Si2O5(OH)4�H2O) and are

chemically similar to kaolin [16]. A two-layered alumi-

nosilicate structure, which the hollow tubular morphology

is formed by layer rolling, constitutes HNTs [17]. The

external and internal structures and features of the nano-

tubes can be distinguished. The external surface of a
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nanotube is constituted by a tetrahedral sheet structure

primarily made up of siloxane groups (Si–O–Si), whereas

the internal surface of a nanotube is formed by aluminol

groups (Al–OH) existing in octahedral structures. The

mismatch between the external tetrahedral structures of

silica and the internal octahedral structures of alumina

gives rise to the HNTs’ cylindrical shape [18, 19].

The physical characteristics of HNTs will be determined

by the deposit source [20, 21]. HNTs, however, have a

hollow tubular structure in the sub-micrometer range, with

a length of between 1 and 15 lm. The inner diameter of

HNTs is between 10 and 30 nm and the outer diameter is

between 50 and 70 nm. The structural characteristics of

HNTs give the materials a high aspect ratio and a very high

surface area which promote filler and matrix interaction

and ultimately provide the materials with advantages over

other fillers [7, 8]. In recent years, HNTs have been used as

fillers for matrices of epoxy, polypropylene, polyamide,

styrene rubber, and polyvinyl alcohol [22, 23].

Due to the hollow tubular structure of HNTs, they do not

require exfoliation like other fillers such as nanoclay platelets;

they can easily be dispersed in a polymer matrix, even at high

weight fraction [16, 24]. It is the rod-like geometry of HNTs

that never intertwines which makes the dispersion of the HNT

filler amongst the polymer even easier [17]. While reports of

polymeric nanocomposite development and characterization

have featured in scientific publications for a number of years,

the field of study on HNT nanocomposites is yet to contain an

in-depth repository of information on the addition of HNTs in

vinyl-ester. This study aims to be a pioneering investigation in

the field of vinyl-ester/HNT nanocomposite development and

characterisation the effect of HNT on water absorption,

mechanical, thermal, and flammability properties of vinyl-

ester filled by halloysite nanotubes.

Experimental

Materials

A general purpose VER was supplied by Fiberglass &

Aesin Sales Pty Ltd, Perth, WA, Australia, and ultrafine

halloysite nanotubes (HNTs) were supplied by NZCC, New

Zealand. According to the supplier, the elemental compo-

sitions (wt%) of HNTs were 50.4 % SiO2, 35.5 %; Al2O3,

0.25; Fe2O3, and 0.05; TiO2. After drying processes to

remove existing moisture, a density of 2.14 g/cm3 was

recorded for the HNTs.

Samples preparation

As a control to provide the baseline data of the properties

of pure VER, pure vinyl-ester samples (VER) were first

made. The VER was mixed with 1.0 wt% methyl ethyl

ketone peroxide (MEKP) in order to prepare the control

samples. Air bubble formation within the matrix was

minimized through slow and thorough mixing of the mix-

ture. The resultant mixture was poured into silicon molds

and kept for 2 h under low vacuum (20 kPa) and later for

24 h at room temperature to cure. The nanocomposite

samples were prepared with a dispersion of HNTs at con-

centrations of 1, 3, and 5 %. To remove the pre-existed

moisture, HNTs were dried for 60 min at 150 �C, followed

by mixing with a high speed electrical-mixer (1200 rpm)

for 30 min. Then a catalyst (MEKP) was added to the

mixture and to avoid the creation of air bubbles within the

sample was hand-mixed slowly. The resultant mixtures

were poured into silicon molds, de-gassed in vacuum of

60 kPa for 2 h, and cured at room temperature for 24 h.

The samples were labeled as VER/1 %HNTs, VER/

3 %HNTs, and VER/5 %HNTs.

Microstructure examination

X-ray diffraction analysis (XRD)

A D8 Advance Diffractometer (Bruker-AXS), using copper

radiation and a LynxEye position sensitive detector, was

used to study the samples. The diffract meter was scanned

from 5� to 30� (2h) in steps of 0.02� using a scanning rate

of 0.5�/min XRD patterns obtained by using Cu Ka lines

(k = 1.5406 Å). To reduce air scatter, a knife edge colli-

mator was fitted. The d-spacing of the layered particle was

then calculated from Bragg’s equation, nk = 2d sin h,

where k is the wavelength of the X-ray, d is the interlayer

distance, and h is the angle of incident X-ray radiation.

Transmission electron microscopy (TEM)

To study the morphologies of the HNTs and their disper-

sion inside the vinyl-ester matrix, a transmission electron

microscope (TEM; JEOL JEM2011, Japan) was used. The

HNTs were suspended in ethanol for 1 min, and then

placed in ultra-sonic path for 30 min. Then a droplet of

suspension sprayed on a carbon thin film coated 400 mesh

copper grid. Ultra-thin specimens (*170 nm) were pre-

pared using ultra microtome, in order to investigate the

microstructures of vinyl-ester/HNTs composites. TEM

operating acceleration voltage was 80 kV.

Scanning electron microscopy (SEM)

A NEON 40ESB, scanning electron microscope, (SEM;

ZEISS, UK)) operating at accelerating voltage of 5 kV,

under secondary image mode was used to examine the

microstructure of HNTs and fracture surfaces of the
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samples. To prepare non-aggregated clusters, HNTs were

stirred first in methanol and the suspension was placed in

ultra-sonic path for 5 min. In order to avoid charging, all

samples were coated with platinum.

Water uptake measurements

Weight gain study

Samples with rectangular-shaped dimensions (10 9 10 9

6 mm3) were used for the study. Individual samples were

soaked in tap water at room temperature. At prescribed

intervals, samples were removed from water. After excess

water was removed, they were weighed and immediately

returned to the water. The amount of moisture uptake or

absorbed (Ma) by the samples over a period of 120 days,

was determined using the following equation [25]:

Ma ¼
Mt �Md

Md

� 100; ð1Þ

where Md is the dry mass and Mt is the mass of sample

soaked for time t.

The coefficient of water diffusion (D) was calculated by

using the following equation [25]:

D ¼ p
16

Mt=M1ffiffi
t
p
=h

� �2

; ð2Þ

where M? is the maximum water uptake, Mt is the water

uptake at time t, h is the sample thickness, and D is the

diffusion coefficient.

FTIR analyses

A Perkin Elmer Spectrum 100 FTIR (FTIR; Perkin Elmer,

MA, USA) infrared spectrometer was used for the Fourier

transform spectroscopy analysis (FTIR). The spectral res-

olution was four wavenumbers. The FTIR analysis was

conducted to determine the water content of the samples

after the water absorption experiment. An ATR correction

was performed to compensate for the wavelength depen-

dence on penetration depth. Thin slice samples with the

dimensions 5 9 5 9 1 mm3 for both the dry- and wet-

condition samples were prepared. The dry condition sam-

ples were dried for 15 min at 100 �C prior to FTIR analysis

to remove existing moisture. The wet-condition samples

were immersed in water for 120 days, and immediately

prior to FTIR analysis, these samples were left at room

temperature (*25 �C) for 5 min to remove surface

moisture.

Mechanical tests

Fracture toughness

Rectangular single edge notch bend (SENB) samples of

10 9 10 9 60 mm3 dimensions were used in fracture

toughness testing. A sharp razor blade (with a notch-tip radius

of 0.25 mm) was used to initiate a sharp crack with the ratio of

notch length to width of sample (a/w) at 0.45–0.55 to obtain a

fracture toughness (KIC) measurement. The flexural tests were

performed at room temperature with a LLOYD Material

Testing Machine using a displacement rate of 1.0 mm/min;

for the measurements, five samples of each composition were

used. The value of KIC was calculated according to ASTM

D5045-99 using the following equation [26]:

KIC ¼
PmS

WD2=3
f

a

w

� �
; ð3Þ

where Pm is the load at fracture, S is the span of the sample,

D is the specimen thickness, W is the specimen width, and

a is the crack length, and f(a/w) is the polynomial geometrical

correction factor given as [26]:

f ða=wÞ¼
3ða=wÞ1=2½1:99�ða=wÞð1�a=wÞð2:15�3:93a=wþ2:7a2=w2Þ�

2ð1þ2a=wÞð1�a=wÞ2=3
:

ð4Þ

Impact toughness

A Zwick Charpy-impact tester with a 2.0 J pendulum

hammer was used to determine the impact toughness GIC at

room temperature. At least five 40-mm span bar samples

with varying notch lengths and razor-cracks were used.

Values of fracture toughness were determined according to

the method of Plati and Williams [27] with using the fol-

lowing equation:

U ¼ GICBD/þ U0; ð5Þ

where GIC is impact toughness, U is the measured energy,

U0 is the kinetic energy, D is the specimen thickness, B is

the specimen breadth, and / is the calibration factor for the

geometry used.

Elastic modulus and flexural strength

Rectangular bars of 60 9 10 9 6 mm3 were cut from the

fully cured samples for three-point bend tests with a span

of 40 mm to evaluate elastic modulus and flexural strength

according to ASTM D790-86. A LLOYD Material Testing

Machine (5–50 kN) with a displacement rate of 1.0 mm/min
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was used to perform the test at room temperature. Five

samples of each batch were used to evaluate elastic modulus

and flexural strength. The values were recorded and ana-

lysed with the machine software (NEXYGENPlus) and the

mean values were calculated.

Impact strength

A Zwick Charpy-impact tester with a 2.0 J pendulum

hammer was used to determine the impact strength at room

temperature according to ASTM D 256-06. At least five bar

samples of each group with 40 mm span were used and the

mean impact strength was calculated using the following

equation [26]:

ri ¼
E

A
; ð6Þ

where ri is the impact strength, E is the impact energy to

break a sample with a ligament area A.

Thermal test

A thermogravimetric analyser (TGA–DTA; Instrument:

2960 SDT V3.0F) was used to examine the thermal

behaviors of the composites. Samples were powdered by

abrasion and *50 mg of each sample prepared for TGA.

At a rate of 20 �C/min, composites were heated from room

temperature to 800 �C. Using platinum pans, thermal

decomposition temperatures of the composites were

examined under 20 ml/min of nitrogen flow.

Flammability test

Horizontal-burning testing was used to perform flamma-

bility test according to the ASTM 635 standard method. In

this study, at least three samples with dimensions of

100 9 10 9 6 mm3 were prepared for each composite. The

samples were held horizontally at one end, and a standard

constant natural gas fuelled flame was used to ignite the free

end of the specimens. The values of burning rate, burning-

out rate, and ignition time were determined as follows:

Burning rate ¼ L=t (mm=minÞ; ð7Þ

where L is the burnt length in mm, and t is the time it took

to burn the length L in min. More specifically t is the time

required for the flame to travel between two reference

marks, the first 20 mm from the free end and the second

80 mm from the free end

Burning-out rate ¼ M=t (g=min), ð8Þ

where M is the burnt mass in g, and t is the time it took to

burn the mass M in min. Finally, the time of ignition was

recorded for each sample.

Results and discussion

X-ray diffraction analysis (XRD)

XRD patterns for pure HNTs and VER/RCF/HNTs com-

posites with 1, 3, and 5 wt% of HNTs are shown in Fig. 1

and the XRD results summarized in Table 1. A diffraction

peak at 2h at around 12.27� related to the (001) plane can

be seen in XRD pattern of pure HNTs. Tubular morphol-

ogy featuring, inter-stratification of layers with various

hydration states and small crystal size is indicated by this

basal reflection [19]. Two additional diffraction peaks at 2h
at around 20.15� and around 24.95� relating (020) and

(002) basal reflection are noticeable [16]. Trace amounts of

quartz and feldspar in powders are also evident and are

represented by (*) and (?), respectively. The presence of

these minerals in HNT samples has been noted by other

researchers [28, 29].

For pure HNT samples, a diffraction peak at a

2h = 12.27� corresponds to a basal spacing of 0.721 nm.

For VER/HNT composites, the diffraction peak shifted

towards lower 2h values. The diffraction peaks, with cor-

responding basal spacing shown in parenthesis, for VER/

1 %HNTs, VER/3 %HNTs, and VER/5 %HNTs were

11.87� (0.745 nm), 12.07� (0.733 nm), and 12.15� (0.728 nm),

respectively.

Intercalation between VER chains and the HNTs is

strongly supported by the 2h reductions for composites, the

increases in the basal spacing of the HNTs in these com-

posites, which confirms the formation of nanocomposites

as found in other studies [7, 16]. In relation to the two

additional diffraction peaks displayed in the XRD pattern

for pure HNTs the subsequent XRD patterns for the com-

posites samples revealed that the pure HNTs peak at 2h at

around 20.15�, for the composites, had shifted markedly

lower, and the pure HNTs peak at 2h at around 24.95�, for

the composites, had almost completely vanished. These

results moreover support the existence of intercalation of

the VER chain into the structure of the HNTs.

Microstructure of HNTs

SEM and TEM images of HNTS are shown in Fig. 2. The

images show that the majority of HNTs exist in a tubular

shape, however, short tubular HNTs, and semi-rolled HNTs

can also be seen. The image indicates that HNTs have a

length range from 500 nm to 3 lm. From the image, the

averages of the outer diameters of the HNTs appear to

range from 100 to 300 nm whereas the averages of the

inner diameters range from 50 to 150 nm. The length/

diameter ratio (aspect ratio) of HNTs varies between 3, 5,

and 15. In general, the size distribution of halloysite

nanotube is quite large, since it is a natural product.
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Microstructure of VER/HNTs composites

TEM micrographs in Fig. 3a–c and 4a–c show the disper-

sion of HNT clusters at low and high magnification,

respectively. Based on these images, the degree of dis-

persion of HNT clusters within the matrix is acceptable as

verified by XRD results which indicate the existence of

intercalation to form a nanocomposites. Generally, HNTs

were found to be evenly randomly dispersed in the matrix

with short inter-tube distances resulting in HNT-rich region

formation and long inter-tube distances resulting in VER-

rich region formation as seen in Fig. 5a. The HNT-rich

regions give the appearance of being clusters of solely

HNTs. However, a closer examination reveals that VER

has filled spaces between these clusters (Fig. 5b).

In other words, as identified by other researchers [29,

30], the morphology of the HNT/VER composites displays

a continuous phase and a discontinuous phase. The con-

tinuous phase is the VER-rich regions in which a good

dispersion of individual clusters is clear. In contrast, the

agglomeration of HNT clusters embedded in this continu-

ous phase forms the rigid discontinuous phase, in which a

high concentration of HNT clusters is clear.

Water uptake properties

Weight gain

Figure 6 shows the water absorption curves for pure VER

samples and VER/HNTs nanocomposites samples. The

Fig. 1 XRD pattern of HNTs

and VER/HNT nanocomposites

Table 1 XRD results of HNTs and VER/HNT nanocomposites

Specific plane (001) (020) (002)

2h/d-spacing 2h d (nm) 2h d (nm) 2h d (nm)

HNTs 12.27 0.721 20.15 0.44 24.95 0.357

VER/1 %HNTs 11.87 0.745 19.85 0.447 – –

VER/3 %HNTs 12.07 0.733 19.92 0.445 – –

VER/5 %HNTs 12.15 0.728 19.98 0.444 – –

Fig. 2 HNT particles as observed under a SEM and b TEM
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Fig. 3 Low magnification TEM images showing the dispersion of HNT clusters within the matrix of VER containing various amounts of HNTs:

a 1 wt%, b 3 wt%, and c 5 wt%

Fig. 4 High magnification TEM images showing the dispersion of HNT clusters within the matrix of VER containing various amounts of HNTs:

a 1 wt%, b 3 wt%, and c 5 wt%
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curves show for all samples, water absorption increases

with time, and that with increasing HNTs content, there is a

decrease in the water transmission rate as indicated by the

change in slope of the curves. Typical Fickian diffusion

behaviors are demonstrated in all composites. As the theory

purports, at the beginning of exposure of the matter with

water [29], water absorption occurs rapidly, however, after

time, the rate of absorption slows down until reaching the

point of equilibrium [25].

It is worth-noting that the rates of water absorption of all

nanocomposites were quite rapid in the first 225 h. During

the time between 225 and 625 h, the rate of water

absorption had slowed down. After 625 h of immersion, all

composite samples had almost reached complete satura-

tion. There were no significant changes in moisture

absorption data even after immersion for 1500 or more

hours.

HNTs addition reduces the uptake of water. HNTs cause

this behavior as they have a high aspect ratio, where the

water molecules path is distributed [31]. The presence of

the HNTs means that the water molecules path is altered

from the direct-fast diffusion into the polymer matrix to a

maze-like or even tortuous path for water molecule to pass

through which decreasing the overall uptake of water [17,

32]. This effect is due to the impermeability of the HNTs

and implies that nanocomposites will have lower maximum

water absorption and tend not to reach full saturation [33].

Table 2 shows that the amount of water absorbed is

decreased as the loading of HNTs is increased. HNTs

presence in composites limits the composite’s water

Fig. 5 TEM micrographs of VER/HNT nanocomposites showing a VER-rich region and HNT-rich region and b spaces between HNT clusters

filled by VER

Fig. 6 Water absorption

behavior of VER and VER/

HNT nanocomposites

Table 2 Maximum water uptake M? and diffusion coefficients D of

VER and VER/HNT nanocomposites

Samples HNTs (wt%) Slope M? (%) D (mm2/s)

VER 0 0.048 1.29 2.66 9 10-6

VER/1 %HNTs 1 0.042 1.15 2.59 9 10-6

VER/3 %HNTs 3 0.038 1.02 2.67 9 10-6

VER/5 %HNTs 5 0.034 0.93 2.67 9 10-6
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absorption. For commercial applications, this is a desirable

property. As loading of HNTs is increased, however, sta-

tistically significant change in the diffusion coefficient is

not observed. The HNT content and diffusivity values do

not produce any observable trend [34, 35].

FTIR

Dry condition FTIR spectra and wet-condition FTIR

spectra of pure VER and VER/HTs composites are pre-

sented in Fig. 7. In dry conditions, each spectrum shows a

broad peak which represents the stretching of hydroxyl

(OH) groups between 3000 and 3700 cm-1. This peak

exists due to the chemical structure of the composite

components, VER and HNTs, which contain hydroxyl

(OH) groups [36, 37]. For the purposes of this study, this

broad peak will be a principal point of focus to assist in the

description and explanation of the water absorption

behavior.

In addition to this broad peak, the presence of vinyl-

ester and HNTs gives rise to additional peaks. Due to the

use of VER as the matrix all spectra displayed strong peaks

at *2924 cm-1 and weaker peaks at around 2870 cm-1.

As CH is present in the chemical structures of vinyl-ester,

it is expected that these peaks are due to symmetric and

asymmetric vibration from CH stretching [38, 39]. Bending

vibrations of the vinylic group in vinyl-ester are assumed to

cause the absorption peak at 830 cm-1 and the out-of-plane

bending of vinyl-ester monomer is reported to cause the

peak near 947 cm-1 [12]. Methyl groups, CH3, and

methylene groups, CH2, of vinyl-ester also cause bending

vibration peaks around 1450 cm-1 for the former and 1350

and 1380 cm-1 for the latter [40]. The benzene ring of

vinyl-ester is also believed to cause absorptions peaks and

these are seen at 1607 and at 1510 cm-1, as well as peaks

due to the carbonyl groups of the ester linkage were

observed at *1720 and 1180 cm-1 [41]. Perpendicular

Si–O stretching causes the peak at around 1030 cm-1 and

apical Si–O vibration causes the peak at 1113 cm-1. As

well as, peak at *912 cm-1 is attributed to the stretching

of the Al–O/Al–OH bonds. These peaks are due to the

presence of HNT [42, 43].

In wet conditions, the broad peak caused by hydroxyl

(OH) stretching was found to increase in response to

immersion in water for 120 days. The higher frequency

region of the peak is believed to arise from hydroxyl

stretching which is caused by the hydroxyl peak of

absorbed liquid water. The effects of absorbed liquid water

are considered to include the effects of the un-associated

water present, the loosely bound water present, as well as

the indirectly bonded water which may be bonded to the

hydroxyl groups using other water molecules [44, 45]. The

lower frequency region of the peak is believed to be a result

of hydroxyl stretching caused by hydroxyl stretching of

strongly bound water. Strongly bound water is produced

when direct hydrogen bonds are formed between the

hydroxyl groups of absorbed water and the composite

components [46, 47].

Figure 8 highlights results for the broad peak caused

by hydroxyl (OH) stretching. This peak is centered at

Fig. 7 Dry and wet FTIR spectra of VER/HNT samples containing various amounts of HNTs: a 0 wt%, b 1.0 wt%, c 3.0 wt%, and d 5.0 wt%
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3360 cm-1, as mentioned above, the peak was found to

increase as a result of water absorption experiment. The

quantity of moisture absorbed for each composite was

found to be different as indicated in the respective FTIR

spectrum. The FTIR spectrums for the different composites

included in this study indicated that water immersion led to

an increase in the quantities of moisture absorbed and these

quantities were different for each composite. Clearly, HNT

addition decreases the amount of water absorption in

composites. This reduction in the peak as shown has pro-

ven to be one of the most interesting findings of the study

and is evidence of the potential of HNTs to increase the

water absorption resistance of materials. Addition of

5 wt% HNTs to the matrix resulted in substantial resistance

to water absorption as evidenced by weight gain results and

FTIR analyses.

Mechanical properties

Fracture toughness

The results of fracture toughness and impact toughness are

shown in Table 3. The results show that the addition of

HNTs led to enhanced toughness values for all VER/HNT

composites samples. Fracture toughness increased from

1.81 MPa m1/2 for pure VER to 2.12, 2.43, and 2.64

MPa m1/2 for VER/1 %HNTs, VER/3 %HNTs, and VER/

5 %HNTs, respectively. Similarly, the addition of HNTs

at 1, 3, and 5 wt% increased the impact toughness from

1.52 kJ/m2 for unfilled VER to 2.93, 3.34, and 4.14 kJ/m2,

respectively. To study the effect of addition of HNTs on

toughness properties, SEM was used in this study to make a

comparative examination of the various fracture surfaces.

The fracture surface of each sample is clearly different

between the samples with different amounts of HNTs as

shown in Fig. 9a–d.

In pure VER (Fig. 9a), the fracture surface is flat and

smooth except for some river line markings near the crack

initiation site suggesting typical brittle fracture behavior

and thus accounting for the low fracture toughness of VER

[48]. Figure 9b–d provide useful evidence on the effect of

1, 3, and 5 wt% HNTs to the toughness properties of VER.

These figures depict an increasing roughness of the fracture

surfaces with increasing of HNTs. The roughness of the

fracture surface is an indicator of the quantity of energy

dissipated during fracture [49]. The fracture surfaces of

VER/HNT composites exhibit visible and deep crack river-

markings. With increasing HNT content, the fracture sur-

faces of samples are rougher and the crack bifurcation is

more evident. Such visual features suggest crack path

deflection due to the rigidness of the HNTs hindering crack

propagation [33, 50].

SEM image in Fig. 10a–c reveals micro-sized white

clusters on the fracture surfaces of the HNT/VER com-

posites. These fine white particles are HNT clusters and are

evenly distributed in the matrix. As discussed in previ-

ously, these clusters are embedded in the continuous phase

and form rigid HNT-rich regions. These clusters can

increase toughness by stopping the propagation of cracks.

They can interact with passing cracks and resisting crack

advancement [24, 25]. Plastic deformation of VER around

particle clusters is clearly observed. Plastic deformation

and crack deflection by clusters are principal toughening

mechanisms in this study [26]. The clusters are believed to

Fig. 8 Comparisons between

FTIR spectrum peaks of water

content in various VER/HNT

nanocomposites

Table 3 Fracture properties of VER and VER/HNT nanocomposites

Samples HNTs

content

(wt%)

Fracture

toughness

(MPa m1/2)

Impact

toughness

(kJ/m2)

VER 0 1.81 ± 0.05 1.52 ± 0.08

VER/1 %HNTs 1 2.12 ± 0.16 2.93 ± 0.16

VER/3 %HNTs 3 2.43 ± 0.07 3.34 ± 0.13

VER/5 %HNTs 5 2.64 ± 0.12 4.14 ± 0.15
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Fig. 9 SEM images showing the fracture surfaces of VER/HNT samples containing various amounts of HNTs: a 0 wt%, b 1.0 wt%, c 3.0 wt%,

and d 5.0 wt%

Fig. 10 SEM images showing the evidence of crack deflection and plastic deformation around HNT clusters in VER/HNT samples containing

various amounts of HNTs: a 1.0 wt%, b 3.0 wt%, and c 5.0 wt%
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resemble micro-sized rigid inorganic particles, which when

confronting cracks hinder the crack propagation and cause

crack deflection, twisting, and plastic deformation in par-

ticulate polymer composite [27, 28].

Individual HNT clusters can provide crack front pinning

and bridging effects as a result of their large aspect ratios

[1, 29]. In addition, breakage and de-bonding of HNT

clusters, which consume extra energy and increase resis-

tance to crack initiation and propagation, are additional

mechanisms that individual HNTs provide to enhance

toughness properties [30, 31].

Elastic modulus and strength properties

The flexural modulus, flexural strength, and impact

strength of VER/HNT composites are summarized in

Table 4, and the improvements in these properties due to

HNT addition is apparent. With regards to flexural

modulus, the addition of HNTs led to enhancement with

baseline pure VER, 2.90 GPa, increasing to 3.11, 3.31, and

3.46 GPa after increasing the HNT content to 1, 3, and

5 wt%, respectively. Addition of HNTs achieved a mod-

erate increase in flexural strength and impact strength.

When pure VER reinforced with 1, 3, and 5 wt% HNTs,

the flexural strength of resultant nanocomposites was found

to be increased to 45.9, 51.1, and 56.5 MPa, respectively.

Similarly, the addition of HNTs at 1, 3, and 5 wt%

increased impact strength to 3.32, 4.15, and 4.45 kJ/m2

respectively. Based on these results, the composites con-

taining HNTs displayed increased modulus and strength

properties compared to those of neat VER.

This postulation can be further supported by the fracture

mode of three-point bending test samples shown in

Fig. 11a–d. Clearly by comparing Fig. 11a of VER with

Fig. 11b–d of VER/HNT composites, the roughness and

tortuousity of the fracture surfaces can be seen to increase

with an increase of HNT loading. Favorable interactions

between HNTs and VER explain this difference in

appearances [16, 48].

In general, the elastic modulus of a polymer matrix is

enhanced by adding fillers that are rigid [8, 29]. Since

HNTs have higher elastic modulus (30 GPa) than VER

(2.90 GPa) and by virtue of the rule-of-mixtures, an

improved elastic modulus was obtained for all VER/HNT

composites. On the other hand, with respect to strength of

particulate reinforced polymer composites, the size (micro/

nano-scale) of particles in relation to the specific surface

Table 4 Mechanical properties of VER and VER/HNT nano-

composites

Samples HNTs

content

(wt%)

Flexural

modulus

(GPa)

Flexural

strength

(MPa)

Impact

strength

(kJ/m2)

VER 0 2.90 ± 0.04 42.0 ± 2.4 2.60 ± 0.08

VER/1 %HNTs 1 3.11 ± 0.02 45.9 ± 2.1 3.32 ± 0.14

VER/3 %HNTs 3 3.31 ± 0.05 51.1 ± 1.8 4.15 ± 0.08

VER/5 %HNTs 5 3.46 ± 0.04 56.5 ± 2.0 4.45 ± 0.91

Fig. 11 SEM micrographs

showing the fracture surfaces of

VER/HNT samples containing

various amounts of HNTs:

a 0 wt%, b 1.0 wt%, c 3.0 wt%,

and d 5.0 wt%
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area [29], interfacial bonding between particles and matrix

[24], and degrees of particle dispersion, are factors neces-

sary for enhanced strength properties. These dynamics

drive load transfer between reinforcing particles and matrix

which is efficient and ultimately results in better strength

properties for the composites [16, 29].

Compared to micro-scales fillers, the nano-scales fillers,

such as the HNTs used in this study, have a high specific

surface area allowing dense interfacial interaction with the

polymer matrix. Typically, the specific surface area for this

type of halloysite nanotube is about (65 m2/g) [16]. This

large contact surface area can provide a favorable adhesion

and bonding between filler and matrix which increases the

strength of the composite [7]. The SEM images in Fig. 12

show this favorable adhesion between VER and HNTs,

where there are no obvious cavities at the particle/matrix

interface. Also, the degree of filler dispersion as seen by

TEM in this study is acceptable as discussed previously.

Finally, the inter-tubular interaction between HNTs and

VER can indicate a good bonding state between filler and

matrix, which can be further factor increasing the strength

properties [16]. All of these mechanisms mentioned above

are believed to underpin the increased strength properties

and overall mechanical properties of the composites of this

study.

Thermal properties

The TGA curves for the VER and VER/HNTs composites

are shown in Fig. 13 and the characteristic weight loss is

reported in Table 5. The data reveals that for a temperature

range from room temperature to 800 �C, the VER and all

composites demonstrated single-stage thermal degradation.

Pure VER displayed degradation at *385 �C. Samples

with 1, 3, and 5 wt% HNTs started degradation at *406,

418, and 422 �C, respectively, thus demonstrating slightly

higher thermal stability. The decomposition of samples

continued until temperatures rose above 500 �C at which

point a constant mass was achieved. At temperatures above

700 �C, the residual weight for pure VER was 8.2 wt% of

the original. In contrast, samples modified with 1, 3, and

5 wt% HNTs, at the same temperature, had residual

weights of 10, 10.8, and 12.8 wt%, respectively.

According to Table 5, the data highlights that loading of

HNTs slightly enhances thermal stability with increases in

characteristic weight loss temperatures.

Nonetheless, there is a clear relationship between the

addition of HNTs and increases in thermal stability. This

influence has been generally attributed to the high barrier

properties of nano-fillers [5, 18]. Nano-fillers are believed

to provide, first, a thermal barrier which prevents heat

transfer inside polymer matrix [51, 52] and second, a mass

transport barrier, which during the process of degradation

Fig. 12 SEM micrograph showing favorable adhesion between VER

and HNTs, as evidence by the lack of obvious cavities at the particle/

matrix interface

Fig. 13 TGA curves of VER

and VER/HNT nanocomposites
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forms a char which hinders the escape of the volatile

products [53, 54]. This char is reported to be a high-

performance carbonaceous silicate which provides a layer

of insulation to underlying composite material [55]. The

presence of iron oxides, Fe2O3, in silicate fillers is also

believed to be a possible flame retardant enhancing thermal

stability of composites by trapping radicals during the

process of degradation [56, 57]. Some investigations,

however, suggest that this is not a major factor due to the

low content of iron oxides, Fe2O3, in HNTs [18]. The

hollow tubular structure of HNTs is also reported to

be another factor that leads to enhanced thermal stability of

HNT reinforced composites [7, 51].

Flammability properties

Flammability tests conducted at ambient conditions inclu-

ded burning rate, burning-out rate, and ignition time

determinations. Pure VER samples were found to burn out

and ignite faster than VER/HNTs composites as seen in

Table 6. Calculations imply that burning rate of pure VER

at nearly twice the rate of 5 wt% VER/HNTs composite,

thus highlighting the favorable flame retardancy properties

of the composites.

During flammability test, the burning characteristics of

the pure and nanocomposites were clearly different. When

the test was started, pure VER immediately started dripping

and continued with fast burning rate, until total loss of

material in the end of the test. In contrast, the nanocom-

posites showed a different behavior; when the test started,

the samples maintained a constant flame with much less

burning rate, less dripping and at the end of the test;

nanocomposites samples were completely charred. The

barrier effects of HNTs are believed to be the dominant

reasons for the reduction in flammability of VER/HNTs

composites. First, the presence of HNTs within composites

provides a mechanism of insulation which protects the

polymer from contacting with fire [58]. Furthermore, char

formation of HNTs act as a heat and fire-retardant [59].

However, recent work on flame retardancy of nanocom-

posites has indicated that flame retardancy may be attrib-

uted to a reduction in mass loss rate which in turn results in

lower heat release and lower flame spread [60, 61].

Conclusions

Pure VER and VER/HNTs composites have been fabri-

cated and studied in terms of water absorption behaviors,

mechanical, and thermal properties. With regards to water

uptake, 5 wt% VER/HNTs composites demonstrated the

most favorable reduction compared to pure VER, 1 and

3 wt% based on in weight gain and FTIR tests. The

noticeable enhancements in strength properties for VER/

HNTs composites found to be due to the large aspect ratio

of HNT clusters, the good adhesion between HNT clusters

and VER, the good degree of dispersion, and the suitable

extent of inter-tubular interaction in composites. The HNTs

were also found to be effective additives for improving

toughness properties. Enhancements in these properties

were attributable to crack bridging, deflection, and plastic

deformation mechanisms around the HNT cluster. Clusters

of HNTs can interact with cracks effectively resisting the

advancement of the crack and leading to an increase in

fracture toughness properties.

A clear relationship is supported between the addition of

HNTs and enhanced thermal stability and flammability.

The good thermal stability and flame retardant effects of

HNTs can be attributed to the presence of iron and their

hollow tubular structure, together with the provision of

thermal and mass transport barriers.
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INTRODUCTION

Polymer nanocomposites are blended polymer-based materials

that contain one or more dimensions at the nano-scale level.1

The presence of nano-fillers gives the material an extremely

large surface area, an attribute that facilitates both rapid phase

interaction and greater interfacial matrix interaction overall. It

is this increased surface area that underpins the extraordinary

properties of polymer nanocomposites.2,3 The desirable aspect

ratios and reduced pre-requisite for nano-fillers also lead to

improved interfacial adhesion with the matrix. As such, polymer

nanocomposites have superior advantages over pure and con-

ventional composites in terms of mechanical, electrical, barrier,

and thermal properties.4–6

Halloysite nanotubes (HNTs) are chemically similar to kaolin7

and feature a two-layered aluminosilicate structure with hollow

tubular morphology formed by rolling of layers.8 The cylindrical

shape of HNTs results from the tetrahedral and octahedral

structure mismatch.9 The lengths of the hollow tubes are

between 1–15 lm with 10–30 nm inner and 50–70 nm outer

diameters. This structure provides HNTs with a high aspect

ratio and a very high surface area to promote a comprehensive

filler and matrix interaction.10 The hollow tubular structure of

the fillers means that HNTs do not require exfoliation as in

nanoclay platelets. HNTs can be easily dispersed in a polymer

matrix, even at high weight fraction.11 It is the rod-like geome-

try of HNTs, never intertwining, which makes dispersion of

HNTs within the polymer even easier.8

In recent years, HNTs have become the subject of research

attention as a new type of nano-filler for enhancing physical

and mechanical properties of thermosets and thermoplastic

polymers.12 For example, Ye et al.13 investigated the impact

toughness of pure epoxy and epoxy/HNT nanocomposites. The

addition of 2.3 wt % HNTs was found to increase the impact

toughness from 0.54 kJ/m2 for pure epoxy to 2.77 kJ/m2 for the

nanocomposite. They further concluded that when compared to

montmorillonite (MMT), TiO2, and other nano-filler modified

epoxy nanocomposites, HNTs demonstrated a superior tough-

ening effect. For example, only 35 and 60% increase in impact

toughness was observed for epoxy/MMT nanocomposites14 and

epoxy/TiO2 nanocomposites,15 respectively. In contrast, a 400%

increase in impact toughness was achieved for epoxy/HNTs

nanocomposites.13 In a similar study on epoxy/HNTs nanocom-

posites by Deng et al.,16 they reported increases in both impact

and fracture toughness without the loss of strength. These

results further showed that both fracture toughness and impact

toughness increased with an increase in filler content with an

optimum loading of 5 wt % HNTs.

Vinyl-ester is a thermosetting polymer that has desirable me-

chanical properties which are suitable for coatings, adhesives,

molding compounds, structural laminates, and electrical applica-

tions.17 They are used in the fabrication of reinforced pipes,

tanks, scrubbers, as well as hard-worked hull and deck structures

in marine craft.18 When compared to polyester resins, vinyl-

esters higher design flexibility, better moisture resistance, better

chemical resistance, excellent tensile, and flexural properties. In

VC 2013 Wiley Periodicals, Inc.
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fact, vinyl-ester resins have the best properties of epoxies and

unsaturated polyesters. Thus, they are highly favored because of

better control over cure rate and reaction conditions.19–22

Notwithstanding that HNTs have been used as fillers in matrices

of epoxy, polystyrene, polypropylene, nylon-6, polyamide-6

among other11,23–26, the addition of HNTs to vinyl ester is yet

to be studied in depth. Thus, the motivation of this article was

to investigate the feasibility of using HNTs to improve the

mechanical and fracture properties of vinyl-ester resins. In

particular, this study attempts to evaluate the influence of mor-

phological factors of HNTs (i.e., filler dispersion, aspect ratio,

and filler/matrix interaction) on the mechanical and fracture

behavior of the resultant nanocomposites.

EXPERIMENTAL

Materials and Samples Preparation

Vinyl-ester resin (VER) was supplied by Fibreglass & Aesin Sales

Pty, Australia, and ultrafine halloysite nanotubes (HNTs) were

supplied by NZCC, New Zealand. According to the supplier, the

elemental compositions (wt %) of HNTs were 50.4% SiO2,

35.5% Al2O3, 0.25% Fe2O3, and 0.05% TiO2. Pure samples of

vinyl ester were prepared as controls by mixing the resin with

1.0 wt % methyl ethyl ketone peroxide (MEKP). The mixture

was slowly and thoroughly mixed to ensure that no air bubbles

formed within the matrix. The resultant mixture was poured

into silicon moulds and left at room temperature under low

vacuum (20 kPa) for 2 h, followed by curing at room tempera-

ture for 24 h. The nanocomposite samples were prepared by ini-

tially mixing the resin with 1, 3, or 5% of HNTs through the

use of a high speed electrical-mixer (1200 rpm), followed by

slow addition of MEKP as catalyst. The resultant mixtures were

then poured into silicone molds, de-gassed in vacuum of 60 kPa

at room temperature for 2 h, and cured under room conditions

for 24 h. The samples were labeled as VER/1% HNTs, VER/3%

HNTs, and VER/5% HNTs.

Microstructure Examination

The phase compositions of HNTs and HNT-reinforced vinyl-

ester nanocomposites were characterized using a D8 Advance

Diffractometer (Bruker-AXS) using copper radiations (k 5

1.5406 Å) and a LynxEye position sensitive detector. The XRD

patterns of samples were collected by scanning from 3� to 50�

(2h) in steps of 0.02� using a scanning rate of 0.5�/min. The

d-spacing of the layered particle was then calculated using

Bragg’s equation, (k 5 2d sin h), where k is the wavelength of

X-rays, d is the interplanar distance, and h is the Bragg angle. A

transmission electron microscope (TEM; JEOL JEM2011, Japan)

was used to study the morphologies of the HNTs and their dis-

persion within the matrix of vinyl-ester. Prior to TEM examina-

tion, samples of the HNTs were prepared by suspending the

nanotubes in ethanol for 1 min, and then placed in ultra-sonic

bath for 30 min. Then a droplet of suspension sprayed on a car-

bon thin film coated 400 mesh copper grid. An ultra microtome

was used to prepare thin slices (�170 nm) of vinyl-ester/HNT

samples for TEM examination.

A NEON 40ESB, scanning electron microscope (SEM; ZEISS,

UK) was used to examine the microstructures of HNTs and

fracture surfaces of the nanocomposites samples. All samples

were coated with platinum prior to SEM examination to avoid

charging.

Fracture Toughness

Rectangular single edge notch bend (SENB) samples of 10 mm

3 10 mm 3 60 mm dimension were used in fracture toughness

testing. A sharp razor blade (with a notch-tip radius of

0.25 mm) was used to initiate a sharp crack on each sample.

For all samples, the crack-to-width ratio (a/w) was limited to

0.5 and the span-to-width ratio (S/W) was maintained at 4. The

tests were performed at room temperature with a LLOYD Mate-

rial Testing Machine using a displacement rate of 1.0 mm/min.

At least five samples of each batch were used and the mean

value of fracture toughness was determined according to ASTM

D5045-99 using the following equation:27

KIC ¼
PmS

WD2=3
f

a

w

� �
(1)

where KIC is fracture toughness, Pm is the maximum load at

fracture, S is the span of the sample, D is the specimen thick-

ness, W is the specimen width, and a is the crack length, and

f(a/w) is the polynomial geometrical correction factor given

as:27

f ða=wÞ¼3ða=wÞ1=2½1:992ða=wÞð12a=wÞð2:1523:93a=w12:7a2=w2Þ�
2ð112a=wÞð12a=wÞ2=3

(2)

Impact Toughness

A Zwick Charpy-impact tester with a 2.0 J pendulum hammer

was used to determine the impact toughness at room tempera-

ture. At least five 40 mm span bar samples with varying notch

lengths and razor-cracks were used. Values of impact toughness

were determined according to the method of Plati and Wil-

liams28 and calculated using the following equation:27

U ¼ GIC BD / 1 U0 (3)

where GIC is impact toughness, U is the measured energy, U0 is

the kinetic energy, D is the specimen thickness, B is the speci-

men breadth, and u is the calibration factor for the geometry

used.

Flexural Strength and Modulus

Rectangular bars with dimensions of (10 mm 3 10 mm 3 60

mm) were cut from the fully cured samples for three-point

bend tests with a span of 40 mm to evaluate the flexural

strength and flexural modulus according to ASTM D790-86. A

LLOYD Material Testing Machine (5–50 kN) with a displace-

ment rate of 1.0 mm/min was used to perform the test and all

the tests were performed at room temperature. At least five

samples of each group were used to evaluate flexural strength

and flexural modulus. The values were recorded and analyzed

with the aid of machine software (NEXYGENPlus) and the

mean values were computed.

Impact Strength

A Zwick Charpy impact tester with a 2.0 J pendulum hammer

was used to determine the impact strength at room temperature

according to ASTM D 256-06. At least five bar samples of each
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group with 40 mm span were used and the mean impact

strength (ri) was calculated using the following equation:29

ri ¼
E

A
(4)

where E is the impact energy to break a sample with a ligament

area A.

Mathematical Modeling of Particulate-Reinforced Composites

There are a number of theoretical frameworks that have been

developed to support the prediction of elastic modulus of poly-

mer particulate reinforced composites. These sophisticated theo-

ries have been developed according to the requirements of

different material or geometric parameters.30,31 Conventionally,

the elastic properties of a particulate–polymer composite’s com-

ponents (particle and matrix), its particle loading and its aspect

ratio are used in determining the elastic modulus.30 For exam-

ple, for spherical particles, when the aspect ratio of particles

equals unity, the elastic modulus of components and particle

loading or particle size will be used to provide the composite

modulus. The composite modulus is normally enhanced by

adding particles to the matrix since the modulus of particles is

usually much higher than that of the polymer matrices.31,32

While the theories used for predicting elastic modulus of poly-

mer particulate reinforced composites are to an extent

satisfactory, the theories for predicting the strength and fracture

toughness of particulate reinforced systems are less devel-

oped.32,33 From this point, this study will limit the prediction

of the mechanical properties of the composites to their elastic

modulus. Table I outlines the name, formula, and nomenclature

of six mathematical models for predicting elastic modulus.

These mathematical models were used to compare experimental

data from this study with the models to determine the applic-

ability of the empirical relationships. The parameter values that

correspond to the materials properties for mathematical model

implementation are presented in Table II.

RESULTS AND DISCUSSION

X-Ray Diffraction Analysis (XRD)

XRD patterns for pure HNTs and VER/HNT composites with 1,

3, and 5 wt % of HNTs are shown in Figure 1. A diffraction

peak at 2h of �12.27� corresponding to the (001) plane can be

seen in XRD pattern for pure HNTs. Two additional diffraction

peaks at 2h at �20.15� and �24.95� corresponding to (020)

and (002) basal reflections are noticeable.41,42 Trace amounts of

quartz and feldspar are also evident and are represented by (*)

and (1) respectively. The presence of these minerals in HNTs

has also been noted by other researchers.16,42

For pure HNTs, a diffraction peak at a 2h 5 12.27� corre-

sponds to a basal spacing of 0.721 nm. For VER/HNT compo-

sites, this diffraction peak has shifted towards lower 2h values

or larger basal spacing. The diffraction peaks, with correspond-

ing basal spacing shown in parenthesis, for samples of VER/

1% HNTs, VER/3% HNTs, and VER/5% HNTs were 11.87�

(0.745 nm), 12.07� (0.733 nm), and 12.15� (0.728 nm), respec-

tively (Table III). This increase in the basal spacing of HNTs

in the composites sample suggests the existence of intercalation

between vinyl-ester chains and the HNTs, thus confirming the

formation of nanocomposites as also found in other

studies.10,41

Microstructures of HNTs and Composites

SEM and TEM images of HNTS are shown in Figure 2. The

images show that the majority of HNTs exist in a tubular shape,

however, short tubular HNTs, and semi-rolled HNTs can also

Table I. Mathematical Models Used to Compare with Experimental Data of This Work

Model Name Model formula Nomenclature

Reuss-Voigt33,34 ELower
c = EpEm/[Ep(12Vp) 1 EmVp] Ec 5 Elastic modulus of composite

EUpper
c = EpVp 1 Em (12Vp) Em 5 Elastic modulus of matrix

Vp 5 Volume fraction of particles

Kerner30,31
Ec=Em ¼ 11

Vp
ð1-VpÞ

15ð1-vmÞ
ð8-10vmÞ

Vm 5 Poisson ratio of matrix

Paul30,31
Ec=Em ¼

11ðd-1ÞV2=3
p

11ðd-1ÞðV2=3
p -V2=3

p Þ
d 5 Ep/Em

Guth32,33 For non-spherical particles
Ec/Em = (1 1 0.67aVp 1 1.62a2Vp)

a 5 Aspect ratio of the particles

Frankle-Acrivos35,36

Ec=Em ¼ 11 9
8

Vp=/maxÞ1=3

1-ðVp=VmaxÞ1=3

� �
umax 5 Maximum packing
fraction of particles

Table II. Values of Parameters Used in Mathematical Modeling

Parameters Values Reference

Average of aspect ratio of HNTs a 7a

Elastic modulus of VER Em (GPa) 2.9b

Poisson ratio of matrix vm 0.35 37

Average of elastic modulus
of HNTs Ep (GPa)

30 38,39

Maximum packing fraction /max 0.637 40

Density of VER 1.14c

Density of HNTs 2.11d

a Calculated based 50 numbers of HNT particles using SEM and TEM
micrographs,
b–d Our experimental data.
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be seen. The image indicates that HNTs have a length ranging

from 500 nm to 3 lm. From the image, the average outer diam-

eters of the HNTs ranged from 100 to 300 nm whereas the aver-

age inner diameters ranged from 50 to 150 nm. The length/

diameter ratio (i.e., aspect ratio) of HNTs varied between 3 and

15. Being a natural product, the size distribution of halloysite

nanotubes is expected to be large.

The TEM micrographs in Figure 3(a–c) display the uniform dis-

persion of HNT fillers in the vinyl-ester (VER) matrix. The

extent of dispersion is acceptable even though a number of

micro-sized HNT clusters can be found. HNTs were randomly

dispersed in the matrix with short inter-tube distances resulting

in formation of HNT-rich region and long inter-tube distances

resulting in VER-rich region being formed as shown in Figure

4(a). The HNT-rich regions give the appearance of HNT clus-

ters. However, a closer examination reveals that VER has filled

spaces between these clusters [Figure 4(b)]. In other words, the

morphology of the HNT/VER composites displays a continuous

Figure 1. XRD pattern of pure HNTs and VER/HNTs composites.

Table III. XRD Results of HNTs and VER/HNTs Nanocomposites

Specific plane (001) (020) (002)

2h/d-spacing 2h d (nm) 2h d (nm) 2h d (nm)

HNTs 12.27 0.721 20.15 0.44 24.95 0.357

VER/1% HNTs 11.87 0.745 19.85 0.447 – –

VER/3% HNTs 12.07 0.733 19.92 0.445 – –

VER/5% HNTs 12.15 0.728 19.98 0.444 – –

Figure 2. (a) SEM micrograph of HNTs particles and (b) TEM micrograph of HNTs particles.
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phase and a discontinuous phase. The continuous phase is the

VER-rich regions in which a good dispersion of individual

HNT clusters is clear. In contrast, the agglomeration of

HNT clusters embedded in this continuous phase forms the

rigid discontinuous phase.13,16

Toughness Properties

The results of fracture toughness and impact toughness are

shown in Table IV. The results show that the addition of

HNTs has led to enhanced toughness values for all VER/HNT

composites samples. For example, compared to the fracture

toughness of pure VER (1.81 MPa m1/2), the fracture tough-

ness of VER/HNT samples were higher with 17% increase for

HNT loading of 1.0 wt %, 34% increase for 3.0 wt % loading,

and 46% increase for 5.0 wt % loading. Similarly, the

addition of HNTs at 1, 3, and 5 wt % increased the impact

toughness of pure VER (1.52 kJ/m2) by 93, 118, and 172%,

respectively.

Figure 5(a) shows the fracture surface of pure VER which is flat

and smooth except for some river line markings near the crack

initiation site which indicates typical brittle fracture behavior or

low fracture toughness.43 In contrast, the non-planar fracture

surfaces of VER/HNT nanocomposites are shown in Figure

5(b–d). These figures depict an increasing roughness of the frac-

ture surfaces with increasing loading of HNTs. The roughness

of the fracture surface is an indicator of the quantity of energy

dissipated during fracture.44 With increasing HNT content, the

fracture surfaces of these samples become rougher and the crack

bifurcation is more evident. Such visual features suggest

crack path deflection due to the rigidness of HNTs in hindering

crack propagation.37,45

SEM images in Figure 6(a–c) reveal micro-sized white fillers on

the fracture surfaces of the VER/HNT nanocomposites. These

fine white fillers are HNT clusters and are evenly distributed

within the matrix. These clusters can increase toughness by

stopping the propagation of cracks through interacting with

passing cracks and resisting crack advancement.13,46 Plastic de-

formation of VER around clusters is also evident. Plastic defor-

mation and crack deflection by these clusters are the principal

toughening mechanisms observed in this study.16 These clusters

are believed to resemble micro-sized rigid inorganic particles,

which when confronting cracks hinder the crack propagation

and cause crack deflection, twisting, and plastic deformation in

particulate polymer composite.47–49

The effectiveness of HNTs in imparting toughness needs to be

assessed against alternative fillers such as nanoclay or rubbery

particles. In an attempt to improve the fracture toughness of

vinyl-ester, nanoclay and/or core shell rubber (CSR) particles

were used by Subramaniyan and Sun.4 Their results showed that

an improvement in fracture toughness of 12% was achieved by

CSR, whereas the addition of nanoclay and nanoclay/CSR

caused a reduction in fracture toughness by 16 and 6%,

respectively. Therefore, HNTs may be preferable to nanoclay for

improving the toughness of vinyl-esters.

Flexural Modulus and Strength Properties

The flexural modulus, flexural strength, and impact strength of

VER/HNT composites are summarized in the Table V, and the

improvements in these properties due to HNT addition is evi-

dent. With regards to flexural modulus, the addition of HNTs

has led to an improvement from 2.90 GPa to 3.11, 3.31, and

3.42 GPa for HNT loading of 1, 3, and 5 wt %, respectively.

The addition of HNTs caused a moderate increase in flexural

strength and impact strength. When pure VER is reinforced

with 1, 3, and 5 wt % HNTs, the flexural strength of resultant

nanocomposites increased to 45.9, 51.1, and 56.5 MPa,

Figure 3. Dispersion of HNTs particles within cured VER (a) 1 wt % of

HNTs, (b) 3 wt % of HNTs, and (c) 5 wt % of HNTs.
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respectively. Similarly, the addition of HNTs at 1, 3, and 5 wt %

increased the impact strength to 3.32, 4.12, and 4.45 kJ/m2,

respectively. Based on these results, the nanocomposites

containing HNTs displayed increased modulus and strength

properties when compared to neat VER. This observation is fur-

ther supported by the fracture surface shown in Figure 7(a–d).

When comparing Figure 7(a) of VER with Figure 7(b–d) of

VER/HNT nanocomposites, the roughness and tortuousity of

the fracture surfaces can be seen to increase with increasing

HNT loading.

In general, the elastic modulus of a polymer matrix is enhanced

by adding fillers that are rigid.30,35 Since HNTs have higher elas-

tic modulus (30 GPa) than VER (2.90 GPa) and by virtue of

the rule-of-mixtures, an improved elastic modulus was obtained

for all VER/HNT nanocomposites. On the other hand, with

respect to strength of particulate reinforced polymer composites,

the size (micro/nanoscale) of particles in relation to the specific

Figure 4. TEM micrographs of VER/HNTs Nanocomposites (a) VER-rich region and HNTs-rich region and (b) Spaces between HNTs particles cluster

clearly filled by VER.

Table IV. Fracture Properties of VER and VER/HNTs Nanocomposites

Samples

HNT
content
(wt %)

Fracture
toughness
(MPa m1/2)

Impact
toughness
(kJ/m2)

VER 0 1.8 6 0.1 1.5 6 0.1

VER/1% HNTs 1 2.1 6 0.2 2.9 6 0.2

VER/3% HNTs 3 2.4 6 0.1 3.3 6 0.1

VER/5% HNTs 5 2.6 6 0.1 4.1 6 0.2

Figure 5. SEM images of fracture surfaces of (a) VER, (b) VER/HNTS composite with 1 wt % HNTs loading, (c) VER/HNTs composite with 3 wt %

HNTs loading (d) VER/HNTs composite with 5 wt % HNTs loading. All samples had been subjected to fracture toughness test.
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surface area,31 interfacial bonding between particles and ma-

trix,11 and degrees of particle dispersion,50 are factors necessary

for enhanced strength properties. These dynamics drive the load

transfer between reinforcing particles and matrix which is effi-

cient and ultimately results in better strength properties for the

composites.31,41

Compared to micro-scales fillers the nano-scales fillers, such

as the HNTs have a high specific surface area which allows

dense interfacial interaction with the polymer matrix. Typi-

cally the specific surface area for halloysite nanotubes is about

(65 m2/g).41 This large contact surface area can provide a

favorable adhesion and bonding between filler and matrix

which increases the strength of the composite. The SEM

images in Figure 8 show this favorable adhesion between VER

and HNTs, where there are no obvious cavities at the particle/

matrix interfaces. Finally, the inter-tubular interaction between

HNTs and VER can indicate a good bonding state between

filler and matrix, which can serve to increase the strength

properties.41 All of these mechanisms mentioned above are

believed to underpin the increased strength properties and

overall mechanical properties of the nanocomposites of this

study.

Comparisons with Theoretical Models

The experimental data on flexural modulus in this study were

compared with well-known mathematical models of elastic

modulus (Figure 9). One test of validity is the Reuss–Voigt

model, which is an approximate theory, identifying upper and

lower bounds of values for a predicted solution of elastic modu-

lus for particulate reinforced composites. The validity of elastic

modulus for most particulate micro- and nano-composites can

be tested using the Reuss–Voigt model by comparing experi-

mental data elastic modulus values with the lower and upper

bounds provided by this model.32 Results that fall between the

bounds are believed to be valid. In the case of composites rein-

forced with a filler of large aspect ratio and strong adhesion

between filler and matrix, the upper bound of Reuss–Voigt

model is appropriate. In the case of rigid spherical fillers, the

lower bound is applicable.34,51 The model supports the validity

of elastic modulus results in this study. All experimental and

predicted data value fell between the upper bounds and lower

bounds. Interestingly, the experimental data lie close to the

upper bounds. This can be attributed to the large aspect ratio

of HNTs and the good adhesion between HNTs and VER.

Both the Paul model and the Guth model agree well with the

experimental results. The assumption of a perfect adhesion

between the particles and matrix underpins the Paul

model.30,31 Thus the experimental data is believed to support

adequate adhesion between the filler and matrix in the nano-

composite samples. The microstructures observed by SEM and

TEM also supported adequate interfacial bonding between

HNTs and VER. The Guth model also assumes perfect adhe-

sion between filler and matrix, but also assumes perfect disper-

sion, and large particle aspect ratio.30,32 Thus the experimental

results here support adequate adhesion between the filler and

matrix, acceptable dispersion, and that the majority of HNTs

were found to exist in a tubular shape with an aspect ratio of

between 3 and 15.

Nonetheless, both models of Paul and Guth have over-predicted

the modulus of the samples in this study for cases where the

volume fraction increased to 5 wt %. This discrepancy is most

likely explained by the formation of HNT clusters in the 5 wt

% nanocomposites. These clusters within the samples can

affect the load bearing capability and result in a lower elastic

Figure 6. Fracture surfaces of VER/HNTs composites with (a) 1% wt of

HNTs loading, (b) 3% wt HNTs loading, and 5% wt HNTs loading,

showing crack deflection and plastic deformation around HNTs particle

clusters.
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modulus.33 At the same time, overall aspect ratio of HNTs can

be reduced due to the formation of clusters52 and also during

processing due to the shearing effect which breaks the HNTs.50

The models of Paul and Guth do not take into consideration

the formation of clusters or the reduction in aspect ratio of the

fillers. The Kerner model is a measure of validity for composite

systems in which the modulus of filler is many times higher

than the modulus of the matrix.31,35 The relative modulus ratio

of fillers to matrix in this study is low which explains the lack

Figure 7. SEM micrographs of fracture surfaces of (a) pure VER/HNTS composite, VER/HNTs composites with 1 wt % HNTs loading, (c) VER/HNTs

composite with 3 wt % HNTs loading, and (d) VER/HNTs composite with 5 wt % HNTs loading. All samples had been subjected to flexural strength

test.

Table V. Mechanical Properties of VER and VER/HNTs Nanocomposites

Samples

HNTs
content
(wt%)

Flexural
modulus
(GPa)

Flexural
strength
(MPa)

Impact
strength
(kJ/m2)

VER 0 2.90 6 0.04 42.0 6 2.4 2.6 6 0.1

VER/1%
HNTs

1 3.11 6 0.02 45.9 6 2.1 3.3 6 0.1

VER/3%
HNTs

3 3.31 6 0.05 51.1 6 1.8 4.1 6 0.1

VER/5%
HNTs

5 3.46 6 0.04 56.5 6 2.0 4.5 6 0.9
Figure 8. SEM micrograph showing favorable adhesion between VER and

HNTs.
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of agreement between experimental data when compared to the

Kerner model. The study parameters applied to Frankle-Acrivos

model (not shown) totally over-estimated the modulus of the

samples in this study. The model uses the simple relative filler

volume fraction (Vp/umax), thus only takes into consideration a

partly dominant effect of particle packing efficiency on the elas-

tic properties. The model neglects particle and matrix interfacial

interactions, the Young’s modulus and Poisson’s ratio effects,

which are all important factors that influence the elastic proper-

ties of composites.31,33,34

In summary, based on current findings and the results of other

studies,16,31,53,54 the aspect ratio of fillers, and, in particular, the

state of adhesion between fillers and matrix are both significant

factors that should be taken into account when predicting the

elastic modulus of particulate-reinforced composites. The postu-

lation that adhesion between fillers and matrix is a significant

determinant of elastic modulus contradicts the findings of ear-

lier studies as reviewed by Ahmed and Jones30 and Fu et al.32 In

contrast to the results of this study, some of the earlier investi-

gations suggested that adhesion between fillers and matrix was

an insignificant or irrelevant factor in relation to the prediction

of elastic modulus for particulate–polymer composites.

CONCLUSIONS

Pure VER and VER/HNT nanocomposites have been synthe-

sized and characterized in terms of mechanical and fracture

properties. HNTs were found to be an effective additive for

improving the toughness of vinyl-esters. Enhancements in these

properties were attributed to crack bridging, deflection, and

plastic deformation in the vicinity of HNT clusters served to

interact with cracks effectively to resist the advancement of the

crack propagation. The enhancement in strength properties for

VER/HNT composites was ascribed to the large aspect ratio of

HNTs, good interfacial adhesion, good degree of dispersion, and

adequate inter-tubular interaction. The good agreement of

experimental data with models of Paul and Guth suggests that

the aspect ratios of fillers, their dispersion within the matrix, and

the state of interfacial adhesion are relevant to the prediction of

elastic modulus for particulate reinforced polymer composites.
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Characterization of Mechanical and Fracture Behaviour in
Nano-Silicon Carbide-Reinforced Vinyl-Ester Nanocomposites

Abdullah M. Alhuthali and It-Meng Low
Department of Imaging and Applied Physics, Curtin University, Perth, WA, Australia

Vinyl-ester/nano-silicon carbide nanocomposites were synthe-
sised and investigated in terms of their mechanical and fracture
properties. Results show that the addition of nano-SiC particles
increases modulus and strength, but reduces toughness. The enhance-
ment in strength for nanocomposites was attributed to good inter-
facial adhesion and good degree of dispersion. The experimental
data for elastic modulus were modelled using several theoretical
models. The excellent agreement with the experimental data for elas-
tic modulus given by the Guth and Kerner models indicate that the
degree of dispersion and the quality of particle/matrix adhesion were
both important considerations for the prediction of elastic modulus.

Keywords Fracture toughness; Mechanical properties; Nano-
silicon carbide; Polymer nanocomposites; Transmission
electron microscopy

INTRODUCTION

Polymer nanocomposites are materials that have at
least one phase with dimension in the nanosize range[1].
Nanoparticles display extraordinary properties due to their
large surface area to mass ratio. The phase interactions
that occur at the interfaces of polymer matrix give these
composites their remarkable properties[2]. The favourable
properties of polymer nanocomposites such as mechanical,
electrical, optical and thermal have attracted much
interest for over 10 years[3]. High elastic modulus, increased
strength, favourable heat resistance, decreased gas perme-
ability and decreased flammability are some of the useful
properties of polymer nanocomposites[4].

Vinyl ester resins are a newer thermosetting resin
compared to alternatives such as polyester and epoxy
resins[5]. In terms of industrial applications, the desirable
properties of vinyl-ester resins make them suitable for
adhesives, coatings, electrical applications, moulding com-
pounds and structural laminates[6]. Thus, vinyl-ester resins
that combine the most sought-after properties of epoxies
and unsaturated polyesters are favoured by the industry[7].
In recent years, nanoparticles such as carbon nanotubes[8],

nanoclay[9–11], iron oxide nanoparticles[12] and cupric-oxide
nanoparticles[7] as rigid reinforcements within vinyl-ester
matrix have attracted widespread attention. However,
few studies have investigated the mechanical proper-
ties of vinyl-ester when reinforced with silicon carbide
nanoparticles[1,13].

Therefore, this study aims to investigate the mechanical
and fracture properties of vinyl ester matrix reinforced
with silicon carbide nanoparticles. Particularly, the present
work attempts to evaluate the influence of morphological
structures such as particle dispersion and particle=matrix
interaction on resulting mechanical and fracture properties
of vinyl-ester reinforced with nano-silicon carbide.

EXPERIMENTAL

Materials

Silicon carbide nano-particles (n-SiC) had a spherical
morphology with a phase purity of >95%, specific surface
area of 70–90m2=g and a particle size of <100 nm. They
were purchased from Sigma-Aldrich Co. LLC, Australia.
Vinyl-ester resin was supplied by Fibreglass and Aesin
Sales Pty Ltd, Australia.

Samples Preparation

Pure vinyl-ester (VER) samples were made as controls
to provide the baseline properties. To prepare control sam-
ples, 1.0 wt% catalyst (MEKP) was mixed into the
vinyl-ester resin and the resultant mixture was then poured
into silicon moulds and kept under low vacuum (60 kPa)
for 2 h. The resultant mixture was then kept for 24 h at
room temperature to cure. Nanocomposite samples were
prepared with a dispersion of n-SiC at concentrations of
1, 3, and 5wt%. First, n-SiC were dried for 60min at
150�C to remove pre-existing moisture. Then a high-speed
electric mixer set at 1200 rpm was used to disperse the
n-SiC in the resin for 30 minutes. MEKP was then added
to the mixture and stirred slowly to minimise the formation
of air-bubbles. The resultant mixture was then poured into
silicone moulds, de-gassed for two hours at a vacuum of
60 kPa and then cured at room temperature for 24 h.
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Microstructure Examination

A JEM 2011 transmission electron microscope (TEM)
was used to study the morphologies of the n-SiC and their
dispersion inside the vinyl-ester matrix. A NEON 40ESB
scanning electron microscope (SEM) operating at acceler-
ating voltage of 5 kV, under secondary electrons mode
was used to examine the dispersion of n-SiC and fracture
surfaces. In order to avoid charging, all samples were
coated with platinum.

Elastic Modulus and Flexural Strength

Rectangular bars were cut from the fully cured
the fully cured samples for three-point bend tests with
a span of 40mm to evaluate the elastic modulus and
flexural strength according to ASTM D790-86. A Lloyd
Material Testing Machine (5–50 kN) with a displacement
rate of 1.0mm=min was used to perform the test. Five
samples of each batch were used to evaluate flexural
strength. The values of were recorded and analyzed with
the machine software (NEXYGENPlus) and average
values were calculated.

Impact Strength

A Zwick Charpy impact tester with a 2.0 J pendulum
hammer was used to determine the impact strengths
according to ASTM D 256-06. In total, five 40mm-
span bar samples were used for the measurements. The
following equation was used to calculate the impact
strength[14]:

ri ¼
E

A
ð1Þ

where ri is impact strength and E is the impact
energy required to break a sample with a ligament area
represented by A.

Fracture Toughness

For fracture toughness (KIC) measurements, the ratio of
notch length to width of sample (a=w) used was 0.4 and
a sharp razor blade was used to initiate a sharp crack.
The flexural tests were performed with a Lloyd Material
Testing Machine using a displacement rate of 1.0mm=
min; five samples of each composition were used for the
measurements. Five samples of each group were used and
the value of fracture toughness was determined according
to ASTM D5045-99 using the following equation[15]:

KIC ¼
pmS

WD2=3
f

a

w

� �
ð2Þ

where pm is the maximum load, S is the span of the sample,
D is the specimen thickness, w is the specimen width, and
a is the crack length, and f(a=w) is the polynomial

geometrical correction factor given as[15]:

f a w=ð Þ

¼
3 a w=ð Þ1 2= 1:99� a w=ð Þ 1� a w=ð Þ 2:15� 3:93a w= þ 2:7a2 w2

�� �� �

2 1þ 2a w=ð Þ 1� a w=ð Þ2 3=

ð3Þ

Impact Toughness

A Zwick Charpy impact tester with a 2.0 J pendulum
hammer was used to determine the impact toughness
(GIC). In total, five 40mm-span bar samples, each with vary-
ing notch lengths and razor-cracks, were used. Values of
fracture toughness were determined with the following equa-
tion[15] according to the method of Plati and Williams[16]:

U ¼ GICBD/þU0 ð4Þ

where U is measured energy, U0 is kinetic energy, D is
specimen thickness, B is specimen breadth and / is the
calibration factor for the geometry used.

Mathematical Models for Particulate-Reinforced
Composites

There are a number of theoretical frameworks that
have been developed to support the prediction of elastic
modulus of particulate reinforced polymer composites.
These sophisticated theories have been developed accord-
ing to the requirements of different material or geometric
parameters. Conventionally, elastic properties of compo-
nents of particulate–polymer composites, particle loading,
and particle aspect ratio are used in determinations of elas-
tic modulus[17,18]. For example, for spherical particles,
when the aspect ratio of particles equals unity, the modulus
of the components and particle loading or particle size will
be used to provide the composite modulus. The composite
modulus is enhanced by adding particles to matrix since
the modulus of inorganic particles is usually much higher
than that of the polymer matrix[17,19].

The theories used for predicting the elastic modulus of
particulate-reinforced polymer composites are generally
satisfactory. However, theories for predicting the strength
and fracture toughness of particulate-reinforced systems
are much less developed[19,20]. For theories predicting
the strength of particulate-reinforced systems, the largest
challenge is to accurately predict how the addition of hard
particles will affect a composite’s interface adhesion, stress
concentration and defect size=spatial distributions[21,22].

There is still a lack of development in the understanding
of how the characteristics and concentration of the added
hard particles lead to the strength of resultant composite.
Current theories do not satisfactorily address whether the
addition of hard particles will weaken or reinforce the
composite[23,24]. Similar, theories for predicting fracture
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toughness of particulate-reinforced systems have failed to
reach consensus among the scientific community, mainly
due to the complexity, inefficiency and lack of reliability
that has characterised this group of theories so far[25].

The focus of this study was limited to the prediction of
elastic modulus for particulate reinforced composites.
Table 1 provides the names, formulas and nomenclatures
of seven elastic modulus prediction mathematical models.
To determine the applicability of the empirical relation-
ships, these mathematical models were used to compare
experimental data from this study with theoretical
data generated from these models. Table 2 provides the
parameters corresponding to the material properties of
the mathematical model implementation.

RESULTS AND DISCUSSION

Mechanical Properties

Table 3 summarises the mechanical properties of the
pure VER and VER=n-SiC nanocomposites with different
loadings of n-SiC. The addition of n-SiC particles increases
elastic modulus and strength but reduces toughness.

The addition of 1wt% n-SiC particles increased the
elastic modulus and strength to 3.05GPa and 54.9MPa,
respectively, compared with pure VER (2.9GPa and
42.4MPa). Similarly, the nanocomposites reinforced with
3wt% n-SiC particles showed increases to 3.11GPa and

59.1MPa in modulus and strength, respectively. Again,
the addition of 5wt% n-SiC was found to increase elastic
modulus and flexural strength to 3.17GPa and 67.2MPa,
respectively. No further improvement in elastic modulus
was observed at 10wt% (3.2GPa) and the strength
decreased at this concentration (63.2MPa). The results
for impact strength were similar. The impact strength for
neat VER was 2.6 kJ=m2. Adding the n-SiC improved the
results for impact strength. At 5wt% impact strength was
3.9 kJ=m2. No further improvement in impact strength
was observed at 10wt% (3.67 kJ=m2).

The addition of 1%, 3%, 5% and 10% n-SiC led to lower
fracture toughness and impact toughness compared to pure
VER. These increases in strength and modulus and
decreases in toughness due to n-SiC addition are in
agreement with the previous studies of Liao et al.[27] and
Rodgers et al.[28]

It is well-accepted that the addition of rigid fillers to
a polymer matrix enhances elastic modulus[29,30]. Since
n-SiC (457GPa) has a higher elastic modulus than VER
(2.9GPa), by virtue of the rule of mixtures, an improved
elastic modulus was obtained for the resulting nanocompo-
sites. This is believed to be a dominant factor that led to
increased elastic modulus in the samples. The enhancement
in strength depends on particle size, shape, aspect ratio
and degree of dispersion[31] and the quality of interfacial

TABLE 1
Mathematical models used to compare with experimental data of this work

Model name Model formula Nomenclature

Paul (upper-bound)

Ishai–Cohen (lower-bound)[18,26]

Ec=Em ¼
1þ ðd� 1ÞV2=3

p

1þ ðd� 1ÞðV2=3
p � V

2=3
p Þ

Ec=Em ¼ 1þ Vp

d=ðd� 1Þ � V
1=3
p

d¼Ep=Em

Ec¼Elastic modulus of composite
Em¼Elastic modulus of matrix
Ep¼Elastic modulus of particles
Vp¼Volume fraction of particles
vm¼Poisson ratio of matrix
/max¼Maximum packing fraction
of particles

Kerner[18,19]
Ec=Em ¼ 1þ Vp

ð1� VpÞ
15ð1� vmÞ
ð8� 10 vmÞ

Frankle-Acrivos[21,22]

Ec=Em ¼ 1þ 9

8

ðVp=/maxÞ1=3

1� ðVp=V maxÞ1=3

" #

Guth[20,23] For spherical-shaped particles

Ec ¼ Em ð1þ 2:5Vp þ 14:1V 2
p Þ

Counto[17,19] 1

Ec
¼ 1� V

1=2
p

Em
þ 1

ð1� V
1=2
p Þ=V1=2

p Em þ Ep
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bonding between the particles and matrix[32]. These
dynamics can each affect the strength of particulate-
reinforced polymer composites by determining the extent
to which applied stress is transferred efficiently through
the reinforcing particles and matrix[32,33,34].

The SEM and TEM observations, as shown in
Figure 1(a–b), confirm that n-SiC particles have a spherical
shape and nanoscale size varying from 50 to 150 nm, with
an average size of around 100 nm. Thus, n-SiC enables
a much higher specific surface area, which provides dense
interfacial interaction with the polymer matrix. This high
interfacial interaction leads to excellent adhesion and
bonding between filler and matrix, thereby increasing
composite strength[35,36]. It is well accepted that the nature
of bonds in composites will determine how a material
responds to load. Thus, when a local stress is applied,
and the interfacial interaction is good between the rein-
forcing particles and matrix, the composite will display
favourable strength. In contrast, when the interaction
is poor between filler and matrix, artificial defects are
more likely to form, which leads to marked reductions
in composite strength[37,38].

SEM micrographs in Figure 2 show the fracture surfaces
of nanocomposites with 1, 3 and 5wt% n-SiC. At the
particle=matrix interface, there appeared to be no obvious
voids, which indicates that nanoparticles had not pull-
out from the polymer matrix, thus supporting strong

TABLE 2
Values of parameters used in mathematical modelling

Parameters Values Reference

Elastic modulus of VER Em (GPa) 2.90a

Poisson ratio of matrix vm 0.39 [17]
Elastic modulus of n-SiC Ep (GPa) 470 [27]
Maximum packing fraction /max 0.637 [18]
Density of VER 1.14b

Density of n-SiC 3.22c

a,b,cOur experimental data.

TABLE 3
Mechanical properties of pure VER and VER=n-SiC nanocomposites

Samples

n-SiC
content
(wt%)

Elastic
modulus
(GPa)

Flexural
strength
(MPa)

Impact
strength
(kJ=m2)

Fracture
toughness

(MPa �m1=2)

Impact
toughness
(kJ=m2)

VER 0 2.90� 0.2 42.4� 2.4 2.60� 0.04 1.81� 0.03 1.52� 0.04
VER=1% n-SiC 1 3.05� 0.08 54.9� 2.1 2.91� 0.1 1.62� 0.02 1.33� 0.02
VER=3% n-SiC 3 3.11� 0.11 59.1� 1.8 3.73� 0.08 1.33� 0.03 1.12� 0.05
VER=5% n-SiC 5 3.17� 0.07 67.2� 3.0 3.90� 0.9 1.12� 0.05 0.94� 0.03
VER=10% n-SiC 10 3.2� 0.05 63.2� 2.0 3.67� 0.9 1.15� 0.05 1.13� 0.02

FIG. 1. (a) SEM and (b) TEM micrographs displaying the spherical

shape of a n-SiC particle, confirming that the average size of these particles

was around 100 nm.
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interaction between the nanoparticles and VER matrix. In
addition, the images in Figure 2 (a–c) show no agglomera-
tions thus indicating the dispersion of nanofillers through-
out the matrix was quite uniform. Thus, the higher specific
surface area inherent with the n-SiC, together with the
strong interfacial bonding between n-SiC particles and
VER matrix, and the favourable degree of dispersion,
effectively facilitate the local stress transfer from VER
matrix onto n-SiC particles. Therefore, improved mechan-
ical properties are observed in n-SiC=VER composites.

As previously mentioned, the addition of 10wt% n-SiC
did not lead to further improvements in the modulus and
strength properties. The formation of n-SiC agglomera-
tions at this loading is believed to be the reason for lower
modulus and strength properties compared to 5wt%
n-SiC=VER nanocomposite. The small size of n-SiC parti-
cles, their hydrophilic surface, and their high surface area
can act as driving forces for particle agglomeration[13].
When particle agglomeration is present within composites,
the load-bearing capability is affected and the elastic
modulus is reduced[20].

These larger and more loosely assembled areas of par-
ticle agglomerations act as stress concentrators, thus reduc-
ing strength and limiting elastic modulus enhancement in
the resulting composite[39,40]. Moreover, the presence of
particle agglomerations adversely affects adhesion quality
between the particles and the matrix, causing further
reduction of strength properties[27]. In this study, particle
agglomerations were found to exist in the 10wt% n-SiC=
VER nanocomposite (Fig. 3).

TEM micrographs (Fig. 4) show the difference between
the 5wt% and 10wt% samples. Although the 5wt%

FIG. 2. SEM images of fracture surfaces of VER=n-SiC nanocomposites

with (a) 1wt%, (b) 3wt%, and (c) 5wt% (arrows indicate the n-SiC

particles).

FIG. 3. SEM micrograph displaying n-SiC particle agglomerations

within the matrix reinforced with 10wt% n-SiC.
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samples show reasonable n-SiC dispersion with minimal
agglomerations, the 10wt% samples exhibit more notice-
able agglomeration. Thus, in agreement with previous
studies using the direct mixing method for nanoparticle
dispersion, this study supports the notion that the addition
of nano-fillers beyond 5wt% is not likely to further
improve the overall mechanical properties[18,39,41].

In contrast, with regard to toughness, the addition of 1,
3, 5 and 10wt% n-SiC led to lower fracture toughness and
impact toughness compared to pure VER. Table 3 shows
that, while the addition of 1 and 3wt% led to noticeable
reductions in fracture toughness and impact toughness,
only slight reductions in fracture toughness and impact
toughness were found with 5 and 10wt%. Plastic deforma-
tions are generally accepted as the dominant contributors

to the toughness of polymers and polymer composites.
It is worth noting that, when investigating toughening
mechanisms, the deformation zone ahead of the crack
tip is most often under plane strain condition. This
means that the materials are subjected to high levels of
plastic constraint.

Without vital relief mechanisms, such as plastic defor-
mation, this stress often causes the material to fracture in
a brittle mode with low toughness[42,43]. In this study, the
addition of stiff n-SiC, is believed to hinder the mobility
of surrounding chains in the polymer, consequently limit-
ing the stress relief provided by plastic deformations. The
strong filler=matrix interaction is also a hindrance to the
mobility of the matrix component. The strong adhesion
between the filler and matrix may also have prevented
effective de-bonding of n-SiC particles from the VER
matrix, thus reducing energy dissipation[44–46].

Therefore, the reduction of toughness is most likely
attributed to reduced plastic deformation and the prevention
of particle de-bonding. These findings are also supported
by previous studies which reported no improvement in
toughness in polymer nanocomposites reinforced with
nanofillers[29,47,48]. However, It has been suggested that
fillers need to be larger than 0.1mm in order to deflect cracks
and to provide the toughening mechanisms of crack bridging,
deflection and pinning[4,43].

Figure 5(a–c) shows the fracture surfaces of pure VER
and VER=n-SiC nanocomposites with 5 and 10wt%
addition of n-SiC. Inspection of fracture surfaces (Fig.5a)
of pure VER shows crack paths spreading in a radial
manner, which is indicative of a large zone of plastic
deformation. As plastic deformation is an important tough-
ening mechanism in polymers, pure VER was found to have
favourable toughness compared to that of the nanocompo-
sites. In contrast, the fracture surfaces of 5wt% VER=n-SiC
nanocomposite (Fig. 5b) reveal more direct crack paths.

The shift from radial cracks, in the pure VER, to direct
cracks, in the nanocomposites, is indicative of a shift from
ductile to brittle behaviour due to enhanced nanoparticle=
matrix adhesion in nanocomposites[27]. The fracture sur-
face of 10wt% VER=n-SiC nanocomposite (Fig. 5c) reveals
evidence of brittle behaviour and the existence of some
toughening mechanisms. These mechanisms included plas-
tic deformation around the n-SiC clusters (indicated with
circles) and n-SiC cluster pull-out (indicated with squares).

Voids left by the n-SiC cluster pull-out are also clearly
noticeable (indicated with diamonds). These clusters act
like rigid micro-sized inorganic particles, which when con-
fronting cracks, hinder crack propagation and cause crack
deflection, twisting and plastic deformation[49,50]. The
results of fracture and impact toughness for the 10wt%
VER=n-SiC nanocomposites were higher than those for

FIG. 4. TEM micrographs of (a) VER=5wt% n-SiC, and (b) VER=

10wt% n-SiC.
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5wt% samples, which seem to confirm the existence of
toughening mechanisms in the former that are not present
in the latter.

Comparisons with Theoretical Models

Experimental data for the elastic modulus were
compared with typical theoretical models (see Fig. 6). The
Paul model and Ishai-Cohen model assume that two phases
of the composite are in a macroscopically homogeneous
stress state and that interfacial adhesion is perfect. The Paul
model gives the elastic modulus of the particulate compo-
site when uniform stress is applied to the boundary. The
Ishai-Cohen model is obtained by applying the uniform
normal displacement to the boundary in the Paul model.
These models, which are accepted tests of validity, form
an approximate theory, identifying upper bound values
(the Paul model) and lower bound values (the Ishai-Cohen
model) of elastic modulus for particulate-reinforced compo-
sites. The validity of elastic modulus for most particulate
composites can be tested by comparing the experimental
data of the elastic modulus values with the upper bound
and lower bound values provided by these models. These
models provide upper and lower bounds to the elastic
modulus of the composite, and all data lie between the
two bounds described by these models[17,19].

All experimental and predicted data values in this inves-
tigation, with the exception of those obtained using the
Frankle-Acrivos model, fell between the upper bounds
and lower bounds. This supports the validity of the elastic
modulus data for this study. This finding also indicates that
the Paul model and Ishai-Cohen model offer reasonable
analytical solutions for validity in this study. Although
the Paul model and Ishai-Cohen model assume perfect
particle=matrix interaction, experimental data in this
study lay closer to the lower bound (Ishai-Cohen model),
a finding that is in agreement with previous studies[19,51].

FIG. 5. SEM micrographs showing the fracture surface of (a) pure

VER, (b) VER=5% n-SiC nanocomposite, and (c) VER=10% n-SiC

nanocomposite.

FIG. 6. Comparison of experimental data for flexural modulus against

n-SiC content with results extrapolated from published models. (Color fig-

ure available online.)
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The Guth and Kerner models are in excellent agreement
with the experimental data. The Guth model is typically
applicable to the assumption of perfect adhesion between
the spherical particles and matrix, and perfect dispersion of
individual filler particles[17,19]. In this study, the microstruc-
ture observation has supported strong adhesion between the
spherical fillers and matrix, and good dispersion of n-SiC
particles within the matrix. The Kerner model is a measure
of validity of the composite system in which the modulus
of filler is many times higher than that of the matrix[18,21].

In this study, the elastic modulus of n-SiC (470GPa),
was much more rigid than the matrix, VER (2.97GPa).
The relative modulus ratio of filler to matrix was 151.5,
which explains the strong agreement between the theoretical
models and the experimental data. When the volume
fraction increased to 10wt%, the Guth model over-
predicted the elastic modulus of samples. This discrepancy
is probably explained by particle agglomerations. As afore-
mentioned, clusters within the composite can affect the
load bearing capability, thus reducing its elastic modulus.

The Counto model, a simpler model, assumes perfect
particle=matrix bonding. In this study, this model was
found to overestimate the elastic modulus. This model
predicts the moduli to be in good agreement with a wide
range of experimental data. However, the Counto model
tends to be used for concrete systems, which may explain
the lack of agreement between the theoretical model and
the experimental data of this study[16,18]. The overestima-
tion of the Frankle-Acrivos model, the only model with
results outside the upper bounds and lower bounds, clearly
did not agree with the experimental data. This model uses a
simplistic relative filler volume fraction (Vp=Umax), which
implies the particle packing efficiency is dominant, and
neglects three important factors that influence the elastic
modulus: namely, the effect of particle=matrix interfacial
interaction, Young’s modulus and Poisson’s ratio[18,20,52].

Thus, the degree of dispersion and quality of particle=
matrix adhesion seem to be the most important variables
in determining composite modulus according to the results
of this study and other studies[18,52–55]. However, it is
worth noting that some of the earlier studies of particulate
polymer composites reviewed by Ahmed and Jones[17] and
Fu et al.[19] proposed that the quality of particle=matrix
adhesion was irrelevant. The findings of this study
on elastic modulus for particulate polymer composites
directly contradict those previous studies.

CONCLUSIONS

Pure VER and VER=HNT composites have been
synthesised and characterised in terms of mechanical and
fracture properties. The addition of n-SiC particles
increased elastic modulus and strength but reduced the
toughness. The enhancement in strength for VER=HNT
composites was attributed to good interfacial adhesion

and a good degree of dispersion. Agglomeration of nano-
particles formed clusters that decreased elastic modulus
and strength. Experimental data and predicted data were
found to fall within the upper and lowers bounds of the
Paul model and Ishai-Cohen models supporting the val-
idity of the results of this study. The good agreement of
experimental data with Guth and Kerner model suggests
that, in addition to dispersion of particles within the
matrix, the state of interfacial adhesion between the parti-
cles and matrix is a relevant to the prediction of elastic
modulus of particulate-reinforced composites.
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4. CONCLUSIONS AND FUTURE WORK 
____________________________________________________________________ 

4.1 Conclusions 

4.1.1 VER Eco-composites 

RCF-reinforced polymer composites were prepared with a range of fibre contents (0-

50 wt%). A new infiltration method was used for the development of natural fibre 

reinforced polymer composites, which involved very thin sheets of RCF being fully 

soaked in vinyl ester resin. This method led to the development of composite 

materials with lower void contents and good fibre–matrix adhesion. The composites 

produced were investigated to identify and assess the effect of fibre reinforcement 

and water uptake on elastic modulus, flexural strength, impact strength and fracture 

toughness of the VER/RCF composites. The effect of varying fibre contents on water 

absorption behaviours was also investigated, and it was found that moisture uptake 

increased with fibre volume fraction. This was attributed to the increased cellulose 

fibre content and specifically the presence of hydroxyl groups on the natural fibres 

causing the fibres to be hydrophilic. At room temperature, maximum water uptake 

for VER, and its composites, immersed for 2,500 hours was 0.76, 6.52, 9.56, 12.37 

and 14.62% respectively.   

 

The elastic modulus was found to increase with fibre volume fraction with the 

addition of 20, 30, 40 and 50 wt.% RCF corresponding to 0.16, 0.24, 0.33 and 0.43 

fibre volume fractions, increased elastic modulus by 49 76 114 and 143 %, 

respectively. Elastic modulus improvement is attributed to the higher initial modulus 

of the cellulose fibres acting as backbones in the composites. Typical mathematical 

models for prediction were used to model composite elastic modulus, and results 

revealed consistency between experimental data and prediction data obtained using 

the Cox–Krenchel model.  

 

Flexural strength was also found to increase with fibre volume fraction. Specifically, 

the addition of 20, 30, 40 and 50 wt% RCF led to 173.7, 216.5, 254.2 and 295.7 % 

increases in flexural strength, respectively. These enhancements were attributed to a 

reinforcing effect caused by the high strength and modulus cellulose fibres as well as 

the ability of the fibres to resist bending force. Impact strength increased 
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significantly with fibre content with the addition of 20, 30, 40 and 50 wt.% RCF 

increasing impact strength by 312, 440, 656 and 1048 % respectively. This 

enhancement in impact strength is believed to be due to the ability of the cellulose 

fibres to transfer impact stress using energy dissipation mechanisms, primarily fibre 

pull-out, fibre fracture, and matrix deformation. 

 

Fracture toughness increased with fibre content with 20, 30, 40 and 50 wt% RCF 

increasing fracture toughness by 35, 113, 153 and 231 % respectively. This 

improvement in fracture toughness was attributed to enhanced crack deflection, 

energy dissipation, and fracture resistance properties provided when cellulose fibres 

interact with the VER matrix.  

 

Concerning thermal properties, eco-composites were found to decompose at higher 

temperatures than pure samples. TGA data revealed that above 700°C, the residual 

weight of eco-composites was 19.7 % of the original whereas for pure VER only 

8.7% remained. The thermal resistance of the cellulose fibres and the ability of these 

natural fibres to increase char formation are believed to be principal factors leading 

to enhanced thermal stability. 

 

On prolonged exposure to water (i.e., 2500 hours), the elastic modulus, strength, and 

toughness of all composites were dramatically reduced.  For example, composites 

reinforced with 50 wt% RCF, exposure to moisture resulted in a 15 % reduction in 

elastic modulus, a 27 % reduction in flexural strength, a 25 % reduction in impact 

strength and a 9 % reduction in fracture toughness compared to the corresponding 

dry samples. This drop in mechanical properties was attributed to the degradation of 

bonding at the fibre–matrix interfaces due to the effect of water absorption. At high 

fibre content, the adverse effect of water absorption on mechanical properties was 

more pronounced. SEM micrographs showed severe damage of cellulose fibres and 

degradation of bonding along fibres-matrix interfaces in wet composites. In addition, 

prior to exposure to water, SEM micrographs indicated almost no fibre pull-out and 

that fibres had broken off near surfaces. The observation is indicative of strong 

bonding between the fibres and the matrix materials. In contrast, after exposure to 

water, increased fibre pull-out was clearly observed, in SEM micrographs, 

suggesting of poor fibre/matrix bonding due to the effect of water absorption. 
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4.1.2 Viny-ester Nanocomposites 

Vinyl-ester nanocomposites reinforced with halloysite nanotubes (HNT) and nano-

silicon carbide (n-SiC) were fabricated. The effect of nano-filler addition on the 

morphology, structure, water absorption, fracture, mechanical, thermal and 

flammability properties of vinyl-ester nanocomposites was investigated.  

 

4.1.2.1 Viny-ester/HNT Nanocomposites 

Pure VER and VER/HNTs composites were fabricated. The latter were prepared by 

dispersion of HNTs at 1%, 3%, and 5wt%. To remove pre-existing moisture, the 

HNTs were dried for 60 minutes at 150°C. The HNTs were then mixed with the VER 

by high speed electrical-mixer (1200 rpm) for 30 minutes. 

The development and characterization of polymeric nano-composites are often 

featured in scientific publications. However, concerning the investigation of HNT 

nano-composites development and characterization, to date, there appears to be no 

in-depth repository with regards to the addition of HNTs in vinyl ester. Therefore, an 

aim of study was to gather and present information concerning vinyl-ester/HNT 

nano-composite development and characterisation, and specifically, the effect of 

HNT addition on water absorption, fracture, mechanical, thermal and flammability 

properties of vinyl-ester filled by halloysite nanotubes. 

XRD results confirmed intercalation of the HNTs by chains of VER. The d-spacing 

of the peak (001) of pure HNT increased from 0.721 to 0.745 nm for the 1 wt% 

VER/HNT which serves to indicate successful formation of nanocomposites. TEM 

observations suggest HNTs have a length ranging from 500 nm to 3 μm with 

averages for HNTs outer diameters ranging from 100-300 nm and averages for inner 

diameters ranging between 50-150 nm. The aspect ratio of HNTs varies between 3 

and 15. Though different-sized HNT clusters can be found, the extent of dispersion is 

acceptable. HNTs were generally well dispersed in the matrix with short inter-tube 

distances resulting in the formation of HNT-rich regions, and in contrast, long inter-

tube distances resulting in the formation of VER-rich regions. 

Concerning water uptake, the most favourable reduction was demonstrated by 5 wt% 

VER/HNTs composites. Compared to pure VER, 1 wt%, and 3 wt%, the 5 wt% 

246



composites, on weight gain and FTIR tests, gave the best results. The high aspect 

ratio of HNTs is believed to underpin the favourable reduction in water uptake 

demonstrated by these composites. The presence of HNTs forces water molecules to 

alter their path from direct-fast polymer matrix diffusion to a tortuous path. This 

maze-like path effectively decreases the overall uptake of water molecules.  

The addition of HNTs also improved toughness. Enhanced toughness values for all 

VER/HNT composites samples were observed on the addition of HNTs. From 1.8 

MPa.m1/2 for pure VER, fracture toughness increased to 2.1 MPa.m1/2, 2.4 MPa.m1/2 

and 2.6 MPa.m1/2 for 1 wt%, 3 wt% and 5 wt% VER/HNTs respectively. Similarly, 

from 1.5 kJ/m2 for unfilled VER, the addition of HNTs at 1, 3, and 5 wt% increased 

the impact toughness to 2.9, 3.3 and 4.1 kJ/m2 respectively. Crack bridging, 

deflection, and plastic deformation around HNT clusters were believed to be the 

mechanisms underpinning enhancement in toughness. An increase in fracture 

toughness was also attributed to the interaction of clusters of HNTs and cracks. This 

interaction was believed to effectively resisting crack advancement. 

SEM micrographs of pure VER surfaces revealed flatness and smoothness 

notwithstanding this presence of river line markings near crack initiation sites. These 

river line markings suggested typical brittle fracture behavior and thereby provided 

an explanation for the low fracture toughness of VER. This roughness at the surface 

is believed to be an indicator of the quantity of energy dissipated during fracture. 

VER/HNT composite micrographs depicted increasing fracture surface roughness 

with increasing HNT content. The fracture surfaces are rougher and the crack 

bifurcation more evident amongst the samples with greater HNT content. These 

visual features suggest crack path deflection due to the rigid HNTs which are 

believed to hinder crack propagation.  

HNTs addition enhanced flexural modulus. After increasing the HNTs content to 1, 3 

and 5 wt%, flexural modulus increased from 2.90 GPa for pure VER, to 3.11, 3.31 

and 3.46 GPa respectively. HNTs addition also increased both flexural strength and 

impact strength albeit moderately. From 42 MPa for pure VER, reinforcement with 

1, 3 and 5 wt% HNTs, increased flexural strength to 45.9, 51.1, and 56.5 MPa 

respectively. Similarly, the addition of HNTs at 1, 3, and 5 wt% increased impact 

strength, from 2.60 kJ/m2 for pure VER, to 3.32, 4.15 and 4.45 kJ/m2 respectively.  
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The significant enhancements in flexural modulus of the VER/HNT nanocomposites, 

compared to the pure VER samples, are believed to be due the higher initial elastic 

modulus of HNTs (30 GPa) compared to the VER (2.90 GPa). By virtue of the rule-

of-mixtures, VER/HNT composites thereby demonstrated improved elastic modulus. 

Strength property enhancements for the VER/HNT composites are believed to be due 

to the HNT particles large aspect ratio, good adhesion between HNTs particles and 

VER, good degree of dispersion, and suitable extent of inter-tubular interaction in 

composites as supported by SEM, TEM and XRD investigations. 

The aspect ratio of particles, dispersion of particles within the matrix, and state of 

adhesion between particles and matrix were found to be each influential to the elastic 

modulus of the particulate reinforced composites fabricated in this study. This 

conclusion was supported by agreement of the experimental data with Paul model 

and Guth model.  

A positive relationship existed between HNT additions and enhanced thermal 

properties. TGA curve data reveals that for a temperature range from room 

temperature to 800 °C, the VER and all composites demonstrated single-stage 

thermal degradation. Pure VER displayed degradation at approximately 385 °C. 

Samples with 1 wt%, 3 wt%, and 5 wt.% HNTs started degradation at ~ 406 °C, 418 

°C, and 422 °C respectively, thus demonstrating slightly higher thermal stability. 

Sample decomposition continued until temperatures rose above 500°C at which point 

a constant mass was achieved. Above 700 °C, the residual weight for pure VER was 

8.2 wt% whereas samples modified with 1 wt%, 3 wt%, and 5 wt.% HNTs, at the 

same temperature, had residual weights of 10 wt%, 10.8 wt% and 12.8 wt.% 

respectively. Calculations imply that the burning rate of pure VER at nearly twice the 

rate of 5 wt% VER/HNT composite, thus highlighting the favourable flammability 

resistance properties of the composites. The good thermal stability and flame 

retardant effects of HNTs are resulted from the HNTs hollow tubular structure, 

provision of thermal and mass transport barriers and presence of iron in HNTs. 

 

4.1.2.2 Viny-ester/n-SiC Nanocomposites 

VER/n-SiC composites were prepared at 1, 3, 5 and 10 wt. % using high-speed 

mechanical stirring. In particular, particle dispersion and particle/matrix interaction 
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were investigated concerning their effects on the resulting mechanical and fracture 

properties of these nano-composites.  

The addition of n-SiC increased the elastic modulus and strength of the resulting 

materials. For example, compared with pure VER (2.9 GPa and 42.4 MPa), the 

elastic modulus and strength of VER/1 wt% n-SiC were greater (3.05 GPa and 54.9 

MPa) respectively. Similarly, the nanocomposites reinforced with 3 wt% n-SiC 

particles had favourable elastic modulus and strength (3.1 GPa and 59.1 MPa) 

respectively. The greatest increase in elastic modulus and strength was observed at 5 

wt% n-SiC (3.1 GPa and 67.2 MPa) respectively.  At 10 wt%, no further 

improvement in elastic modulus was observed (3.2 GPa) and the strength decreased 

at this concentration (63.2 MPa). Concerning impact strength, the results were 

similar. For neat VER, impact strength was 2.6 kJ/m2. While increasing n-SiC 

content increase impact strength to a point, (at 5 wt% impact strength was 3.9 kJ/m2), 

there was no further improvement in impact strength at 10wt% (3.6 kJ/m2).  

By virtue of the rule of mixtures, the higher initial elastic modulus of n-SiC, 

compared to VER, meant that an improved elastic modulus was obtained for the 

resulting nano-composites. Good interfacial adhesion and a good degree of 

dispersion enhanced the strength of the nanocomposites content 1, 3, and 5 wt. %, 

whereas agglomeration of nanoparticles at 10 wt% forming clusters of n-SiC (as 

confirmed with SEM and TEM micrographs) decreased elastic modulus and strength. 

SEM micrographs of the VER/n-SiC fracture surfaces revealed no obvious voids at 

the particle/matrix interface. This is indicative of an absence of n-SiC pull-out from 

the polymer matrix supporting strong interaction between the n-SiC and VER matrix. 

Also supportive of generally uniform dispersion of n-SiC throughout the matrix is 

the absence of n-SiC agglomeration throughout the nano-composite.  

Concerning toughness, n-SiC addition led to lower fracture toughness and lower 

impact toughness. For example, while fracture toughness for pure VER was 1.8 

MPa.m1/2, addition of 1 wt% reduced it to 1.6, and addition of 10 wt% of n-SiC 

reduced it even more dramatically to 1.2 MPa.m1/2.  Similarly while impact 

toughness for pure VER was 1.5 kJ/m2, addition of 1 and 10 wt% of n-SiC reduced 

to impact toughness to 1.3 to 1.1 kJ/m2 respectively. Addition of stiff n-SiC is 

believed to hinder the mobility of surrounding chains in the polymer, consequently 

249



limiting the stress relief provided by plastic deformations. Strong filler/matrix 

interaction further hinders matrix component mobility. Strong fibre/matrix adhesion 

may also have prevented effective de-bonding of n-SiC particles from the VER 

matrix, thus reducing energy dissipation. Therefore, the reduction of toughness is 

most likely attributed to reduced plastic deformation and the prevention of particle 

de-bonding. 

The experimental data consistent with that of both the Guth and the Kerner model 

suggested good dispersion within the matrix and good interfacial adhesion were both 

relevant to the prediction of elastic modulus of particulate reinforced composites.  

4.1.3 Vinyl-ester Eco-nanocomposites 

A novel two-step approach was used to synthesize eco-nanocomposites. The first 

step was the dispersion of nano-fillers such as nanoclay platelets, halloysite 

nanotubes (HNTs) and silicon carbide (n-SiC) into VER matrices to prepare nano-

mixtures. The second step was the reinforcement of these nano-mixtures with sheets 

of RCF. The effects of these RCF/nano-fillers on the physical, water absorption, 

mechanical, thermal and flammability properties are investigated  

 

4.1.3.1 Viny-ester/RCF/Nanoclay Eco-nanocomposites 

Nanoclay effectively decreased the water uptake in eco-nanocomposites. The 

addition of 5 wt% nanoclay provided substantial water absorption resistance to 

composites as evidenced by weight gain study and FTIR analysis. 

Strength properties were also enhanced. The addition of 1 wt%, 3 wt% nanoclay 

showed 38.4% and 41.4% respective increase in flexural strength. The addition of 1 

wt% and 3 wt% nanoclay gave impact strength results of 17.9 kJ/m2 and 20.0 kJ/m2 

respectively. The addition of 5 wt% nanoclay did not give further enhancement in 

flexural and impact strength properties. The reinforcing effect of RCF and nanoclay, 

and the improvement of fibre-matrix adhesion on nanoclay addition give greater 

strength properties to eco-nanocomposites. The SEM micrographs displayed fibres 

pull-outs from the matrix. The disparity in the length of fibres, the fibre surfaces and 

matrix-fibre gaps is apparent in each of the composites. The pull-out lengths were 

greater for in the unfilled composites when compared to those of the filled 

250



composites. The number of fibres pulled out was also greater in the unmodified 

sample. This phenomenon is a result of poor fibre/matrix adhesion. The fibre 

surfaces in unmodified eco-composite appear clean. This suggests poor adhesion 

with matrix materials failing to adhere to the fibres. In contrast, the fibre surfaces of 

modified eco-nanocomposite are rough indicating better adhesion between the fibres 

and the matrix materials. Finally, the matrix-fibre gaps appear larger in the 

unmodified composites compared to the small gaps of the modified composites. The 

fracture surface images are indicative of nanoclay addition’s positive effect on 

matrix-fibre adhesion.  

Processing events are believed to underpin the failure of 5 wt% nanoclay addition 

further enhancing strength properties. At higher clay content, viscosity increases 

during mixing of resin. This renders degassing insufficient before curing leading to 

void formation. Ultimately, specimen failure occurs at even on exposure to very low 

strains. Moreover, highly viscous mixtures can cause reduction in wettability, 

interfacial adhesion between matrix and fibres are more likely further reducing the 

material strength.  

Concerning flexural modulus, there was good agreement between the experimental 

data and predictive calculations. Flexural modulus was found to increase with the 

weight content of nanoclay up to a point. The 5% nanoclay specimens with high void 

content featured reduced flexural modulus.  

The presence of cellulose fibre was found to increase the toughness properties of all 

composites compared to pure VER. However, nanoclay addition resulted in samples 

which were brittle due to the nanoclay’s effect on the fibre-matrix adhesion limiting 

the mechanisms of fibre pull-out and fibre de-bonding. Therefore, the toughness 

properties of the eco-nanocomposites were lower than those of the eco-composites.  

 

The eco-nanocomposites were found to have superior thermal properties. Both 

thermal stability and flammability results for the eco-nanocomposites were 

preferable to those of the eco-composites or pure samples. The temperature required 

for decomposition for eco-nanocomposites with 1 wt%, 3 wt%, and 5wt% of 

nanoclay was 387.1 °C, 399.76 °C, and 404.3°C temperatures respectively. For the 

eco-composites, constituent decomposition started at a lower temperature (380 °C). 

The superior thermal properties are believed to arise from the insulating mechanism 

251



of nanoclay and the fact that the nanoclay acts as a mass transport barrier for volatile 

products of decomposition features. Nanoclay addition also promotes the formation 

of char which acts as a fire-retardant. 

 
4.1.3.2 Viny-ester/RCF/HNT eco-nanocomposites 

The greatest resistance to water absorption was achieved in the 5 wt% HNTs 

samples. The addition of 5 wt% HNTs reduced water absorption of unfiled eco-

composites from 12.83 % to 9.58 %. It is believed that HNTs, as nano-fillers, 

interfere with the transfer paths of the water molecules transforming the original path 

of direct-fast polymer matrix diffusion into a torturous path reducing overall uptake 

of water 

Compared unfilled eco-composites (4.82 GPa), eco-nanocomposites reinforced with 

1, 3 and 5 wt% of HNTs exhibited enhancements in elastic moduli of 5.1, 5.8 and 5.2 

GPa respectively. A moderate increase in flexural strength and impact strength was 

demonstrated on HNT addition. Reinforcement with 1, 3 and 5 wt% HNTs increased 

flexural strength from 148.4 MPa for unfilled eco-composites, to 156.1, 161.2 and 

150.2 MPa respectively. Similarly, impact strength increased to 16.8, 18.9 and 16.1 

kJ/m2 respectively for 1, 3, and 5 wt% eco-nanocomposites. The observed 

enhancements in elastic modulus and strength properties are believed to arise from 

the reinforcing effect of both RCF and HNTs. In particular, HNT addition improved 

fibre–matrix adhesion in eco-nanocomposites and gave greater strength properties.  

The presence of cellulose fibres increased the fracture toughness of all composites. 

This enhancement in fracture toughness is attributed to the toughness mechanism 

provided by cellulose fibres. While HNTs addition improves in fibre-matrix adhesion 

leading to increased eco-nanocomposites strength properties, as previously 

described, these improvements in fibre-matrix adhesion make the eco-

nanocomposites brittle and prevent fibre pull-outs and fibre de-bonding. As these are 

major energy absorption mechanisms of the material, prevention of their action 

causes the composite to become brittle, and thereby, without mechanisms to absorb 

energy, the toughness properties of the eco-nanocomposites are reduced. 
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HNT addition increased thermal stability and fire-resisting properties of the eco-

nanocomposites. Nano-fillers such as HNTs are believed to provide, firstly, a thermal 

barrier which prevents heat transfer inside the polymer matrix, and secondly a mass 

transport barrier which during the process of degradation forms a char which hinders 

the escape of the volatile products. The hollow tubular structure of HNTs is also 

reported to lead to enhanced thermal stability by enabling the entrapment of 

degradation products inside the lumens, causing effective delay in mass transfer 

leading to improved thermal stability. The presence of iron oxides, Fe2O3, in silicate 

fillers is believed to be flame retardant enhancing thermal stability of composites by 

trapping radicals during the process of degradation. The dominant reasons for the 

reduction in flammability of VER/HNT composites are believed to the barrier effects 

of HNTs and the char formation caused by HNTs. These mechanisms each provide 

insulation for the composites and act as heat and fire-retardants. 

 

4.1.3.3 Viny-ester/RCF/n-SiC eco-nanocomposites 

The addition of n-SiC reduced the porosity and the water uptake. The presence of n-

SiC was found to enhance the elastic moduli of the samples. While the elastic 

modulus of the unfilled eco-composites was 4.8 GPa, the addition of 1, 3 and 5 wt% 

of n-SiC increased elastic moduli to 5.8, 6.2 and 6.9 GPa respectively. The n-SiC 

used in this study, as other nano-fillers, has a high specific surface area, which is 

believed to provide dense interfacial interaction with polymer matrix. The presence 

of n-SiC is believed to affect the mobility of surrounding chains in the polymer 

matrix which leads to increased matrix stiffness. Another reason believed to lead to 

increased matrix stiffness is the very high initial elastic modulus of the n-SiC (470 

GPa) compared to that of pure VER (2.9 GPa) and the VER/RCF eco-composites 

(4.8 GPa). By virtue of the rule of mixtures, this high initial elastic modulus is 

believed to also contribute to the increased elastic modulus of each the eco-

nanocomposites observed in this study. These two effects of n-SiC are believed to 

contribute to the overall stiffness of the composite. 

 

Flexural strength and impact strength of the samples was also increased on the 

addition of n-SiC. While the flexural strength of unfilled eco-composites was 148.4 
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MPa, 1, 3 and 5 wt% n-SiC addition gave eco-nanocomposites with flexural 

strengths of 173.1, 176.1 and 179.4 MPa respectively. The addition of 1, 3, and 5 

wt% of n-SiC also increased the impact strength of the samples from 15.9 kJ/m2 for 

unfilled eco-composite to 21.8, 24.6 and 27.4 kJ/m2 respectively for the eco-

nanocomposites. These results support the belief that fibre-matrix adhesion is an 

important determinant of composite quality.  

 

Improvement of fibre-matrix adhesion is confirmed by SEM micrographs. The pull-

out lengths and the number of pull-outs appear notably greater in the eco-composites 

when compared to eco-nanocomposites. This supports the notion that the strength of 

interfacial adhesion is stronger in eco-nanocomposites compared to eco-composites. 

The improvements in interfacial adhesion for eco-nanocomposites may be explained 

by the notion of thermal expansion mismatch. Stress can develop at the interface 

between matrix and filler of composite materials as a result of thermal expansion 

mismatch. Due to the presence of lower thermal expansion fillers (RCF and n-SiC) 

extra compressive stresses can be induced at the filler/VER interfaces which serve to 

improve the interfacial adhesion. 

 

In addition, the high specific surface area and high surface energy of n-SiC due to its 

nano-sized dimension can facilitate rapid phase interactions within the polymer 

matrix. Therefore, RCF-VER interfacial adhesion can be improved. Furthermore, n-

SiC provides strong electrostatic attractive forces at the fibre-matrix interfaces 

serving to impart additional adhesion between the fibres and the matrix 

 

The fracture toughness and impact toughness of eco-composites and eco-

nanocomposites were significantly enhanced when compared to the control. The 

favourable toughness mechanisms that natural fibre-polymer composites provide 

such as crack-deflection, de-bonding between fibre and matrix, the pull-out effect 

and a fibre-bridging are believed to underpin these significant improvements. 

However, n-SiC addition resulted in reduced fracture toughness. The addition of 5 

wt% n-SiC reduced the fracture toughness from 4.4 to 2.5 MPa.m1/2 and the impact 

toughness from 42.3 to 23.1 kJ/m2. The addition of n-SiC, as mentioned, resulted in 

strength improvements by virtue of enhanced interfacial adhesion. However, fibre-

matrix adhesion enhancement causes the eco-nanocomposites to become more brittle 

254



inhibiting fibre de-bonding and fibre pull-out and ultimately leading to lower fracture 

toughness.  

 

The fracture toughness of eco-nanocomposites was lower than eco-composites. 

Notwithstanding this, the eco-nanocomposites showed better thermal stability and 

flammability by virtue of improved mass and heat barriers and the enhanced fibre-

matrix interfacial adhesion provided by n-SiC. 

 
4.2 Recommendations for Future Work 
 
The primary objectives of this research have been achieved. The effects of recycled 

cellulose-fibre sheets, nano-fillers and multi-scale reinforcement (RCF/nano-fillers) 

dispersion on the microstructure, water absorption, fracture, mechanical, thermal and 

flammability properties of vinyl-ester resin were investigated and discussed.  

 

The results of this research project have provided fundamental knowledge on the 

mechanism and performance of a new class of polymer eco-nanocomposites 

reinforced with nano-fillers and recycled cellulose fibres. Significant improvements 

in mechanical properties for  RCF/vinyl-ester composites as a results of the new 

infiltration method, noticeable improvement in all properties of nano-filler reinforced 

vinyl-ester nanocomposites, and interesting improvement in all properties for nano-

fillers filled RCF/vinyl-ester eco-nanocomposites compared to unfilled RCF/vinyl-

ester composites successfully were achieved. For future work, there is a need to 

continue research and development in this field of materials science. Thus, the 

following recommendations have been formulated to help guide the future study:  

 

1. In general, producing eco-composites with high fibre content and good 

fibre/matrix adhesion without chemical treatment is still challenging. Here, an 

infiltration method introduced in this project was successful in fabricating 

eco-composites with these qualities. This method significantly improved the 

mechanical properties (elastic modulus by 150 %), (flexural strength by 300 

%), (impact strength by 1000 %) and (fracture toughness by 230 %) of VER 

as result of 50 wt. % RCF addition. Therefore, by adopting this method the 
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quantity of fibres that can be added may be able to be increased (> 50 wt%), 

which would  lead to greater reinforcement effect. 

 

2. In this project matrix reinforced with fixed concentrations of nano-filers (1, 3, 

5 wt%) and fixed fibre content (40 wt. %) clearly displayed improved 

interfacial adhesion between fibre and the matrix which results to noticeable 

mechanical and thermal properties. Therefore, to obtain the optimum content 

of reinforcements, further investigation is required. 

 

3. Nano-filler dispersion in this research was fairly homogenous with some 

particle agglomerations with the use of a high speed mixer for 30 minutes. 

Further work is required to achieve optimal dispersion for nano-fillers in 

polymer matrices. Therefore, different techniques and treatments are required 

to be investigated further to improve the nano-filler dispersion. 

 

4. Advanced models are required to investigate the influence of nanostructures, 

such as shape and size distribution, orientation, aspect ratio, degree of spatial 

and interfaces on the physicomechanical properties of eco-nanocomposites. 

Multi-scale mechanics models and numerical methods should be developed 

for better understanding of the enhanced mechanisms of eco-nanocomposites 

materials. 

 

5. Here, interesting results concerning the effect of nano-filler addition in 

enhancing water absorption resistance in RCF/vinyl-ester composites 

immersed in water. This study, however, did not investigate the effect of 

water absorption on the mechanical properties of the eco-nancomposites. 

Thus, experiments are required to study the effect of water diffusion on the 

mechanical properties of these eco-nanocomposites.  

 

6. The primary aim of this project was to synthesize green eco-nanocomposites 

reinforced with nano-fillers and recycled cellulose fibres. It must be 
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conceded, however, that the use of vinyl-ester as a matrix means that the 

resulting composites is not entirely environmentally-friendly. Instead of 

100% biodegradability, the biodegradability for the resulting ecocomposites 

in this study was estimated at 50% and even less for the eco-nanocomposites 

(~ 40%). Thus, there is a need to study the properties of non-petroleum-based 

or 100% biodegradable resins reinforced with cellulose fibres and eco-

nanofillers. 
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5. APPENDICES 
____________________________________________________________________ 
 
5.1APPENDIX I: Supplementary Information for Publication 
   
 
5.1APPENDIX I-1: Supplementary Information for “Mechanical 

properties of cellulose fibre reinforced vinyl-ester composites in wet 

conditions” 

 
ALHUTHALI, A. and LOW, I. M. 2013. Mechanical properties of cellulose fibre 

reinforced vinyl-ester composites in wet conditions. Journal of Materials Science, 

48, 6331-6340. 

__________________________________________________________ 
 
5.1.1 Supporting Information 
 
Impact Strength  
 
Figure 5.1 shows the impact strength of VER/RCF composites in dry and wet 

conditions. For the dry samples, the addition of fibre content increased the impact 

strength markedly. Compared to the impact strength of pure VER (2.5 kJ/m2), the 

addition of 20, 30, 40 and 50 wt% RCF increased impact strength to 10.3, 13.5, 18.9 

and 28.7 kJ/m2 respectively. Interestingly, the impact strength obtained in this study 

with 50 wt% RCF (28.7 kJ/m2) was comparable to the impact strength of flax 

reinforced with polypropylene or maleated polypropylene, both of which have an 

impact strength of approximately 30 kJ/m2. These are natural fibre reinforced 

composites commonly used in the automotive industry (Bos et al., 2006; Bax and 

Müssig, 2008). 
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Figure 5.1: Impact strength versus fibre volume fraction in dry and wet conditions. 

 
 
Impact strength is the ability of a material to resist fracture when experiencing high-

speed stress. Fibres play an important role in impact resistance by transferring the 

stress of impact through energy dissipation mechanisms [(Mishra et al., 2003; 

Wambua et al., 2003]. Fibre pull-out, fibre fracture, and matrix deformation are 

believed to be important energy dissipation mechanisms that occur within fibre 

reinforced composites during impact [(Bax and Müssig, 2008)]. By increasing the 

fibre content, fibre reinforced composites with high impact strength can be fabricated 

(Bax and Müssig, 2008). Figure 5.1 also reveals a reduction in impact strength due to 

moisture absorption. Compared to the dry samples, the reductions of impact strength 

in the samples reinforced with 20, 30, 40 and 50 wt% RCF were 15.5, 17, 22.8 and 

24.7 %, respectively. Water absorption also reduced the impact strength of 

composites by compromising the fibre–matrix bonding. For un-notched samples, the 

impact strength depended on the quality of the fibre–matrix adhesion. During the 

impact tests, good fibre–matrix adhesion enhanced the resistance of the composite to 

the fracture (Kim and Seo, 2006). Fig. 10 shows the fracture surfaces of composites 
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reinforced with 50wt% RCF in dry and wet conditions. For dry composite (see Fig. 

5.1a) almost no fibre pull-out is observed and the fibres can be seen to be broken off 

near the surface. This observation is a result of strong bonding between the fibres and 

the matrix materials. However, in wet condition (see Fig. 5.1b) more fibre pull-out 

clearly observed as a result of poor fibre–matrix bonding due to the effect of water 

absorption. This supports the notion that, when composites are exposed to water 

absorption, impact strength will decrease. 

 
Figure 5.2: SEM micrographs showing the fracture surfaces of composites with 50 

wt% RCF are shown (a) before and (b) after water absorption. 

 
Fracture toughness 
  
Figure 5.3 shows fracture toughness results as a function of fibre volume fraction for 

both dry and wet samples. The addition of RCF leads to enhancement in fracture 

toughness properties. Compared to that of the pure sample (1.78 MPam1/2), adding 

20, 30, 40 and 50 wt% RCF improved fracture toughness to 2.4, 3.8, 4.5 and 5.9 

MPam1/2, respectively. Interaction between the cellulose fibres and the matrix 

provided the composites with enhanced crack deflection, energy dissipation, and 

fracture resistance properties (Low et al., 2009; Bax and Müssig, 2008). Crack 

deflection, fibre–matrix de-bonding, fibre pull-out and fibre-bridging are believed to 

contribute to the fracture toughness of natural fibre reinforced polymer composites. 
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In the case of neat polymers, plastic deformation is an important energy dissipation 

mechanism (Venkateshwaran et al., 2011; Alhuthali et al., 2012); however, this 

mechanism is undermined by the addition of fibres. Nonetheless, overall material 

toughness is enhanced in composites by the mechanisms provided by natural fibre 

addition. High RCF content provided enhanced fracture toughness in the composites, 

which is believed to be a result of increased fibre pull-out, fibre fracture and fibre-

bridging mechanisms. 

 
Figure 5.3: Fracture toughness versus fibre volume fraction in dry and wet 

conditions. 

 

While composites can be prepared with high fracture toughness by adding natural 

fibre, this enhancement is dependent on interfacial adhesion. If the fibre–matrix 

adhesion is excessive, the composite will become brittle and exhibit poor toughness 

results. If the fibre–matrix adhesion is poor, fibre pull-out occurs readily and 

composites will again exhibit poor toughness results (Venkateshwaran at al., 2011; 

Bax and Müssig, 2008). Thus, achieving optimal fibre–matrix adhesion is 

paramount. The results of this study reveal a suitable level of fibre–matrix adhesion 

261



that is supported by enhanced fracture toughness and strength. In this study, exposure 

to wet conditions caused a slight reduction in fracture toughness for the composite 

samples (see Fig. 5.3). Moisture absorption exposed the composites to water, which 

compromised the fibre–matrix interface. By weakening the fibre–matrix interface 

and causing poor fibre–matrix adhesion, fibre de-bonding and pull-out occur without 

substantial resistance. Thus, insufficient amount of energy will be dissipated by these 

mechanisms during the fracture test, leading to lower toughness values (Alhuthali et 

al., 2012) 
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5. 2 APPENDIX II-1: Statement of Contribution of Others for 

“Mechanical properties of cellulose fibre reinforced vinyl-ester 

composites in wet conditions”. 
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5. 2 APPENDIX II-2: Statement of Contribution of Others for 

“Characterisation of the Water Absorption, Mechanical and Thermal 

Properties of Recycled Cellulose Fibre Reinforced Vinyl-ester Eco-

nanocomposites”. 
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5.2 APPENDIX II-3: Statement of Contribution of Others for “Influence 

of halloysite nanotubes on physical and mechanical properties of 

cellulose fibres reinforced vinyl ester composites”. 
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5.3 APPENDIX II-4: Statement of Contribution of Others for “Multi-

scale Hybrid Eco-nanocomposites: Synthesis and Characterization of 

Nano-SiC Reinforced Viny-ester Eco-composites”. 
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5.2 APPENDIX II-5: Statement of Contribution of Others for “Water 

Absorption, Mechanical, and Thermal Properties of Halloysite Nanotube 

Reinforced Vinyl-ester Nanocomposites”. 
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5.2 APPENDIX II-6: Statement of Contribution of Others for 

“Mechanical and Fracture Properties of Halloysite Nanotube Reinforced 

Vinyl-ester Nanocomposites”. 
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5.2 APPENDIX II-7: Statement of Contribution of Others for 

“Characterisation of Mechanical and Fracture Behaviour in Nano-Silicon 

Carbide Reinforced Vinyl-Ester Nanocomposites”. 
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