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ABSTRACT 

The incorporation of waste tyre rubber into thermoplastics to develop a class of 

polymer composites with both elastomeric and thermoplastic behaviour has 

gained a lot of attention and is becoming one of the most straightforward and 

preferred options to achieve the valorisation of waste tyres. In view of the unique 

properties rubber possesses and the rapid expansion and versatile application of 

wood plastic composites (WPC) materials, the inclusion of tyre rubber as raw 

material into WPC to develop an entirely new generation of WPC, namely rubber-

wood-plastic composites (RubWPC), was presumed to be another highly 

promising solution to turn waste tyres into value-added materials. 

This research starts with the interfacial optimisation of Rubber-PE composites 

and WPC by the use of maleated and silane coupling agents, aiming at addressing 

their poor constituent compatibility and interfacial bonding, thus enabling the 

optimal design of RubWPC. Chemical, physical and mechanical bonding scenarios 

of both untreated and treated composites were revealed by conducting ATR-FTIR, 

NMR, SEM and FM analyses. The contribution of the optimised interface to the 

bulk mechanical property of the composites were assessed by carrying out DMA 

and tensile property analysis. The influence of the coupling agent treatments on 

the in situ mechanical property of WPC was first determined by nanoindentation 

analysis, which led to a thorough understanding of the interfacial characteristics 

and the correlation between in situ and bulk mechanical properties. 

This research focuses on the novel formulation of RubWPC and the 

understanding of bonding mechanism. Chemical bonding and interface structure 

studies revealed that interdiffusion, molecular attractions, chemical reactions, 

and mechanical interlocking were mutually responsible for the enhancement of 

the interfacial adhesion and bonding of the coupling agent treated RubWPC. The 

improved interface gave rise to the increase of bulk mechanical properties, while 

the continuous addition of rubber particle exerted an opposite influence on the 

property of RubWPC. The composite with optimised interface possessed 

superior nanomechanical properties due to the resin penetration into cell lumens 

and vessels and the reaction between cell walls and coupling agents. 
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Chapter 1 Introduction 

1.1 Background of Research  

Used tyres are among the largest and most problematic sources of waste, due to 

the large volume produced and their durability. The environmental issues from 

the disposal of these tyres have led to increasing interests in economic recycling 

of tyre rubber (Torretta et al., 2015; Zanetti et al., 2015). The rubber in tyres is 

vulcanised and cannot be molten or dissolved, which makes the recycling 

challenging (Fuhrmann and Karger-Kocsis, 1999; De et al., 2006; Sonnier et al., 

2006; Sienkiewicz et al., 2012). As a result, a large number of used, worn out tyres 

are ground for the benefits of expanding their applications (Kumar et al., 2002). 

The application related to the ground or powdered tyre rubber includes outdoor 

flooring and pavement, sports tracks, road construction, etc., which fall into the 

sectors with limited demand and added value. Concerning the economic 

recycling and valorisation of the discarded tyres, ground tyre rubber (GTR) has 

been used in thermoplastics to develop a class of polymer blends or compounds 

consisting of materials with both thermoplastic character and elastomeric 

behaviour. It is widely accepted that the successful incorporation of even small 

amount of GTR into thermoplastics would lead to a considerable increase of 

waste tyre consumption due to the massive market share of thermoplastic 

materials, which in the meantime transforms the waste tyre to value-added 

products (Kakroodi and Rodrigue, 2013).  

Wood plastic composites (WPC) are composed of wood (virgin or waste) or other 

cellulose-based fibre fillers such as hemp fibre, flax fibre, oil palm fibre, pulp fibre, 

peanut hulls, bamboo and straw, and virgin or waste plastics including 

polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene 

(PS), acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), etc. It has been 

considered as one of the most advanced materials, consistently growing in the 

last decade for uses in many industrial sectors, such as decking, automotive, 

siding, fencing and outdoor furniture, mainly because of the advantages that 

wood or fibre material possesses, namely ubiquitous availability at low cost and 

in a variety of forms, biorenewability and biodegradability, low density, 

nontoxicity, flexibility during processing, and acceptable specific strength 
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properties (Zhang, 2014; Xie et al., 2010; Kuo et al., 2009; Bengtsson et al., 2007; 

Bengtsson and Oksman, 2006; Belgacem and Gandini, 2005; Bengtsson et al., 

2005). However, inherently highly polar and hydrophilic nature of wood or fibre 

makes it incompatible with hydrophobic and non-polar matrices, especially 

hydrocarbon matrices (e.g. PE and PP) (Cantero et al., 2003; Bledzki et al., 1998), 

this may cause problem in composite processing and material performance, such 

as uneven distribution of the filler in the matrix during the compounding process 

and insufficient wetting of wood flour or fibre by the matrix, which result in weak 

interfacial adhesion and strength (Xie et al., 2010; Belgacem and Gandini, 2005; 

Azwa et al., 2013; Dittenber and Gangarao, 2012; Araújo et al., 2008; Dhakal et al., 

2007). In order to formulate a reasonable WPC with optimum interface bonding, 

various modifications including both physical (e.g. corona, plasma, gamma 

radiation) and chemical approaches (e.g. alkaline, acetylation, benzoylation, 

peroxide, silane and maleated coupling agent treatments) have been attempted 

to decrease the hydrophilicity of wood flour or fibre, enhance the wettability of 

wood flour or fibre by matrix polymer and eventually promote the interfacial 

adhesion of the constituents within the composite. With respect to the 

commercial production of WPC, incorporating coupling agents is probably the 

best available and feasible strategy for its interface optimisation (Pickering, 

2008). 

In view of the rapid expansion of WPC materials, the incorporation of GTR as raw 

material into WPC might be another highly promising approach for realising the 

valorisation of used tyres apart from GTR filled thermoplastic composites, which 

would generate a new generation of WPC, namely rubber-wood-plastic 

composites (RubWPC). This is a new concept and the resulted RubWPC will have 

many additional properties beyond WPC considering the unique vibration 

damping, slip resistance, wearing and acoustic performance rubber possesses. In 

the literature, there have been several investigations of cellulosic thermoplastic 

elastomers (TPE) with the inclusion of wood flour or fibre, aiming to reduce the 

consumption of petroleum product (thermoplastics), improve the 

biodegradability of the novel composite, and provide the existing TPE with 

multifunctional performance (Ismail and Nasir, 2001; Abdelmouleh et al., 2007). 

The major difference between RubWPC and cellulosic TPE is the rubber phase: 
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virgin natural rubber (NR) or synthetic rubber such as nitrile butadiene rubber 

(NBR) and styrene butadiene rubber (SBR) are employed in the study of 

cellulosic TPE, both of which are unvulcanised and miscible with thermoplastics 

(Kumar et al., 2002; Sonnier et al., 2006; Ratnam et al., 2001a), while the GTR in 

RubWPC is vulcanised with highly crosslinked structure and is not capable of 

entangling with the polymer molecules composing thermoplastic matrix, leading 

to insufficient adhesion between rubber and thermoplastic phases (Kakroodi and 

Rodrigue, 2013; Kumar et al., 2002). Therefore, the compatibility and bonding of 

wood-plastic, rubber-plastic and wood-rubber are the indispensable issues to be 

dealt with and overcome in order to formulate a reasonable RubWPC bearing the 

advantageous features of both tyre rubber and WPC. 

1.2 Aims and Objectives of Research  

This research aims at: 1) the interface optimisation of Rubber-PE composites and 

WPC by the use of coupling agents and the thorough understanding of their 

bonding scenarios; 2) the incorporation of GTR as raw material to develop a new 

generation of WPC, namely RubWPC, with the focus on its interface optimisation 

and structure and performance characterisation. 

The specific objectives of this research include: 

1) To improve the compatibility, homogeneity and interfacial adhesion of 

Rubber-PE composites  

2) To reveal the interface structure and bonding scenarios, and unveil the 

chemical, physical and mechanical bonding mechanisms of WPC 

3) To determine the influence of the coupling agent treatments on the bulk 

and in situ mechanical properties of WPC 

4) To examine the variation of the chemical functionalities and structure, 

interface microstructure, and bonding scenarios during coupling agent 

treatments of RubWPC 

5) To explore the contribution of the additional use of GTR and the 

incorporation of coupling agents to the bulk and in situ mechanical 

properties of RubWPC 

6) To establish the correlation between the structure and performance of 

RubWPC  
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1.3 Scope of Research 

This research presents the formulation and characterisation of Rubber-PE 

composites, WPC and RubWPC materials. The effort is devoted to the interfacial 

optimisation of the materials by employing three different coupling agents, i.e. 

maleated polyethylene (MAPE), bis(triethoxysilylpropyl)tetrasulfide (Si69) and 

vinyltrimethoxysilane (VTMS). The first part of research investigates the 

influence of the compatibilisation treatments on the constituent compatibility, 

interfacial bonding, and mechanical properties of the formulated Rubber-PE 

composites. Attenuated total reflectance-Fourier Transform Infrared 

spectroscopy (ATR-FTIR) and solid state 13C Nuclear Magnetic Resonance 

spectroscopy (NMR) analyses were carried out to study the generation and 

variation of the chemical functionalities and structure during compatibilisation 

treatments, microscopic technique was used to reveal the microstructure (e.g. 

rubber wettability, homogeneity, interfacial adhesion, etc.) of the composites, 

dynamic mechanical analysis (DMA) and tensile test were conducted to assess 

the mechanical properties. 

The second part of research systematically studies the physical, chemical and 

mechanical bonding scenarios of both untreated and treated WPC by carrying out 

ATR-FTIR, NMR, Scanning Electron Microscope (SEM) and Fluorescence 

Microscope (FM) analyses. The influence of the coupling agents treatments on 

the bulk and in situ mechanical properties of the composites were determined by 

carrying out a set of assessments including DMA, tensile property analysis and 

nanoindentation analysis. First and second parts of research provide 

fundamental basis for the third part of research that focuses on the novel 

development of RubWPC with optimised interface by using single coupling agent 

along with the combinations. The surface chemical distribution and structure of 

RubWPC were scrutinised by applying spectroscopic techniques (ATR-FTIR and 

NMR), while microscopic tool was employed to investigate the morphological 

structure of the composites, which together gave rise to the understanding of the 

improvement of interfacial bonding. The effect of the coupling agent treatments 

and the compositional variation on the bulk mechanical properties was assessed 
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by DMA and tensile test, and the nanomechanical properties of the composites 

were determined by nanoindentation analysis.        

1.4 Significance of Research 

The application of maleated and silane coupling agents would improve the 

existing insufficient compatibility, homogeneity and interfacial adhesion 

between vulcanised rubber and PE in Rubber-PE composites. The scrupulous 

investigation of chemical functionalities, structure and bonding of the 

composites after compatibilisation treatments leads to a better understanding of 

microstructure formulation and bonding scenarios. The explored correlation 

between the structure and property of the composites should benefit the further 

design and commercialisation of Rubber-PE composites. 

Although coupling agent treatments of WPC have been extensively studied, this 

research focuses on the correlation of the chemical reactions and bonding 

resulted from the coupling agent treatments with physical and mechanical 

bonding scenarios, which have rarely been approached. Hence, the physical, 

chemical and mechanical bonding mechanisms of WPC are systematically 

revealed. The determination of the in situ mechanical properties of the 

composites by nanoindentation leads to further in-depth understanding of 

interfacial characteristics, helps in evaluating the overall property and thus 

enables the optimal design of WPC.  

WPC industry is using virgin as well as recycled wood and plastic as raw 

materials. Additional use of used tyre rubber as a constituent raw material will 

not only improve the environmental properties of new material (RubWPC), but 

also alleviate the raw material competition with energy and other industrial 

sectors, because the inclusion of rubber means a reduction of wood which has 

become a major resource for energy and bio-fuel. The chemical structure and 

microstructure analyses of the formulated RubWPC will reveal the chemical 

reactions between the coupling agents and the constituents, constituent 

compatibility, filler distribution and wettability, composite homogeneity, 

interfacial adhesion, and hence bonding mechanisms. The mechanical property 

analysis will assess and verify the contribution of the optimised interface and 

enhanced bonding after coupling agent treatments to the performance of 
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RubWPC. This research provides a highly promising approach for the 

valorisation of used tyres, and it shall serve as a fundamental basis for the further 

research and industrialisation of RubWPC.  
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Chapter 2 Literature Review 

2.1 GTR filled thermoplastic composites 

The development of ground tyre rubber (GTR) filled thermoplastic composites 

has been perturbed by the poor interfacial adhesion between GTR particles and 

polymer matrix, mainly because the molecules of highly crosslinked GTR were 

not capable of entangling with those of thermoplastics. To overcome this 

problem, various modification or treatment methods such as devulcanisation or 

reclaiming, reactive and nonreactive compatibilisation, have been explored in 

GTR filled thermoplastic composites (Kakroodi and Rodrigue, 2013; Kaynak et al., 

2001; Karger-Kocsis et al., 2013).   

2.1.1 Devulcanisation and reclaiming of GTR in thermoplastic composites 

Vulcanisation is a chemical process for converting natural rubber or related 

polymers into more durable materials by the addition of sulfur or other 

equivalent curatives or accelerators. Devulcanisation is the process of cleaving 

the monosulfidic (C-S), disulfidic (S-S), and polysulfidic crosslinks (C-Sx-C) of 

vulcanised rubber (Diao et al., 1999). Ideally, devulcanisation would yield a 

product that could serve as a substitute to virgin rubber, albeit the 

devulcanisation processes might cause the diminution of some properties over 

those of the parent rubber. Reclaiming is a procedure that vulcanised rubber is 

converted by using mechanical and thermal energy, and chemicals into a state in 

which it can be mixed, processed and vulcanised again. Although the principle of 

reclaiming process is devulcanisation, it is usually accompanied with 

considerable polymeric chain scission leading to lower molecular mass fractions, 

while devulcanisation is generally limited to chemical interactions involving 

sulfur atoms. Irrespective to the above distinctions, the processes adopted could 

hardly be categorised into devulcanisation or reclaiming.  

Rubber devulcanisation by using ultrasonic energy has been widely employed in 

GTR filled thermoplastic composites. It was a batch process in which the 

vulcanised rubber was devulcanised under powerful ultrasonic waves (20 kHz to 

500 MHz) by efficiently breaking down C-S and S-S bonds but not C-C bonds. The 

rate of devulcanisation depended on the levels of pressure and temperature. The 
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properties of the revulcanised rubber were found to be close to those of original 

vulcanisates (Karger-Kocsis et al., 2013). Hong (Hong and Isayev, 2001) prepared 

GTR/high density polyethylene (HDPE) and ultrasonically devulcanised 

GTR/HDPE blends in a Brabender internal mixer and a twin screw extruder. It 

was found that the dynamic devulcanisation led to increase of mechanical 

properties of the blends. Among all the blends, HDPE/GTR blends mixed in the 

twin screw extruder prior to devulcanisation and dynamically devulcanised in 

the presence of HDPE matrix suggested better tensile properties and impact 

strength.  

Microwave technology had also been used to devulcanise the GTR in 

thermoplastic composites. This process applied volumetric heat uniformly on 

GTR, the application of a controlled amount of microwave energy devulcanised 

the sulfur-vulcanised rubber to a state in which it could be compounded and 

revulcanised into useful products. However, the rubber being treated by this 

technique must be polar enough to accept energy at a rate sufficient to generate 

the necessary heat (>250oC) for devulcanisation (Karger-Kocsis et al., 2013). A 

study on the influence of microwave devulcanisation process on dynamically 

revulcanised GTR/PE blends indicated that the viscoelastic behaviour of the 

blends was significantly influenced by the exposure time to microwave (Sousa et 

al., 2016), the lack of adhesion between the phases impaired the rheological 

properties, which thus resulted in poor mechanical properties of the blends, 

especially the blends exposed to microwave for longer time.  

The other devulcanisation or reclaiming processes of GTR were 

thermomechanical and thermochemical processes. In thermomechanical process, 

vulcanised rubber was subjected to shear and/or elongational stresses at either 

ambient or high temperatures on suitable equipment such as internal mixers and 

twin screw extruders, giving rise to a prominent decrease in molecular mass 

since considerable heat was generated even in ambient process. This technique 

was used in conjunction with the above ultrasonic and microwave processes. 

Thermochemical process was referred to the performing of thermomechanical 

process with the addition of chemical reclaiming agents (e.g. organic solvents, 

oils, and inorganic compounds) (Diao et al., 1999; Maridass and Gupta, 2008; Jana 
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et al., 2006). This processing method might be not economical and 

environmentally friendly due to the additional use of chemicals, and has been 

rarely used in the devulcanisation or reclaiming of the GTR in thermoplastic 

composites.     

2.1.2 Surface activation of GTR in thermoplastic composites 

The objective of the surface activation of GTR was to increase the bonding 

between GTR and thermoplastic matrix in the composites. Various nonreactive 

and reactive strategies have been attempted to trigger the molecular 

entanglement and/or chemical coupling of GTR with the matrix or additionally 

incorporated compatibilisers. The effect of surface activation on mechanical 

property of GTR filled composites were summarised in Table 2.1. 

Gamma irradiation was used for the in situ compatibilisation of recycled 

HDPE/GTR blends by Sonnier (Sonnier et al., 2006). The compatibilisation 

mechanisms consisted of the formation of free radicals which led to the chain 

scission of GTR particles, crosslinking of PE matrix, and co-crosslinking between 

GTR and PE at the interface. The mechanical properties of the blends, such as 

elongation at break and Charpy impact strength, were significantly enhanced due 

to the generation of an adhesion between GTR and surrounding PE matrix under 

the irradiation doses of 25-50 kGy. Nevertheless, further increase of irradiation 

(e.g. 100 kGy) impaired the compatibilisation of the composite which was 

confirmed by its relatively inferior mechanical performance. 

High energy (electron beam) irradiation treatment has been proven to be an 

effective compatibilising technology for GTR filled PE and PE/ethylene-vinyl 

acetate (EVA) composites (Mészáros et al., 2012a; Mészáros et al., 2012b). This 

treatment first produced free radicals on the surface of GTR, which attracted PE 

molecules, leading to the formation of covalent bonds between two phases. On 

the other hand, the irradiation induced the crosslinking of PE, which was 

responsible for the increase of mechanical properties and shape memory 

behaviour of the material. Specifically, the 200 kGy electron beam absorbed dose 

(in air) resulted in enhanced tensile strength and elongation at break with no 

effect on tensile modulus, indicating more rubber-like properties of the treated 

composite. The addition of EVA into the composite improved the compatibility 
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between the components by showing higher relaxation temperatures, and the 

modest increase of hardness of the irradiated composites confirmed the 

crosslinking effect of the electron beam irradiation.  

Surface activation of GTR by photografting technique was carried out by Lee (Lee 

et al., 2009) with allylamine monomer in the presence of ultraviolet (UV) 

radiation and benzophenone (BP) photoinitiator. Thus, the treated GTR was 

incorporated into PP matrix to prepare thermoplastic composites. The presence 

of allylamine on the surface of GTR was first confirmed by chemical structure 

analysis. Compared to the untreated counterpart, the treated GTR suggested 

much higher surface energy and activity, which were attributed to the grafting of 

allylamine on GTR surface. Moreover, the allylamine grafting and UV radiation 

promoted the dispersion of GTR in PP matrix by showing smaller size of 

aggregates, giving rise to enhanced mechanical properties. Aiming at overcoming 

the poor miscibility and compatibility of GTR/PP blends, compatibilisers 

including maleic anhydride grafted styrene–ethylene/butylene–styrene (SEBS-

g-MA) and maleated polypropylene (MAPP) were also employed by Lee (Lee et 

al., 2007b).  It was found that the blend of GTR and PP was simply a physical 

mixture of two incompatible polymers in which the continuous thermoplastic 

matrix phase was principally responsible for its mechanical performance. 

Improved mechanical properties were obtained with the addition of SEBS-g-MA 

and MAPP into the blends, due to the increased constituent compatibility through 

the chemical reactions between the functional groups (maleic anhydride, MA) of 

the compatibilisers and matrix polymers.  

Pretreatments including sulfuric acid (H2SO4) etching, silane coupling agent, and 

chlorination with trichloroisocyanuric acid (TCI) were also performed on GTR in 

order to improve its compatibility with HDPE (Colom et al., 2006). H2SO4 

pretreatment equipped the GTR with a rough surface which benefitted its 

mechanical adhesion (i.e. interlocking) with the matrix, silane coupling agent 

chemically interacted with both GTR and HDPE of the composites owing to its 

intrinsic multifunction, whilst TCI did not appear to be an effective pretreatment 

due to the subtle distinction of the structure and property of the treated 

composite from those of the untreated.
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Table 2.1 Mechanical properties of GTR filled plastic composites 

Composite Modification method Tensile strength 

(MPa) 

Stain at break  Elastic modulus 

(MPa) 

Reference 

Coarse recycled 

rubber-Epoxy 

composite 

Untreated 52.8±2.1 0.27±0.01 286±2 (Kaynak et 

al., 2003) 3-aminopropyltriethoxysilane 

(2 wt%) 

60.9±2.5 0.28±0.01 331±5 

GTR-PE Untreated Approx. 7.0 Approx. 0.65 Approx. 341 (Mészáros et 

al., 2012a) EVA (20 wt%) Approx. 5.8 Approx. 1.55 Approx. 242 

EVA (20 wt%) and electron 

beam radiation (100 kGy) 

Approx. 6.9 Approx. 1.82 Approx. 228 

GTR-PP Untreated 9.7 0.62 - (Lee et al., 

2009) SEBS-g-MA 10.3 1.65 - 

MAPP 8.6 1.9 - 

SEBS-g-MA and MAPP 10.2 4.4 - 

GTR-HDPE Untreated Approx. 12.2 Approx. 0.17 Approx. 364 (Sonnier et 

al., 2006) Γ irradiation (50 kGy) Approx. 15.6 Approx. 0.09 Approx. 393 
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2.2 Lignocellulosic polymer composites 

Lignocellulosic polymer composite has experienced a rapid expansion over the 

last decade, mainly due to the advantageous features that lignocellulosic biomass 

provides over inorganic fillers and/or reinforcements, i.e. abundance, 

environmental friendliness, biodegradability, nontoxicity, low cost and density, 

flexibility during processing, and high tensile and flexural modulus (Ja et al., 2016; 

Fernandes et al., 2013; Mukhopadhyay et al., 2003; George et al., 2001; Khalil and 

Ismail, 2001; Lu et al., 2000; Bledzki and Gassan, 1999; Zadorecki and Michell, 

1989). Compared to wood materials, lignocellulosic polymer composite 

possesses better flexural and impact strength, higher moisture resistance, less 

shrinkage and improved weatherability. However, regardless these 

benchmarking characteristics, optimisation of the interfacial bonding between 

cellulosic filler and polymer matrix is one of the most indispensable procedures 

with respect to the optimal formulation of lignocellulosic polymer composite 

(Zhou et al., 2016; George et al., 2001). 

The filler-matrix interface is a reaction or diffusion zone in which two phases or 

components are physically, mechanically and/or chemically combined. 

Interfacial adhesion between wood flour or fibre and matrix plays a fundamental 

role regarding the factors governing the mechanical characteristics of 

lignocellulosic polymer composites (Kabir et al., 2012). The factors affecting the 

interfacial bonding between wood flour or fibre and matrix are mechanical 

interlocking, molecular attractive forces and chemical bonds. However, the 

naturally hydrophilic wood flour or fibre is not inherently compatible with 

hydrophobic polymers. In addition to the pectin and waxy substances in wood 

flour or fibre acting as a barrier to interlock with nonpolar polymer matrix, the 

presence of plenty hydroxyl groups hinders its operative reaction with the matrix 

(Cantero et al., 2003; Kazayawoko et al., 1999; Bledzki et al., 1998; Raj et al., 

1989). Therefore, the modification of surface characteristics of wood flour or 

fibre and hydrophobic polymer matrix is in particular essential in order to 

formulate a reasonable composite with superior interfacial bonding and effective 

inherent stress transfer throughout the interface. Numerous approaches, 

including physical treatments (e.g. solvent extraction, heat treatment, corona and 
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plasma treatments), physic-chemical treatments (e.g. laser, γ-ray and UV 

bombardment) (John and Anandjiwala, 2008) and chemical modifications, have 

been attempted for improving the compatibility and bonding between the 

lignocellulosic molecules and hydrocarbon-based polymers (El-Abbassi et al., 

2015; Glasser et al., 1999; Saheb and Jog, 1999).  

2.2.1 Compatibility between constituents of lignocellulosic polymer 

composites 

2.2.1.1 Compatibility between wood flour or fibre and synthetic polymer 

The main components of wood flour or fibre include cellulose, hemicellulose, 

lignin, pectin, waxes and other low-molecule substances. Cellulose is the 

fundamental structural component found in the form of slender rod like 

crystalline microfibril, aligned along the length of fibre. It is a semicrystalline 

polysaccharide consisting of a linear chain of hundreds to thousands of β-(1-4)-

glycosidic bonds linked D-glucopyranose with the presence of large amount of 

hydroxyl groups. Hemicellulose is a lower molecular weight polysaccharide that 

functions as a cementing matrix between cellulose microfibrils, presented along 

with cellulose in almost all plant cell walls. While cellulose is crystalline, strong, 

and resistant to hydrolysis, hemicellulose has a random, amorphous structure 

with little strength. Furthermore, it is hydrophilic and can be easily hydrolysed 

by dilute acids and bases. Lignin is a class of complex hydrocarbon polymers 

(crosslinked phenol polymers) that gives rigidity to plant. It is relatively 

hydrophobic and aromatic in nature. Pectin is a structural heteropolysaccharide 

contained in the primary cell walls of plants giving the plants flexibility. Wax and 

water soluble substances are used to protect fibre on fibre surface (Azwa et al., 

2013; Summerscales et al., 2010; Wong et al., 2010; John and Thomas, 2008). The 

unique chemical structure makes the wood flour or fibre hydrophilic in nature. 

Although there are many advantages associated with the use of wood flour or 

fibre as reinforcement in polymer composites, the incorporation of wood flour or 

fibre in hydrophobic and non-polar polymers leads to indecent systems due to 

the lack of moderate compatibility and adhesion between the filler and matrix. 

These would also cause some problems in the composite processing and material 

performance, including poor moisture resistance, inferior fire resistance, limited 
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processing temperatures, the formation of hydrogen bonds within fibre itself, 

agglomeration of fibre bundles, uneven fibre distribution in matrix during 

compound processing, and insufficient wetting of fibre by the matrix which 

results in weak interfacial adhesion (Azwa et al., 2013; Dittenber and Gangarao, 

2012; Araújo et al., 2008; Dhakal et al., 2007).  

By this token, various physical and chemical modifications have been attempted 

to decrease the hydrophilicity of wood flour or fibre, enhance the wettability of 

wood flour or fibre by polymers and also promote the interfacial adhesion. These 

modification approaches are of different efficiency and mechanism in regard to 

optimising interfacial characteristics of the composite. Physical treatments, such 

as electric discharge, in general alter the structural and surface properties of 

wood flour or fibre by introducing surface crosslinking, modifying the surface 

energy and/or generating reactive free radicals and groups, and thereby 

influence the mechanical bonding to the matrix. Chemical modification provides 

the means of permanently altering the nature of wood flour or fibre cell walls by 

grafting polymers onto the fibres, crosslinking of the fibre cell walls, or by using 

coupling agents (Xie et al., 2010). Such modification strategies tackling with the 

compatibility and interfacial bonding of lignocellulosic polymer composites will 

be discussed in detail in the next section.  

2.2.1.2 Compatibility between wood flour or fibre and bioplastic polymer 

The research of polymers obtained from different biorenewable resources 

generally referred as biobased polymers and designed to be biodegradable has 

substantially increased recently. It is well known that renewable resources such 

as bioproducts (e.g. cellulose or chitin, vegetable fats and oils, corn starch, etc.), 

bacteria as well as non-renewable petroleum (e.g. aliphatic/aliphatic-aromatic 

copolymer) are sources of a variety of polymeric materials (Satyanarayana et al., 

2009; Gáspár et al., 2005; Heredia, 2003; Kurita, 2001; Wollerdorfer and Bader, 

1998). Accordingly, the biodegradable polymers can be classified as naturally 

occurring or synthetic based on their origins. Natural polymers are available in 

large quantities from renewable sources, i.e. cellulose, pectin, lignin, collagens, 

chitin/chitosan, starch, proteins, lipids, etc. Microbially synthesised polymers 

include polyhydroxyalkanoate (PHA) and bacterial cellulose, while chemically 
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synthesised polymers are produced from conventionally petroleum-based 

resource monomers including polyacids, poly(vinyl alcohols), polyesters, etc. 

(Satyanarayana et al., 2009; Matas et al., 2004; Deshmukh et al., 2003; Xu et al., 

2003). Biodegradable bioplastics can break down in either anaerobic or aerobic 

environments, depending on how they are manufactured, and thus are being 

envisaged as prospective alternatives to their counterparts in olefin plastics. The 

incorporation of wood flour or fibre into bioplastics to fabricate fully 

biodegradable composite materials has attracted significant attention for various 

purposes (Table 2.2), in particular for multifunctional applications, since many 

of these polymers, in addition to being biodegradable, also possess antimicrobial 

and antioxidant properties (Thakur and Thakur, 2015). At this stage, the main 

impediment to the rampant use of bioplastic polymers is the high initial cost, 

currently cost three to five times of the extensively used resins such as PP, PVC, 

HDPE and low density polyethylene (LDPE) (Yan et al., 2014).  
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Table 2.2 Wood flour or fibre reinforced biodegradable polymer composites 

Biopolymer matrix Reinforcement References 

Pregelatinised cassava starch Luffa fibre (Kaewtatip and Thongmee, 2012) 

Thermoplastic corn starch Bleached E. urograndis pulp (Curvelo et al., 2001) 

Cellulose derivatives/starch blends Sisal fibre (Alvarez and Vazquez, 2004) 

Thermoplastic rice starch Cotton fibre (Prachayawarakorn et al., 2010) 

Thermoplastic corn starch Sugarcane and banana fibres (Guimarães et al., 2010) 

Thermoplastic cassava starch Cassava bagasse cellulose nanofibrils (Teixeira et al., 2009) 

Thermoplastic maize starch Wheat straw cellulose nanofibrils (Kaushik et al., 2010) 

Thermoplastic cassava starch Jute and kapok fibres (Prachayawarakorn et al., 2013) 

PLA Wood fibre (Ding et al., 2016; Faludi et al., 2014) 

PLA Bamboo fibre and flour (Wang et al., 2014; Okubo et al., 2009; 

Nuthong et al., 2013) 

PLA Kenaf fibre (Ochi, 2008) 

PLA Flax fibre (Bocz et al., 2014) 

PLA Jute fibre (Rajesh and Prasad, 2014) 
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PLA Banana fibre (Jandas et al., 2011) 

PLA Grewia optiva and nettle fibres (Bajpai et al., 2013) 

PLA Nanocellulose fibre (Song et al., 2014) 

PHB Jute and lyocell fibres (Gunning et al., 2013) 

PHB Bamboo micro fibril (Krishnaprasad et al., 2009) 

PHA Eucalyptus pulp fibre (Loureiro et al., 2014) 

PHA Tea plant fibre (Wu, 2013) 

PHA Beer spent grain fibre (Cunha et al., 2015) 

PHA Wood flour (Coats et al., 2008) 

PHBV Wood fibre (Bhardwaj et al., 2006; Bhardwaj et al., 

2006) 

PHBV Recycled cellulose fibre (Bhardwaj et al., 2006) 

PHBV Cellulose nanowhisker (Jiang et al., 2008) 
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2.2.2 Modification of constituents of lignocellulosic polymer composites 

2.2.2.1 Physical treatments 

Physical treatments of wood flour or fibre alter the structure and surface 

properties of the fillers without using chemical agents, and thereby influence the 

mechanical bonding with the matrix in the composite. Radiation and discharge 

treatments such as UV radiation, gamma radiation, corona and plasma 

treatments are the most commonly used physical techniques in lignocellulosic 

polymer composite with regards to the improvement of the functional properties 

of wood flour or fibre (Table 2.3 and Table 2.4), which in general lead to 

significant physical and chemical changes as well as changes in the surface 

structure and surface energy of wood flour or fibre (Khan et al., 2009; 2008; Li et 

al., 2015; Zaman et al., 2010; Gassan and Gutowski, 2000).  

A typical treatment of gamma radiation is known to deposit energy on the wood 

flour or fibre in the composite and radicals are then produced on the cellulose 

chain by hydrogen and hydroxyl abstraction, ruptures of some carbon-carbon 

bonds and chain scission. Simultaneously, peroxide radicals are generated when 

matrix polymers are irradiated in the presence of oxygen. These active sites in 

both fibre and matrix produced by the gamma radiation result in better bonding 

between the filler and polymer matrix, which consequently  improves the 

mechanical strength of the composite (Khan et al., 2009; 2008; Li et al., 2015; 

Haydaruzzaman et al., 2009).  

Corona treatment is a surface modification technique that uses a low 

temperature corona discharge plasma to impart changes on the properties of a 

surface (e.g. surface energy). The corona plasma is generated by the application 

of high voltage to an electrode that has a sharp tip. A linear array of electrodes is 

often used to create a curtain of corona plasma. The corona treatment of wood 

flour or fibre causes the formation of high-energy electromagnetic fields close to 

the charged points, with consequent ionisation in their proximity. In the ionised 

region, the excited species (i.e. ions, radicals, etc.) are present and the latter are 

active in surface modification, typically by the introduction of oxygen-containing 

groups in the molecular chain of wood flour or fibre (Kim and Mai, 1998). Plastic 
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is a man-made synthetic material, which contains long homogeneous molecular 

chains that form a strong and uniform product. The molecular chains are 

normally joined end to end to form even longer chains, leaving only a few open 

chain ends, thus providing a small amount of bonding points at the surface. The 

small amount of bonding points cause the low adhesion and wettability, which is 

a problem in converting processes. A high frequency charge would provide a 

more efficient and controllable method of increasing the adhesion and 

wettability of a plastic surface. During corona discharge treatment, electrons are 

accelerated into the surface of the plastic resulting in the long chains to rupture, 

producing a multiplicity of open ends and forming free valences. The ozone from 

the electrical discharge creates an oxygenation, which in turn forms new 

carbonyl groups with a higher surface energy. The result is an improvement of 

the chemical connection between the molecules in the plastic and the applied 

media/liquid. This surface treatment will not reduce or change the strength, 

neither will it change the appearance of the material. Corona treatment has been 

expansively applied in lignocellulosic composites especially in composites 

involving polyolefins as the matrix (Ragoubi et al., 2012; Ragoubi et al., 2010; 

Gassan and Gutowski, 2000).  

Plasma treatment is another useful physical technique to improve the surface 

properties of wood flour or fibre and polymeric materials by utilising the 

ingredients such as high-energy photons, electrons, ions, radicals and excited 

species. Generally, the modification of wood flour or fibre by the treatment in 

cold oxygen plasma under optimal operating conditions turns the substrate into 

a semi-active filler for the lignocellulosic compounds (Vladkova et al., 2006; 

Vladkova et al., 2004a; Vladkova et al., 2004b). Thus, the adhesion at the 

fibre/matrix interface increases with the plasma treatment. The resulted impact 

is the improvement of the mechanical properties (i.e. flexural strength and 

modulus, tensile strength and modulus) of the composites. Nevertheless, the 

fibre may degrade under longer time of exposure due to the constant impact of 

particles on the surface, which inevitably weakens the interfacial adhesion 

(Sarikanat et al., 2014; Oporto et al., 2009; Morales et al., 2006).  
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UV radiation has also been employed to modify the surface characteristics of 

lignocellulosic polymer composites (Zaman et al., 2009; Seldén et al., 2004; 

Gassan and Gutowski, 2000). The UV treatment of single jute fibre and jute yarn 

resulted in higher gains in polarity in comparison with those in relation to 

corona-treated counterparts. The polarity and yarn tenacity could be adjusted by 

increasing treatment time at a constant bulb-sample distance or alternatively 

decreasing the distance. For the benefits of improving the overall mechanical 

properties of the composites, an appropriate balance between increased polarity 

of fibre surface and the decrease of fibre strength due to excessive surface 

oxidation by UV radiation or corona discharge should be accomplished (Gassan 

and Gutowski, 2000). 
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Table 2.3 Recent work on physical treatment of lignocellulosic polymer composites 

Composite Treatment Effect and outcome of the treatment References 

Jute fibre/PE/PP 

composite 

UV 

radiation 

The tensile strength and bending strength of the composite increased with 

the strengthening of UV radiation up to 50 radiation dose; compared to the 

untreated composite, the treated composite showed an increase of 18% 

tensile strength and 20% bending strength respectively. 

(Zaman et 

al., 2009) 

Miscanthus fibre/PP 

and miscanthus 

fibre/PLA 

composites 

Corona 

treatment 

The corona treatment of fibres resulted in a surface oxidation and an 

etching effect, leading to an improvement of the interfacial compatibility 

between fibre and matrices; hence, the mechanical and thermal properties 

(Young’s modulus, stress at yield, Tg, and decomposition temperature) of 

the treated composites were greatly enhanced due to the better interaction 

between the constituents. 

(Ragoubi et 

al., 2012) 

Flax fibre/polyester 

composite 

Plasma 

treatment 

After the air plasma treatment of flax fibre at a plasma power of 300 W, the 

tensile strength, flexural strength, flexural modulus and interlamilar shear 

strength of flax fibre-reinforced polyester composites increased by 34%, 

31%, 66% and 39% respectively, primarily due to the improved adhesion 

between the treated fibre and polyester matrix. 

(Sarikanat et 

al., 2014) 

 



22 
 

Table 2.4 Mechanical properties of physically and chemically treated lignocellulosic polymer composites 

Composite Modification method Tensile strength 

(MPa) 

Elongation at 

break (%) 

Elastic modulus 

(MPa) 

Reference  

Hemp fibre-PP Untreated 28.6 5.4 1079 (Ragoubi et 

al., 2010) Corona treatment (15 kV) 37.8 5.2 1215 

Flax fibre-polyester Untreated 78.7 - 17650 (Sarikanat et 

al., 2014) Air plasma (100 W) 88.0 - 22150 

Argon plasma (100 W) 82.5 - 19415 

Flax fibre-MAPP Untreated Approx. 32.1 - Approx. 4120 (Bledzki et 

al., 2008) Acetylation (18%) Approx. 37.5 - Approx. 4950 

Acetylation (18%) and MA Approx. 47.2 - Approx. 4565 

Wood flour-HDPE Untreated 23.8 2.2 4000 (Ou et al., 

2014) MAPE (2 wt%) 40.1 6.1 4190 

Wood flour-HDPE Untreated 18.8±0.7 6.3±0.8 1116.7±60.4 (Bengtsson 

et al., 2005) Vinyltrimethoxysilane 21.5±0.4 17.0±2.0 912.7±48.0 
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2.2.2.2 Chemical treatments  

Alkaline treatment or mercerisation 

The chemical treatments of lignocellulosic composites have been reported (Table 

2.4 and Table 2.5). Alkali treatment is one of the most used chemical methods of 

modifying the cellulosic molecular structure of wood flour or fibre when it is used 

to reinforce thermoplastics and thermosets. This treatment, usually performed 

in aqueous NaOH solution, disrupts fibre clusters and forms amorphous at the 

expense of highly packed crystalline cellulose. The important modification 

occurred is the disruption of hydrogen bonding in the network structure. During 

the treatment, the sensitive hydroxyl groups (OH) are broken down, and thus 

react with water (H-OH) leaving the ionised reactive molecules to form alkoxide 

with NaOH (Scheme 1). 

𝐹𝑖𝑏𝑟𝑒 − 𝑂𝐻 + 𝑁𝑎𝑂𝐻 → 𝐹𝑖𝑏𝑟𝑒 − 𝑂 − 𝑁𝑎 + 𝐻2𝑂 + 𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦              (Scheme 1)   

As a result, the hydrophilic OH groups are reduced and the surface roughness of 

the fibre is increased. It also removes a certain portion of hemicellulose, lignin, 

waxes, and oils covering the external surface of the fibre cell walls, depolymerises 

cellulose and exposes the short-length crystallites (Ahmed et al., 2014; Li et al., 

2007; Mohanty et al., 2000). Therefore, when the alkaline treated wood flour or 

fibre is used to reinforce polar polymer composites, in comparison with the 

composite filled with untreated wood flour or fibre, the enhanced surface 

roughness and increased reactive sites exposed on the surface would lead to a 

better mechanical interlocking and adhesion with the matrix, both of which are 

in charge of the interfacial strength of the composite (Ouajai and Shanks, 2005; 

Ray et al., 2001). However, it should be pointed out that a superfluous alkali 

concentration would result in excess delignification of fibre, thus weaken or 

damage the fibre being treated (Li et al., 2007; Wang et al., 2007).  

The alkali treatment of wood flour or fibre can also be carried out in combination 

with other treatments. Figure 2.1 shows the surface structures of untreated jute 

fibre, alkali treated jute fibre and alkali/organosilane/aqueous epoxy 

dispersions (ED) treated jute fibre (Doan et al., 2012). The untreated jute fibre 

has rather smooth surface due to the cementing made up of fats, waxes, lignin, 
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pectin, and hemicellulose forming on the fibre surface (Mwaikambo and Ansell, 

2002). The alkali treatment provided the fibre with a flaky or grooved surface by 

partially removing the cementing. The NaOH/(APS+ED) treated fibre was 

covered by a sizing of varying thickness, forming a film on the fibre surface. In 

contrast, the NaOH/PAPS treated fibre showed a much rougher surface since the 

sizing was less uniform in thickness or rather varying on a much higher scale, and 

appeared more flaky and less attached (Doan et al., 2012). 

 

Figure 2.1 SEM images of (a) untreated, (b) NaOH treated, (c) NaOH/(APS+ED), 

and (d) NaOH/PAPS treated fibres (APS: 3-aminopropyl-triethoxy-silane, PAPS: 

3-phenyl-aminopropyl-trimethoxy-silane) (Doan et al., 2012) 

Acetylation treatment 

Acetylation of wood flour or fibre is known as an esterification method causing 

plasticisation of the substrate by introducing the acetyl functional group CH3COO-.  

The main principle of the reaction is to substitute hydrophilic hydroxyl groups 

(OH) of the cell wall with acetyl group CH3COO- from acetic anhydride (CH3COO-

C=O-CH3), therefore rendering the substrate surface more hydrophobic (Scheme 

2).  

𝐹𝑖𝑏𝑟𝑒 − 𝑂𝐻 + 𝐶𝐻3 − 𝐶(= 𝑂) − 𝑂 − 𝐶(= 𝑂) − 𝐶𝐻3 → 𝐹𝑖𝑏𝑟𝑒 − 𝑂 − 𝐶𝑂𝐶𝐻3 + 𝐶𝐻3𝐶𝑂𝑂𝐻  (Scheme 2) 

The reactive hydroxyl groups are those from the minor constituents of the fibre, 

i.e. hemicelluloses, lignin and amorphous cellulose. This is because the hydroxyl 

groups in crystalline regions of the fibre are closely packed with strong interlock 
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bonding, and are fairly inaccessible to chemical reagents (Bledzki et al., 2008). In 

order to accelerate the reaction and maximise the degree of acetylation, acid 

catalysts such as sulfuric acid and acetic acid are commonly used in the treatment 

(Kabir et al., 2012; Bledzki et al., 2008). The esterification reaction not only 

stabilises the cell walls, with particular regards to moisture uptake and 

consequent dimensional variation of lignocellulosic fibre, but also provides the 

fibre rough surface tomography with less void contents, thereby the adhesion of 

the fibre to the matrix can be improved (Haseena et al., 2007; Zurina et al., 2004; 

Sreekala et al., 2002). It has been reported that the acetylation treatment of wood 

flour or fibre resists up to 65% moisture absorption depending on the degree of 

acetylation (Bledzki et al., 2008; Bledzki and Gassan, 1999). More importantly, in 

comparison to the composite reinforced with untreated fibre, this esterification 

of fibre results in the improvement of the stress transfer efficiency at the 

interface and the mechanical properties (tensile, flexural and impact properties) 

of its composites (Joseph et al., 2005). In addition, the enhanced hydrophobicity 

of the treated fibres was able to provide the composite with higher volume 

resistivity than the untreated counterpart by reducing the dielectric constant of 

the composite (Haseena et al., 2007). 

Benzoylation treatment 

Benzoylation treatment, an important transformation in organic synthesis, is 

another treatment aiming at decreasing the hydrophilicity of wood flour or fibre. 

Prior to carrying out the reaction with benzoyl groups (C6H5C=O), wood flour or 

fibre should be initially pretreated with NaOH aqueous solution in order to 

activate and expose the hydroxyl groups on the surface. Thus, wood flour or fibre 

can be treated with benzoyl chloride, the reaction is given in Scheme 3 (Wang et 

al., 2007; Joseph et al., 2003; Joseph et al., 1996). This creates more hydrophobic 

nature of the fibre and improves fibre matrix adhesion, thereby considerably 

increases the strength and thermal stability of the composite (Kalaprasad et al., 

2004). 

𝐹𝑖𝑏𝑟𝑒 − 𝑂 − 𝑁𝑎 + 𝐶6𝐻5 − 𝐶𝑂𝐶𝑙 → 𝐹𝑖𝑏𝑟𝑒 − 𝑂 − 𝐶𝑂 − 𝐶6𝐻5 + 𝑁𝑎𝐶𝑙   (Scheme 3) 

 



26 
 

Peroxide treatment 

Interface property of lignocellulosic polymer composite can also be improved by 

peroxide treatment. Peroxide is a chemical compound with the specific functional 

group ROOR containing the divalent ion bond O-O. In contrast to oxide ions, the 

oxygen atoms in the peroxide ion have an oxidation state of -1. Benzoyl peroxide 

and dicumyl peroxide are the most used chemicals for wood flour or fibre surface 

modification in organic peroxides family. Both these chemicals are highly 

reactive and are inclined to decompose to free radicals (RO.), and then the RO. 

can be grafted onto cellulose macromolecules and polymer chains by reacting 

with the hydrogen groups of wood flour or fibre and polymer matrix (Scheme 4) 

(Wang et al., 2007; Kalaprasad et al., 2004; Joseph et al., 1996). As a result, good 

fibre matrix adhesion occurs along the interface of the composite (Sreekala et al., 

2002; Sreekala et al., 2000).   

𝑅𝑂 − 𝑂𝑅 → 2𝑅𝑂., 𝑅𝑂. + 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 → 𝑅𝑂𝐻 + 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 . 

𝑅𝑂. + 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝑅𝑂𝐻 + 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 . 

𝑃𝑜𝑙𝑦𝑚𝑒𝑟 . + 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 . → 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 − 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒                       (Scheme 4) 

Silane treatment 

Silane is an inorganic chemical compound with chemical formula SiH4. Silanes are 

used as coupling agents to modify wood flour or fibre surface. A typical silane 

coupling agent bears two reactive groups, one end of silane agent with 

alkoxysilane groups is capable of reacting with hydroxyl-rich surface, namely 

wood flour or fibre, whereas the other end is left to interact with the polymer 

matrix. Specifically, in the presence of moisture, the silane (hydrolysable alkoxy 

group) could react with water to form silanol, which would further react with the 

hydroxyl groups attached to the cellulose, hemicellulose and lignin molecules in 

the filler through an ether linkage with the removal of water (Zhou et al., 2015). 

The uptake of silane is very much dependent on a number of factors including 

temperature, pH, hydrolysis time and organofunctionality of silane (John and 

Anandjiwala, 2008). The reaction scheme is given in Scheme 5. On the other hand, 

the hydrophobic bonds in silane molecules are able to react with polymer matrix. 

Therefore, the hydrocarbon chains provided by the application of silane restrain 
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the swelling of the fibre by creating an entangled/crosslinked network due to the 

covalent bonding between the fibre and matrix (Kalia et al., 2009; Li et al., 2007). 

In addition, the introduced hydrocarbon chains were assumed to affect the 

wettability of the fibres and improve the chemical affinity of polymer matrix, thus 

the interfacial adhesion between fibre and matrix was enhanced (Kalaprasad et 

al., 2004; Mohanty et al., 2004). 

𝐹𝑖𝑏𝑟𝑒 − 𝑂𝐻 + 𝑅 − 𝑆𝑖(𝑂𝐻)3 → 𝐹𝑖𝑏𝑟𝑒 − 𝑂 − 𝑆𝑖(𝑂𝐻)2 − 𝑅          (Scheme 5) 

Maleated coupling agents 

The use of maleated coupling agents has proven to be an extremely efficient 

means of improving interfacial interactions between wood flour or fibre and 

polymer matrices. The MA groups react with the hydroxyl groups and remove 

them from the fibre cells reducing hydrophilic tendency. The reaction scheme is 

given in Scheme 6. Moreover, the maleated coupler forms C-C bond with the 

polymer chains of the matrix (George et al., 2001). The strongest adhesion can be 

achieved when the covalent bonds are formed at the interface between fibres and 

coupling agent along with molecular entanglement between coupling agent and 

the polymer matrix (Huda et al., 2006). The reaction mechanism of coupling 

agent with wood flour or fibre and matrix can be explained as the activation of 

the copolymer by heating before the fibre treatment and then the esterification 

of the cellulosic fibre. This treatment increases the surface energy of wood flour 

or fibre to a level much closer to that of the matrix, and thus results in better 

wettability and enhances the interfacial adhesion between the filler and matrix 

(Li et al., 2007). 
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Table 2.5 Recent work on chemical treatment of lignocellulosic polymer composites 

Composite Treatment Effect and outcome of the treatment References 

Jute fibre/epoxy 

composite 

Mercerisation The alkali treatment removed the cementing layer consisting of low 

molecular fats, lignin, pectin and hemicellulose in cellulose fibrils, 

leading to a cleaner and rougher fibre surface; thus, the resin wetting, 

and the interaction and mechanical interlocking between fibre and 

matrix were significantly improved, i.e. the interfacial shear strength of 

the composite was increased up to 40% after the treatment. 

(Doan et al., 

2012) 

Flax fibre/PP 

composite 

Acetylation The tensile and flexural strength of the treated composites increased 

with the increasing of acetylation up to 18% and then decreased; the 

increase was due to the removal of lignin and extractives, the increase 

in cellulose content, effective surface area and thus interfacial 

adhesion; the decrease was because of the degradation of cellulose and 

generation of internal crack and damage in the fibres. 

(Bledzki et 

al., 2008) 

Flax fibre/PE 

composite 

Benzoylation It was observed more uniform dispersion of the treated fibres within 

the polymer matrix, and also less agglomerated fibres with the 

presence of dissociated fibres in the matrix, which contributed to more 

(Wang et al., 

2007) 
Peroxide 

treatment 
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 efficient stress transfer from the matrix to the fibres upon stress 

solicitation, resulting in superior physical and mechanical properties. 

Jute/polyester 

and jute/epoxy 

composites 

Siloxane 

treatment 

 

The bifunctional siloxane molecules created molecular continuity 

across the interface through covalently bonding with both cellulose 

surface and polymer resin of the composite; as a result, the tensile 

strength, flexural strength, and interlaminar shear strength of the 

composites were increased. 

(Seki, 2009) 

Jute fibre/HDPE 

composite 

Maleated coupling 

agent treatment 

 

With respect to the untreated composite, the composites fabricated at 

1% MAPE concentration suggested considerable enhancement in 

tensile, flexural and impact strength (38%, 45% and 67% 

respectively); the γ and α relaxation peaks shifted to higher 

temperature regions after the treatment due to the segmental 

immobilisation of the matrix chains at the fibre surface, indicating the 

enhanced interfacial adhesion. 

(Mohanty 

and Nayak, 

2006; 

Mohanty et 

al., 2006) 
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2.2.3 Bonding mechanisms of lignocellulosic polymer composites 

In lignocellulosic polymer composites, the main constituents are the reinforcing 

fibres and polymer matrix. The properties and performance of the composites 

rely on three main parameters: matrix, reinforcement and interface. The 

interface region between the fibre and the matrix has been recognised to play a 

predominant role in governing the global material behaviour. The interface in 

composites, often considered as an intermediate region formed due to the 

bonding of the fibre and matrix, is in fact a zone of compositional, structural, and 

property gradients, typically varying in width from a single atom layer to 

micrometers. There is a close relationship between the processes occur on the 

atomic, microscopic and macroscopic levels at the interface. In fact, the 

knowledge of the sequences of the events occurring on different levels is 

extremely important in understanding the nature of interfacial phenomena. The 

interface region controls the stress transfer between the fibre and matrix, which 

is primarily dependent on the level of interfacial adhesion (George et al., 2001). 

A reasonable interfacial strength ensures the maximum stress level and can be 

maintained across the interface and from fibre to matrix without disruption. The 

efficiency of the load transfer is determined by the molecular interaction at the 

interface along with the thickness and strength of the interfacial region formed 

(Ngah, 2013; Drzal and Madhukar, 1993). The fibre-matrix interfacial bonding 

mechanisms in general include interdiffusion, electrostatic adhesion, chemical 

reactions and mechanical interlocking, which together are responsible for 

adhesion and usually one of them plays a dominant role.  

Interdiffusion occurs on the basis of intimate intermolecular interactions 

between the molecules of the fibre substrate and the resin resulting from Van der 

Waals forces or hydrogen bonding (Liu et al., 2012). In fact, there are two stages 

involved in this adhesion mechanism, i.e. adsorption and diffusion. In the first 

stage, two constituents, fibre and matrix should have intimate contact which is in 

turn governed by two actions including spreading and penetration. Once good 

wetting occurs, permanent adhesion is developed through molecular attractions, 

e.g. covalent, electrostatic, and Van der Waals. On the other hand, good wetting 

between the substrates leads to the interdiffusion of both fibre and matrix 
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molecules. The extent and degree of diffusion depends primarily on the chemical 

compatibility of the constituents and penetrability of the substrate (Kim and Pal, 

2011). Electrostatic adhesion is attributed to the creation of opposite charges 

(anionic and cationic) on the interacting surfaces of fibre and polymer matrix; 

thus, an interface consisting of two layers of opposites charges is formed, which 

accounts for the adhesion of two constituents of the composite. Chemisorption 

occurs when chemical bonds including atomic and ionic bonds are created 

between the substances as a result of chemical reactions (Liu et al., 2012). 

Available physical and chemical bonds depend on the surface chemistry of the 

substrate and are sometimes collectively described as thermodynamic adhesion.  

The mechanical interlocking phenomenon explains the adhesion when a matrix 

penetrates into the peaks, holes, valleys and crevices or other irregularities of the 

substrate, and mechanically locks to it (Liu et al., 2012). It happens on a 

millimetre or micron length scale, while diffusion entanglement within the cell 

wall pores of the fibre occurs on a nanoscale. The adhesion theories relying on 

mechanical interlocking can occur over larger length scale on the contact area. 

Adhesion, capillary forces, and other interaction factors can be ignored in most 

microscopic devices but they often dominate the behaviour of bonding quality at 

nanometre scales. Flow of polymer resin proceeds into the interconnected 

network of lumens and open pores of the natural fibre, with flow moving 

primarily in the path of least resistance. The adhesive occupies the free volume 

within the cell wall and therefore inhibits shrinking and swelling. The adhesive 

penetration of fibre occurs on two or more scales. There is micro-penetration, 

which occurs through the cell lumens and pits. Additionally, there is nano-

penetration that occurs in the cell wall. Macro penetration of adhesive through 

process-induced cracks is also worth considering. Penetration of adhesive on any 

scale will impact bonding quality. The permeability is also a fibre related factor 

controlling the resin penetration. Permeability varies by surface characteristics 

and by direction e.g. tangential, radial and longitudinal. The mechanical 

interlocking mechanism is often used in polymer composites by etching the 

polymer surface to increase the surface roughness thereby increasing the contact 

area for adhesive penetration and mechanical interlocking of the substrate (Kim 
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and Pal, 2011). On the other hand, an increase in mechanical interlocking gives 

rise to the enhancement of other bonding systems/mechanisms. 

2.2.4 Interface structure of lignocellulosic polymer composite 

2.2.4.1 Morphology 

SEM is the mostly used technique for investigating fibre-matrix interactions at 

fracture surfaces and polymer distributions in lignocellulosic polymer 

composites. It allows the observation of monomer impregnated samples directly 

and after cure to polymer composites to yield information on fibre-polymer 

interactions (George et al., 2001). Migneault (Migneault et al., 2015) investigated 

the variations of the wetting of the fibres employed in HDPE composites, 

including aspen wood, spruce bark and spruce wood fibres by SEM (Figure 2.2). 

It was found that aspen fibres were completely wetted (noted A) whereas spruce 

and bark fibres are not in close contact with HDPE (noted C). The SEM 

micrographs also showed variation in interfacial adhesion and mechanical 

interlocking at the fibre-matrix interface. Aspen fibres presented macro-fibrils at 

the surface interlocking with the polymer matrix, thus increasing fibre 

reinforcement (noted B). The wetting and interlocking phenomena suggested a 

superior stress transfer in the case of aspen wood fibres, which explained the 

better performance of the aspen fibre reinforced composite than other fibres 

reinforced composites. 
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Figure 2.2 Morphology of WPC made with selected fibres (legend: A = close 

contact/good wetting, B = macro-fibrils, C = no close contact) (Migneault et al., 

2015) 

Pinto (Pinto et al., 2013) examined the effect of silane treatment and Z-axis 

reinforcement on the morphological structure of jute-epoxy laminated 

composites by the use of SEM, the results were shown in Figure 2.3. The fibres in 

the untreated plain weave sample (Figure 2.3a) appeared largely intact and 
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undisturbed from their aligned position, denoting that the fibre/matrix interface 

failed before enough stress could be transferred to the fibres to break or pull 

them out. The untreated unidirectional sample (Figure 2.3c) showed similar 

fracture with the features (A) fracutred matrix and (B) intact and aligned fibres 

to the untreated plain weave sample. The difference in this case was the 

dominance of clean matrix fracture without any visible fibres suggesting the 

delamination resistance of this sample was primarily governed by matrix failure. 

Figure 2.3b showed the significant changes of the fracture surface of silane 

treated sample over that of untreated counterpart, i.e. (A) pulled-out and 

fractured fibres and (B) matrix fragments clinging to the surface. Although the 

matrix fracture was still present, the fibre pull-out and breakage were seen to 

contribute to the sample’s fracture resistance, implying the interface between 

fibre and matrix was strong enough to support the stress transfer to fibre to avoid 

the failure of the interface. The improved stress transfer from matrix to the fibre, 

which led the fibre to be pulled out prior to debonding, can also be seen on the 

surface of silane treated unidirectional composite with the presence of the more 

removed fibres from the epoxy matrix (A, Figure 2.3d) and the great deal of 

matrix fragments attached to the surface (B, Figure 2.3d). 
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(a)                                                                                 (c) 

 

(b)                                                                                 (d) 

Figure 2.3 Morphology of the failure surfaces of (a) untreated and (b) silane 

treated plain weave jute-epoxy composites; and (c) untreated and (d) silane 

treated unidirectional jute-epoxy composites (Pinto et al., 2013) 

2.2.4.2 Interfacial bonding capacity 

2.2.4.2.1 Micromechanical measurements of interface shear capacity 

The interpretation of fibre/matrix adhesion is of special significance for the 

successful design and proper utilisation of lignocellulosic polymer composites. 

There are several micromechanical testing methods for measuring the 

fibre/matrix interfacial adhesion, examples are single fibre fragmentation test, 

single fibre pull-out test, microbond test, etc. The detailed summarisation of 

these tests can be found in the book of Kim & Mai (Kim and Mai, 1998). 

The single fibre fragmentation test is originally developed from the early work of 

Kelly & Tyson (Kelly and Tyson, 1965), who investigated the brittle tungsten fibre 

that broke into multiple segments in a metal matrix composite. In the 
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fragmentation test (Figure 2.4), a single fibre is totally encapsulated in a chosen 

polymer matrix, which in turn is loaded in tension. This experiment is conducted 

under a light microscope in order to in situ observe the fragmentation process. 

The fibre inside the resin breaks into increasingly smaller fragments at locations 

where the fibre’s axial stress reaches its tensile strength. This requires the resin 

system to be of a sufficiently higher strain-to-failure than the fibre. When the 

fibre breaks, the tensile stress at the fracture location reduces to zero. Due to the 

constant shear in the matrix, the tensile stress in the fibre increases roughly 

linearly from its ends to a plateau in longer fragments. The higher the axial strain, 

the more fractures will be caused in the fibre, but at some level the number of 

fragments will become constant as the fragment length is too short to transfer 

enough stresses into the fibre to cause further breakage. The shortest fibre length 

that can break on application of stress is defined as the critical fibre length, lc. The 

average interfacial shear strength τ, with regards to the fibre strength σ, and the 

fibre diameter d, can be estimated from a simple force balance expression for a 

constant interfacial shear stress: 𝜏 = 𝜎𝑓𝑑/2𝑙𝑐 (Feih et al., 2004). 

 

Figure 2.4 Schematic of single fibre fragmentation test (Feih et al., 2004) 
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In the single fibre pull-out test (Figure 2.5), the fibre is embedded in a block of 

matrix. The free end is gripped and an increasing load is applied as the fibre is 

pulled out of the matrix while the load and displacement are measured (Pickering, 

2008). At the first stage of pull-out loading, the induced shear stresses along the 

fibre do not exceed the bond strength between the fibre and matrix. Once the 

force required to pull the fibre out of the block is determined, the corresponding 

interfacial shear strength can be calculated. The maximum load, F, measured 

before the detachment of the fibre from the matrix is related to the average value 

of the fibre-matrix shear strength, 𝜏, through the equation 𝐹 = 𝜏𝜋𝑑𝑙, where 𝜋𝑑 is 

the fibre circumstance and 𝑙 is the embedded fibre length (Pickering, 2008).  

 

Figure 2.5 Schematic of single fibre pull-out test 

The other test method of interfacial shear strength, microbond test, is considered 

as a modified single fibre pull-out test. It consists of first applying small amount 

of resin onto the fibre surface in the form of a droplet that forms concentrically 

around the fibre in the shape of an ellipsoid, and then applying a shearing force 

to pull the fibre out of the droplet or vice-versa, thus the bead is restrained by 

opposing knife edges (Figure 2.6) and stripped off, the applied load and the blade 

displacement are recorded. Assuming that the interface is in a uniform state of 

shear stress, the average of shear stress can be calculated by dividing the 
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maximum measured force of debonding by the embedded area of fibre, i.e. 𝜏 =

𝐹/𝜋𝑑𝑙. The bond strength value can be used for investigating the dependence of 

composite performance on the energy absorbing characterisation of the interface 

and to establish the extent to which the fibre surface treatment can alter bonding 

(George et al., 2001).  

 

Figure 2.6 Schematic of microbond test 

2.2.4.2.2 Nanomechanical measurements of interface bonding capacity 

Nanoindentation technique is an effective method in determining material 

surface properties at nanoscale, and has recently found its application feasible to 

plastics and natural fibres (Ghomsheh et al., 2015; Lee and Deng, 2013; Zhang et 

al., 2012; Wu et al., 2010; Xing et al., 2009; Lee et al., 2007a; Tze et al., 2007; Gindl 

et al., 2006; Hobbs et al., 2001; Oliver and Pharr, 1992).This method is achieved 
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by monitoring a probe penetrating into the specimen surface and synchronously 

recording the penetration load and penetration depth (Zhang et al., 2012). A 

schematic representation of a typical loading-displacement curve obtained 

during a full cycle of loading and unloading is presented in Figure 2.7. 

 

Figure 2.7 Typical loading-unloading curve of nanoindentation test (Dhakal et 

al., 2014) 

In a typical test, a load in the range of 10 μN to 500 mN is applied to an indenter 

in contact with the specimen surface, an indent/impression is made (typically 

10-500 nm) that consists of plastic and elastic deformation (Dhakal et al., 2014). 

The maximum load Pmax, the maximum depth hmax, the final depth after unloading 

hr, and the slope of the upper portion of the unloading curve S are monitored in 

the loading-unloading cycle. The material properties, such as elastic modulus and 

hardness, can be extracted by analysing the data with the method developed by 

Oliver & Pharr (Oliver and Pharr, 1992). The nanoindentation technique is being 

established as the primary tool for investigating the mechanical properties of 

wood or fibre cell walls and polymers at nanoscale. However, extremely few 
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studies have been performed the interfacial properties of lignocellulosic polymer 

composite by using this technique. 

Lee (Lee et al., 2007a) investigated the hardness and elastic modulus of cellulose 

fibre and PP in a cellulose fibre-reinforced PP composite by the use of 

nanoindentation with a continuous stiff measurement technique. The hardness 

and elastic modulus in the interface region were measured with different 

indentation depth and spacing. It was assumed that the width of interface region 

(property transition zone) was less than 1 μm. However, 3D Finite Element 

Analysis-based results showed that even a perfect interface without property 

transition had almost same interface width as that measured by nanoindentation. 

Therefore, it would be difficult to calculate the exact mechanical properties using 

existing nanoindentation techniques without considering the effect of 

neighbouring material property in at least 8 times smaller region than indent size. 

Dhakal (Dhakal et al., 2014) studied the effect of water absorption on the 

nanohardness of woven fabric flax and jute fibre-reinforced bioresin-based 

epoxy biocomposites with the application of nanoindentation following the 

immersion at room temperature. The nanohardness decreased from 0.207 GPa 

for the flax dry sample to 0.135 GPa for the flax wet sample owing to the weaker 

fibre interface resulted from the water immersion, whereas it seemed like the 

water absorption did not have adverse effect on the harness values of jute 

samples, which were 0.107 GPa and 0.112 GPa for dry and wet specimens 

respectively.  

2.2.4.2.3 Spectroscopic measurements of interface bonding capacity 

Fourier transform infrared spectroscopy (FTIR) 

FTIR offers quantitative and qualitative analysis for organic and inorganic 

materials. It identifies chemical bonds in a molecule by producing an infrared 

absorption spectrum. The resulting spectra produce a profile of the sample, a 

distinctive molecular fingerprint that can be used to screen and scan samples for 

many different components. This effective analytical instrument for detecting 

functional groups and characterising chemical bonding information has been 

extensively used in composite materials.  
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Lu (Lu et al., 2014) investigated the effects of alkali soaking and silane (i.e. 

glycidoxypropyltrimethoxysilane, KH560) coupling modification of bamboo 

cellulose fibres (BCF) and MA grafting of poly(L-lactic acid) (PLLA) on the 

improved interfacial property of cellulose/PLLA composites. The FTIR was 

applied to study the chemical structure of virgin cellulose and the changes after 

the pretreatments, and also the chemical structure of PLLA and cellulose/PLLA 

composites, with the results showing in Figure 2.8. The OH stretching vibration 

peak of virgin cellulose at 3421 cm-1 was shifted to 3415 cm-1 after the alkali 

treatment, which was ascribed to the disturbing of hydrogen bond interaction 

that linked the cellulose and the impurities. The KH560 treated fibre 

demonstrated that new chemical bonds had been formed after the treatment by 

showing the peak at 1117 cm-1 corresponded to Si-O-C stretching vibration and 

the peak at 802 cm-1 related to Si-C stretching in its FTIR spectrum. This was 

because the OH groups on silanol hydrolysed from KH560 condensed with the 

OH groups on cellulose, thus the CH2CH(O)CH2O(CH2)3SiO- group was grafted 

onto the lignocellulosic molecules. The improved interfacial adhesion between 

the lignocellulosic fibre and the matrix after the modifications can also be 

confirmed by the FTIR analysis of the composites, i.e. the filling of untreated BCF 

in the composite did not lead to the changes of absorption peaks owing to the 

poor interaction between the fibre and matrix, while after the modifications, the 

OH stretching vibration at 3657 cm-1 had shifted to about 3650 cm-1, indicating 

the superior interactions between the BCF and PLLA.  

 

Figure 2.8 FTIR spectra of a) BCF, b) NaOH treated BCF, c) KH560 treated BCF, 

PLLA and cellulose/PLLA composites (Lu et al., 2014) 
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Nuclear magnetic resonance spectroscopy (NMR) 

NMR is an analytical chemistry technique used in quality control and research for 

determining the composition and purity of a sample as well as its molecular 

structure. The principle behind NMR is that many nuclei have spin and all nuclei 

are electrically charged. An energy transfer from the base energy to a higher 

energy level (generally a single energy gap) happens when an external magnetic 

field is applied. The energy transfer takes place at a wavelength that corresponds 

to radio frequencies and when the spin returns to its base level, and energy is 

emitted at the same frequency. The signal that matches this transfer is measured 

in many ways and processed in order to yield an NMR spectrum for the nucleus 

concerned. 

NMR has become one of the significative techniques for surface characterisation 

of lignocellulosic polymer composites. Tavares (Tavares et al., 2002) 

characterised the polyurethane (PU)/natural fibres (sisal fibre and sugarcane 

waste fibre (SCF)) composites focusing on interaction, homogeneity and 

compatibility between composite components by the use of solid-state NMR with 

the employed magic angle spinning (MAS) and cross-polarisation/magic angle 

spinning (CPMAS) techniques. Figure 2.9 presented the comparison of CPMAS 

and MAS 13C NMR spectra for PU/sisal and PU/SCF composites. In comparison to 

fibres, the PU/SCF and PU/sisal composites changed the chemical shifts of C 

anomeric to low frequency, and their proton values T1
Hρ were higher than those 

of fibres. In addition, the values determined for CH-OH and CH2-OH were 

increased for PU/SCF compared with SCF and decreased for PU/sisal compared 

with sisal. These behaviour suggested that the PU/SCF had a better interaction 

between the matrix and the filler. Furthermore, since the relaxation parameter 

values increased, the modifications in the molecular packing and fibre chains 

ordination would lead the PU to be acting as a plasticiser as well. 
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Figure 2.9 Comparison of CPMAS and MAS 13C NMR spectra for PU/sisal and 

PU/SCF composites (Tavares et al., 2002) 

X-ray photoelectron spectroscopy (XPS) 

XPS is a well-established technique for analysing the surface chemistry of a 

material, which provides valuable quantitative and chemical state information 

from the surface of the material being studied. XPS spectra are obtained by 

irradiating a solid surface with a beam of X-rays while simultaneously measuring 

the kinetic energy and electrons that are emitted from the top 1-10 nm of the 

material being analysed. A photoelectron spectrum is recorded by counting 

ejected electrons over a range of electron kinetic energies. Peaks appear in the 

spectrum from atoms which emit electrons of a particular characteristic energy. 

The energies and intensities of the photoelectron peaks enable the identification 

and quantification of all surface elements (except hydrogen). XPS has been used 

by researchers to qualitatively and quantitatively scrutinise the surface 

chemistry of treated and untreated wood flour or fibres and their composites 

(Kodal et al., 2015; Tran et al., 2013; Gironès et al., 2007). Apart from the 

information about the effect of surface treatments it offers, this technique might 

also indirectly help in establishing mechanisms of interfacial behaviour such as 

identifying boundary layers (Pickering, 2008). 
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2.3 Lignocellulosic thermoplastic elastomers  

2.3.1 Formulation of lignocellulosic thermoplastic elastomers 

2.3.1.1 Modification of lignocellulosic filler and rubber-plastic matrix 

Previous studies on TPE revealed that the plastic and rubber are miscible (Kumar 

et al., 2002; Sonnier et al., 2006; Ratnam et al., 2001a). This has generated 

increasing interest in further study of incorporation of biomass into the existing 

TPE to achieve superior and multifunctional performance. The reported studies 

on wood flour or fibre filled rubber-plastic composite are shown in Table 2.6. 

Similar to wood flour or fibre filled polymer composites, surface modification is 

an indispensable issue to be dealt with during the formulation of natural fibre 

filled rubber-plastic composite. 

In the literatures, surface modification using MAPP and silane coupling agents 

has gained great attention (Kakroodi et al., 2012; Zurina et al., 2004; Osman et al., 

2010a). MAPP was an active substance that on one hand formed covalent 

bonding and ester linkages with hydroxyl groups in cellulose, on the other hand 

reacted with the polymer radicals in plastic and rubber matrices, thus increased 

the crosslinking between the filler and matrices. Silane has been reported to be 

able to act like MAPP to improve the interactions at the rice husk powder (RHP)-

acrylonitrile butadiene rubber (ANBR)-PP interface (Santiagoo et al., 2011). 

Moreover, silane was able to help the composite to form a protective layer at the 

interfacial zone, which consequently prevented the diffusion of oil and water 

molecules into the silane-treated ANBR-PP composite. 

Mansour (Mansour et al., 2006)  reported the modification of 1mm particle sized 

wood flour with NaOH solution (S, mercerisation), MA (esterification), glycidyl 

methacrylate (GM, oligoesterification), silane agent (SA) and also combinations 

of these treatments. The chemically treated wood flour was incorporated into 

SBR-PS composites. Both the mechanical and rheological properties of the 

composites followed the sequence: untreated wood flour<SA-treated flour<S-

treated flour <S-MA-treated flour<S-MA-GM treated flour. This result could be 

ascribed to the consequent decreasing of hydroxyl groups of wood flour. 

Esterification was also adopted by Ratnam (Ratnam et al., 2008) for the 
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modification of oil palm empty fruit bunch (OPEFB) fibre using methyl acrylate. 

The treated fibre filled ENR-PVC composites showed better interfacial adhesion 

between the fibre and polymer matrices than untreated fibre filled composites, 

which led to an increase of mechanical properties. However, no evidence 

suggested there was formation of any new covalent bonds between the treated 

fibre and rubber and plastic matrices.  
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Table 2.6 Wood flour and other natural fibres filled thermoplastic elastomers. 

Wood/Fibre Rubber Plastic References 

Wood flour/powder NR 

SBR 

NBR 

PVC 

PP 

PS 

(Salmah and Ismail, 2008; Kakroodi et al., 2012; Raju et al., 2008; 

Vladkova et al., 2004a; Vladkova et al., 2006; Vladkova et al., 

2004b; Ismail et al., 2003; Mansour et al., 2006; Vladkova et al., 

2003; Ismail and Nasir, 2001) 

Rice husk powder NR 

SBR 

ANBR 

PS 

PP 

PE 

(Ahmed et al., 2014; Wahab et al., 2012a; Zurina et al., 2004; 

Ratnam et al., 2008) 

Oil palm empty fruit 

bunch fibre 

NR 

Epoxidized NR 

(ENR)  

PVC (Raju et al., 2008; Ratnam et al., 2008) 

Kenaf fibre NR PP (Anuar et al., 2006; Anuar and Zuraida, 2011; Anuar et al., 2007) 

Microcrystalline fibre NR PE (Abdelmouleh et al., 2007) 

Recycled newspaper NR PP (Osman et al., 2010a; Osman et al., 2010b) 
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2.3.1.2 Processing of lignocellulosic thermoplastic elastomers 

The most important manufacturing methods of TPE are extrusion, compression 

and injection moulding. The methods and equipment used for the formulation of 

conventional thermoplastics are generally suitable for wood flour or fibre filled 

thermoplastic rubbers. The treatments of wood flour or fibre using silane 

coupling agent, NaOH solution and MA solution were carried out before they 

were mixed with the previously mixed plastic and rubber matrices in the mixer. 

However, maleated coupling agents should be added during the mixing process 

of the filler and matrices. A preheating of the uniformly mixed filler-matrix 

compounds generated an easier and better formulation of the final product when 

compression moulding was employed as the fabrication method. It should also 

be noticed that the cooling process after compression was operated under 

pressure in order to prevent the deformation of the composites from the sudden 

change of pressure. 

2.3.2 Properties of lignocellulosic thermoplastic elastomers 

2.3.2.1 Curing characteristics 

The curing characteristics of wood flour or fibre filled rubber-plastic composite 

were influenced by the treatment of filler, filling level, curing agent and the 

nature of polymer matrices. Increasing filler loading enhanced the interfacial 

interactions between the filler and rubber-plastic matrix, thus reduced the 

mobility of the polymer chains. The exhibition was the increase of both minimum 

torque and maximum torque (Wahab et al., 2012a; Vladkova et al., 2006; Zurina 

et al., 2004; Santiagoo et al., 2011; Vladkova et al., 2003). The addition of curing 

agents was able to facilitate the crosslinking formulation, which increased the 

viscosity of the system and promoted the formulation of stable network structure. 

As a result, a higher resistance was exerted to the rotation of mixing rotor and 

the stabilisation torque increased (Salmah and Ismail, 2008; Ismail and Nasir, 

2001). The thermoplastic rubber blend filled with MAPP or silane treated wood 

flour or fibre showed a higher stabilisation torque compared to the untreated 

and/or unfilled composites. This was because the enhanced interactions 

between the filler and matrices caused further increase of the viscosity of the 

mixing system (Zurina et al., 2004; Ratnam et al., 2008). However, the 
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stabilisation torque of RHP filled PS-SBR composite decreased when MA was 

employed as the modifier of RHP. This could be ascribed to the lubricant action 

from MA component in the composite (Zurina et al., 2004). In addition, the 

comparison of curing characteristics of NBR compounds to that of NBR/PVC 

compounds suggested that the vulcanisation process was accelerated in the 

presence of PVC. Furthermore, minimum and maximum torques increased with 

the increase of wood flour loading when NBR was predominant or equal to PVC, 

but both parameters decreased when PVC turned to be predominant in the 

rubber-plastic matrix (Vladkova et al., 2003). 

2.3.2.2 Mechanical properties 

TPE show the typical advantages of both rubbery materials and plastic materials. 

The incorporation of wood flour or fibre into the polymer matrices decreased the 

elasticity and flexibility of the polymer chains which resulted in more rigid 

composites (Raju et al., 2008; Vladkova et al., 2004b). Therefore, the hardness of 

the composites increased when more filler particles were incorporated. Due to 

the same reason, the tensile or Young’s modulus of the composites also increased 

with the increase of filler loading (Kakroodi et al., 2012; Raju et al., 2008; 

Vladkova et al., 2004b; Zurina et al., 2004; Ismail et al., 2003; Sameni et al., 2004; 

Santiagoo et al., 2011). However, the increase of the filler loading had a 

deleterious effect on the tensile strength and elongation at break of the 

composites (Raju et al., 2008; Zurina et al., 2004; Ismail et al., 2003; Santiagoo et 

al., 2011; Osman et al., 2010b). This was associated with a number of reasons 

including 1) irregular shape of filler present; 2) poor wetting of the filler by the 

matrix; and 3) low interfacial adhesion and compatibility between the filler and 

matrix. For the first reason, the irregular filler shape without uniform structure 

of cross section and high aspect ratio was not able to uphold the stress 

transferred from rubber and plastic (Santiagoo et al., 2011; Osman et al., 2010b). 

In the other two cases, due to the hydrophilicity of wood flour or fibre, the 

abundant hydrogen bonding allowed them to cling together and resisted them 

from being wet by the hydrophobic matrix, which further results in the poor 

dispersion of the filler and stress transferring, weak interfacial adhesion and 

bonding (Raju et al., 2008; Osman et al., 2010b). This is also the reason of carrying 
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out pretreament of wood flour or fibre which has been discussed above. Without 

the modification of the raw materials, the only adhesion mechanism between the 

filler and matrix is interdiffusion. The pretreatment strengthened the filler-

matrix bonding and interaction through chemical reactions. As a result, the 

composites showed an improved tensile strength compared with unmodified and 

unfilled composites (Kakroodi et al., 2012; Raju et al., 2008; Osman et al., 2010b).   

2.3.2.3 Thermal properties 

The thermal behaviour of natural fibre rubber composites is closely related to its 

constituents. The examination of the thermal property of recycled newspaper 

(RNP)/carbon black (CB) and RNP/silica hybrids filled PP/NR composites at 

different filler concentrations by using Thermogravimetric Analysis (TGA) and 

Derivative Thermogravimetry (DTG) showed that the dehydration as well as the 

degradation of the fibre significantly contributed to the severe weight loss of the 

composites appeared in the range of 200°C to 400°C due to the major 

decomposition of cellulose, hemicellulose and other organic components rather 

than the weight loss occurred in the temperature range from 50°C to 200°C 

(Osman et al., 2010a). DTG study suggested that there existed two main 

degradation stages in every sample with the presence of two maximum peaks, i.e. 

the major degradation of inorganic components in RNP at a temperature above 

390°C and the decomposition of saturated and unsaturated carbon atoms in PP 

at a temperature above 480°C. It should be noted that fibre filled composites 

were more thermally stable than the fibre alone. The thermal stability of the 

composites could be improved further by increasing the CB and silica contents in 

RNP/CB and RNP/silica hybrid fillers. However, the thermal analysis of OPEFB 

fibre and poly(methyl acrylate) grafted OPEFB (OPEFB-g-PMA) fibre reinforced 

PVC/ENR blend composites revealed that the addition of OPEFB fibre and 

OPEFB-g-PMA fibre did not affect the original thermal stability of PVC/ENR blend 

composite, due to  the similar onset degradation temperatures and peak values 

among all three composites (Ratnam et al., 2008). Furthermore, there was no 

apparent difference in the thermal stability of ungrafted and grafted fibres filled 

PVC/ENR composites. 
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2.3.3 Microstructure of lignocellulosic thermoplastic elastomers 

SEM is an effective technique for the investigation of filler distribution, interfacial 

adhesion and compatibility between the filler and matrix of composite materials. 

Examination of the fracture surfaces of wood flour or fibre filled rubber-plastic 

composites suggested that untreated composite displayed immiscible surface 

with the presence of noticeable holes or voids and gaps between the filler and 

matrix, and some fillers were even pulled out from the matrix, which resulted in 

the detachment of the wood flour or fibre from the matrix indicating the poor 

interfacial adhesion and wettability of the filler by the matrix (Vladkova et al., 

2004a; Ismail et al., 2003; Sameni et al., 2004; Santiagoo et al., 2011; Osman et al., 

2010b). The RHP filled acrylonitrile butadiene rubber-polypropylene (NBR-PP) 

composite reported by Santiagoo (Santiagoo et al., 2011) was exemplarily 

adopted here to gain a better capturing of the morphological examination of the 

composites (Figure 2.10). When more filler was incorporated into the composites, 

the surface exhibited the agglomeration of the filler which was unevenly 

distributed in the matrix, and then worsened the interfacial adhesion and 

bonding of the composites. This was in agreement with the gradual decrease of 

tensile strength and elongation at break resulted from the increasing filler 

loading. With the chemical treatment of the raw materials, the microstructure 

tended to be more miscible with less gaps and filler pulling out and better 

attachment compared to that of untreated composite, which was clearly shown 

in Figure 2.10. These phenomena indicated the better interaction and adhesion 

between the filler and matrix, positively influencing the tensile properties of the 

composites (Sameni et al., 2004; Ismail et al., 2003; Osman et al., 2010b). In 

addition, the coupling agent used in the composites might also act as a dispersing 

agent between the polar filler and the nonpolar polymer to form hydrogen 

bonding, promoting the dispersion of the filler in the matrix (Osman et al., 2010b). 
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Figure 2.10 SEM images of 10 phr (a and c) and 30 phr (b and d) RHP filled 

ANBR-PP composites without silane coupling and with silane coupling 

(Santiagoo et al., 2011). 

2.4 Interim Conclusions 

Thermoplastic composite materials have increasingly found their engineering 

applications in recent years especially in North America, Europe, China and Japan. 

The optimised interface governing the overall property has contributed to the 

successful formulation and thus commercialisation of the composites. 

Understanding the interface and bonding mechanisms is the key issue that 

requires significant research efforts in order to maximise the uptake and 

application of the composites. The development and/or selection of efficient and 

cost effective surface modifiers or dispersion aids or coupling agents for both 

filler and matrix are the first critical area to be considered for the development 

of the composites. The tendency is in favour of treatment that not only provides 

superb tailoring but also has minimal impact on economics and environment. 

Novel and advanced technologies for the formulation and characterisation of 

thermoplastic composites are, and continue to be of great significance to the 

sustainable development of waste biomass, worn tyres and recycled plastics, and 

many other end user industrial sectors.  

(a) (b) 

(c) (d) 
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Chapter 3 Materials and Methodologies 

3.1 Introduction 

This chapter describes the specifications of materials used in preparing Rubber-

PE, WPC and RubWPC samples and sample preparation procedures. The 

analytical techniques employed in this work are described along with detailed 

explanation of testing procedures.   

3.2 Materials 

Recycled tyre rubber used in this research was supplied by J. Allcock & Sons Ltd 

(UK), with the particle size between 0.25 mm and 0.5 mm and bulk density of 

0.36 kg/m3; recycled wood flour was supplied by Rettenmeier Holding AG 

(Germany), with a bulk density of 0.285 kg/m3; recycled polyethylene pellet with 

the melt flow index (MFI) of 0.6 g/10 min at 190oC and bulk density of 0.96 kg/m3 

was obtained from JFC Plastics Ltd (UK). 

Lubricants 12-Hydroxyoctadecanoic acid (12-HSA) and Struktol TPW 709 (A 

unique proprietary blend of processing aids made by Struktol company) were 

purchased from Safic Alcan UK Ltd (Warrington, UK); coupling agents, MAPE 

(MFI of 1.9 g/10 min at 190oC, 0.5 wt% of maleic anhydride), Si69 (> 95% purity, 

538.95 g/mol, 250oC boiling point) and VTMS (> 98% purity, 148.23 g/mol, 

123oC boiling point), were purchased from Sigma-Aldrich (Dorset, UK), and their 

chemical formulae were presented in Figure 3.1. All the raw materials and 

additives were stored in a cool and dry place before uses. 
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Figure 3.1 Chemical formulae of the coupling agents 

3.3 Formulation of composites 

The formulation of untreated and coupling agent treated Rubber-PE composites, 

WPC, and RubWPC with specific ratio (presented with percentage by weight) 

were summarised in Table 3.1, Table 3.2 and Table 3.3. All the composites were 
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carefully prepared under the same processing condition as follows: the required 

amount of PE for each batch was first placed in a Brabender Plastograph twin-

screw mixer (Fig. 3.2) and allowed to melt at 100 rpm and 190oC for 2 min, and 

subsequently mixed with rubber powder and/or wood flour for 3 min. The 

lubricants and/or coupling agents were thus added into system and mixed for 

another 10 min. It should be mentioned that 3% of coupling agents was used 

constantly based on the results in the relevant literatures (Clemons et al., 2011; 

Salimi et al., 2009; Ismail et al., 2002). The resulted mixture was thus ground to 

pellets by using a Retsch cutting mill (SM 100, Germany). The ground blends were 

compression moulded on an electrically heated hydraulic press. Hot-press 

procedures involved 20 min preheating at 190oC with no load applied followed 

by 10 min compressing at the same temperature under the pressure of 9.81 MPa, 

and subsequently air cooling under load until the mould reached 40oC.  

Table 3.1 Formulation of Rubber-PE composites 

Sample Rubber 

(%) 

PE 

(%) 

TPW 

709 (%) 

12HSA 

(%) 

MAPE 

(%) 

Si69 

(%) 

VTMS 

(%) 

Untreated 50 43 3.5 3.5 0 0 0 

MAPE treated 50 40 3.5 3.5 3 0 0 

Si69 treated 50 40 3.5 3.5 0 3 0 

VTMS treated 50 40 3.5 3.5 0 0 3 

Table 3.2 Formulation of WPC 

Sample Wood 

(%) 

PE 

(%) 

TPW 

709 (%) 

12HSA 

(%) 

MAPE 

(%) 

Si69 

(%) 

VTMS 

(%) 

Untreated 50 43 3.5 3.5 0 0 0 

MAPE treated 50 40 3.5 3.5 3 0 0 

Si69 treated 50 40 3.5 3.5 0 3 0 

VTMS treated 50 40 3.5 3.5 0 0 3 
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Table 3.3 Formulation of RubWPC 

Sample Rubber 

(%) 

Wood 

(%) 

PE 

(%) 

TPW 

709 (%) 

12HSA 

(%) 

MAPE 

(%) 

Si69 

(%) 

VTMS 

(%) 

Untreated 20 30 43 3.5 3.5 0 0 0 

MAPE treated 20 30 40 3.5 3.5 3 0 0 

Si69 treated 20 30 40 3.5 3.5 0 3 0 

VTMS treated 20 30 40 3.5 3.5 0 0 3 

MAPE&Si69 20 30 40 3.5 3.5 1.5 1.5 0 

MAPE&VTMS 20 30 40 3.5 3.5 1.5 0 1.5 

MAPE&Si69-10 10 40 40 3.5 3.5 1.5 1.5 0 

MAPE&Si69-30 30 30 30 3.5 3.5 1.5 1.5 0 

 

 

Figure 3.2 Brabender Plastograph twin-screw mixer 

3. 4 Chemical structure and microstructure analyses 

3.4.1 Solid state 13C NMR analysis 
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Solid state 13C NMR analysis was conducted on a Bruker spectrometer with a 

CPMAS probe operating at 100 MHz. The measurements were performed at 

ambient probe temperature with high power decoupling. Samples were packed 

in zirconium oxide rotors of 7 mm diameter fitted with Kel-F caps. Spectra were 

acquired at the spinning rate of 6 kHz, with 4096 scans per spectrum collecting 

in the region between -130 ppm and 270 ppm. 

3.4.2 ATR-FTIR analysis 

The FTIR spectra of the composites were recorded on a PerkinElmer Spectrum 

one Spectrometer equipped with diamond crystal and an incident angle of 45o 

was used. The atmospheric compensation function minimises the effect of 

atmospheric water and CO2 on the sample spectra without the need of reference 

or calibration spectra. The Absolute Virtual Instrument (AVI) in PerkinElmer 

actively standarises instrument response to improve repeatability and protect 

data integrity. The instrument was operated under the following conditions: 

4000 – 650 cm-1 wave number range, 4 cm-1 resolution and 16 scans. The 

specimen dimension was 2 mm × 2 mm × 1 mm for both untreated and coupling 

agent treated composites, and the average of three measurements was reported.  

3.4.3 SEM and FM analyses 

All the composites were transversely cut by using a sliding microtome with the 

nominal thickness of around 25 microns for the morphological investigation of 

the cross sections. The SEM observation was conducted on a Leo 1430VP SEM 

operating at 10 kV, all the samples were conductively plated with gold by 

sputtering for 45 s before imaging. FM examination was conducted on a Carl Zeiss 

Axio imager microscope with a 100 W mercury burner, also, a green exciter-

barrier filter set with 480/40 nm excitation wavelength and 510 nm emission 

wavelength was applied to observe the cross sections.  

3.5 Physical and mechanical property analyses  

3.5.1 Tensile property analysis 

Tensile properties of the composites were determined at a crosshead speed of 1 

mm/min according to the standard BS EN ISO 527-2:2012 on an Instron 5900 

testing machine with 30 kN load capacity. Tensile strain is calculated by 
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measuring the length of stretch or elongation the specimen undergoes during 

tensile testing, is expressed as a percentage (%). For each sample, the tensile 

property reported is the average of six measurements. The tensile properties of 

recycled PE were also measured and given for reference: tensile stress at 

maximum load 23.05±0.17 MPa, tensile strain at maximum load 10.35±0.32%, 

tensile modulus 2385.41±133.25 MPa.  

3.5.2 Dynamic mechanical analysis (DMA) 

Dynamic mechanical properties of the composites were measured by using a 

dynamic mechanical analyser (Q800, TA Instruments, New Castle, USA) under 

single cantilever strain-controlled mode. The temperature ranges from -100oC to 

120oC with a heating rate of 3 oC/min. The oscillation amplitude was 20 µm, the 

frequency was 1 Hz, and the specimen dimension was 17.5 mm × 10.8 mm × 1.4 

mm. 

3.5.3 Nanoindentation analysis 

The samples for nanoindentation determination were prepared as follows: a 

sloping apex (around 45o) was created on the cross section of the sample by using 

a sliding microtome, thus the sample was mounted onto a PowerTome 

ultramicrotome (Boeckeler Instruments, Figure 3.3) and transversely cut with a 

glass knife and a diamond knife to obtain an exceptionally smooth and flat surface. 

The cross section of the samples was firstly observed under an optical 

microscope to select the regions to be indented (Figure 3.4a). The tests were 

performed on a Nano Indenter (Hysitron TI 950 TriboIndenter, USA) equipped 

with a three-side pyramid diamond indenter tip (Berkovich) as shown in Figure 

3.5. In each test region, the space between two adjacent testing positions was 

more than 30 times of the maximum indentation depth (Figure 3.4b and Figure 

3.4c). The indentations were conducted under load-controlled mode consisting 

of three segments, i.e. loading with 150 μN in 5 seconds, holding for 2 seconds, 

and unloading in 5 seconds. A typical loading-displacement curve was presented 

in Figure 3.6. The maximum load Pmax, the maximum depth hmax, the final depth 

after unloading hr, and the slope of the upper portion of the unloading curve S 

were monitored in a full loading-unloading cycle. The material properties, such 
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as reduced elastic modulus and hardness, could be extracted by analysing the 

data with the method developed by Oliver and Pharr (Oliver and Pharr, 1992).  

The hardness (H) was calculated as follows: 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
                                                                 (Eq. 3.1) 

Where, A is the projected contact area at maximum load. Er, the reduced elastic 

modulus accounting for the compliance of the indenter tip, was determined as: 

𝐸𝑟 =
√𝜋

2

𝑑𝑃

𝑑ℎ

1

√𝐴
                                                             (Eq. 3.2) 

Where, dP/dh = S. The results reported in the work were from the indentations 

placed in the valid positions, namely clearly on the cells with intimate and firm 

resin contact, excluding the results from cracks and other positions. 

 

Figure 3.3 Boeckeler PowerTome ultramicrotome 
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Figure 3.4 Typical in situ imaging nanoindentation test: (a) microscope image of 

testing cells in transverse section; (b) image of cell walls in region 1 of Figure 

3.4a before indenting; (c) image of cell walls in region 1 of Figure 3.4a after 

indenting. 

 

Figure 3.5 Hysitron TI 950 TriboIndenter for nanoindentation analysis 
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Figure 3.6 Typical loading-unloading curve of nanoindentation test. 

3.6 Interim Conclusions 

The details of the materials used in preparing Rubber-PE, WPC and RubWPC 

materials and the methods employed in formulating and analysing these 

composites have been presented in this chapter. The described methodologies 

were used to gather experimental results in Chapter 4, 5, 6, 7 and 8, except where 

specific experimental procedures were made in the following chapters, such that 

with thorough and detailed interpretation leads to achieving the goals of the 

project. 
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Chapter 4 Interfacial Optimisation and Characterisation of 

Rubber-PE Composites 

4.1 Introduction 

Coupling agents have been extensively employed in the development of ground 

tyre rubber (GTR) filled thermoplastic composites aiming at refining the 

disfavoured constituent compatibility and insufficient interfacial adhesion. 

Maleated olefins, such as MAPP or MAPE, had been proven to improve the 

adhesion between tyre rubber and polyolefins due to the presence of the MA 

functional group, resulting in smoother surface and better particle dispersion in 

a continuous matrix (Lee et al., 2007b). Silane coupling agents were also found to 

be of the capability of enhancing the compatibility between recycled rubber and 

thermoplastics or thermosets by promoting rubber to interact with polymer 

matrix, which provided the compatibilised composites with more desirable 

mechanical properties than the uncompatibilised counterpart (Colom et al., 2006; 

Kaynak et al., 2003; Kaynak et al., 2001). The effectiveness of these treatments 

was in general evaluated by the improvement in the physical and mechanical 

properties of the formulated composites. Nevertheless, the generation and 

variation of the chemical functionalities and structure during compatibilisation 

treatments, which undoubtedly concern the bonding scenario, microstructure 

and thus performance of the composites, unfortunately have not yet been 

thoroughly investigated. 

In the present work, Rubber-PE composites were developed by the use of 

recycled tyre rubber and PE aiming at improving the sustainability of the 

recycling process of ground tyre rubber and thermoplastics and reducing the 

environmental impact from waste disposal. In order to formulate a reasonable 

composite, three different coupling agents, i.e. MAPE, Si69 and VTMS, were 

attempted to improve the compatibility, homogeneity and interfacial adhesion. 

The focus of this chapter was to reveal the chemical functionalities, structure and 

bonding of the formulated composites by carrying out ATR-FTIR and NMR 

analyses, thus, to explore their correlation with the microstructure and bonding 

scenarios, and eventually the contribution to the mechanical properties of the 

composites.  
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4.2 Results and Discussion 

4.2.1 Chemical functionality and structure 

4.2.1.1 NMR analysis 

Figure 4.1 shows the 13C NMR spectra of untreated and coupling agent treated 

Rubber-PE composites. The spectra were dominated by the resonances of PE at 

43.71 ppm, 32.48 ppm, 26.17ppm and 21.57 ppm, which were assigned to 

methylene, methylene in the main chain, methine and methyl, respectively 

(Sombatsompop et al., 2004b; Renneckar et al., 2005). Resonances originated 

from rubber component were observed at 130.10 ppm and 14.67 ppm referring 

to aromatic C2 and C4 of SBR and -CH3 at the branch chain of SBR (Figure 4.2) 

respectively (Arantes et al., 2009; Sombatsompop et al., 2004b). The diagnostic 

characteristics of isoprene units of NR (Figure 4.2) in tyre rubber were expected 

to be detected at around 33 ppm (C1), 28 ppm (C4) and 24 ppm (C5), which 

should have shifted and overlapped with the resonances of PE (Sakdapipanich et 

al., 2006; Ricardo et al., 2002; Buzaré et al., 2001).  

It was noticed that apart from the chemical shifts of rubber and PE, there was an 

additional peak presented at 74.50 ppm in the spectra of VTMS treated composite, 

which might be resulted from the oxidation of C-C bonds in rubber molecules 

under high temperature and pressure with the incorporation of VTMS. The 

general region of carbons with a single bond to oxygen ranged from 73 ppm to 

83 ppm (Aganov and Antonovskii, 1982; Kehlet et al., 2014). Epoxides were often 

anticipated to be the products of rubber oxidation, while the chemical shifts of 

which were rather around 55 ppm. Chemical shifts of secondary alcohols and in 

particular ethers could reach 73 ppm depending on the processing environment 

(Kehlet et al., 2014). Peroxides and hydroperoxides might be the most downfield 

signals in the region between 72-75 ppm (Somers et al., 2000; Aganov and 

Antonovskii, 1982).  

It can be seen that the peaks at 92.08 ppm and 43.73 ppm in the spectra of treated 

composites were slightly broader than those in the spectrum of the untreated 

counterpart. This was primarily due to the fact that the width of resonance line 

was correlated to the segmental polymer motion. If the polymer molecules were 
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free to move in any direction, then the spectral line would be narrow, and vice 

versa (Somers et al., 2000). In terms of the treatment processing, this might 

indicate that the addition of coupling agents into the composites resulted in more 

solid-like polymers with restricted molecular mobility. With respect to the 

potential crosslinking reactions between the coupling agents and raw materials 

owing to the treatments, NMR determination results did not unambiguously 

suggest the formulation of relevant chemical bonds. Specifically, C-S bonds and 

C-O-Si bonds were expected to be observed in the region of 45-55 ppm and 55-

65 ppm respectively (Fyfe and Niu, 1995; Salon et al., 2005; Zaper and Koenig, 

1988; Silverstein et al., 2014). In this regard, the lack of these bands in the 

corresponding NMR spectra might be explained by a number of reasons, 

including: 1) insufficient concentration of these bonds to be detected; 2) T1 

relaxation times of these units being much longer in comparison to the relaxation 

times of other molecular units in the polymers; and 3) T2 relaxation times of these 

units being short enough to cause the signals to be broadened beyond detection 

(Sitarz et al., 2013). Further scrutinising of the potential crosslinking between 

the coupling agents and constituents of the composites by other analytical 

technique would be of great significance for better understanding the 

compatibilisation impact of the treatments on the variations of chemical 

functionalities and structure of the composites, which was carried out in the next 

section. 
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Figure 4.1 13C NMR spectra of untreated, MAPE, Si69 and VTMS treated Rubber-

PE composites 
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Figure 4.2 Chemical structure of SBR unit and NR unit 

4.2.1.2 FTIR analysis 

FTIR was employed to further explore the influence of the incorporation of the 

coupling agents on the chemical structure and bonding of the composites. Figure 

4.3 demonstrates the comparison of the FTIR spectra of untreated and treated 

Rubber-PE composites. The spectral characteristics of the incorporated MAPE 

coupling agent were observed at 1713 cm-1 and 1637 cm-1 referring to C=O and 

C=C stretching vibrations of maleic anhydride moiety (Martı́nez-Barrera et al., 

2004; Lu et al., 2005; Liu et al., 2015). With respect to the spectral variation of 

rubber constituent, the band at 1062 cm-1 referring to the C-S-C stretching in the 

C-S bonds was shifted to 1095 cm-1 and became sharper after the treatment (Rai 
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et al., 2006; Akiba and Hashim, 1997). This might be an indication of the 

macromolecular entanglements between the rubber polymer chain and the 

grafted polyethylene in MAPE.  

Si69 has been proven to be an effective coupling agent for improving the 

interfacial and overall property of rubber based composites, such as 

lignocellulosic fibre-rubber, geopolymer-rubber and carbon black-rubber 

composites (Noriman and Ismail, 2012; Salimi et al., 2009; Thongsang and 

Sombatsompop, 2006; Choi, 2002; Ismail et al., 2002; Ismail et al., 1999). The 

effect of the silane treatment on the chemical structure of the composite could be 

clearly seen from the FTIR result. The Si69 treated composite demonstrated a 

much more intense band at 1053 cm-1 attributing to C-S-C stretching vibration, 

while the counterpart from the untreated was observed at 1062 cm-1 

(Gunasekaran et al., 2007; Rai et al., 2006; Akiba and Hashim, 1997). The shift of 

wave number and increase of intensity may be attributed to the introduced Si-O-

C bonds in Si69 and the C-S linkages formed between the silane and rubber 

polymers which may be proposed in Figure 4.4, namely the coupling agent Si69 

with a sulfidic linkage between triethoxysilylpropyl groups was dissociated to 

form radicals under high temperature and pressure, thus the sulfide groups 

crosslinked with both SBR and NR macromolecules in rubber (Choi, 2002). The 

crosslinking with silane of rubber may trigger its further entanglement and/or 

chemical coupling with PE matrix owing to the activated surface (Karger-Kocsis 

et al., 2013), which automatically reduced the chance to form sulfur-crosslinking 

within the sulfur-rich rubber molecules and simultaneously prevented the 

accumulation of rubber particles in the matrix to some extent (Choi, 2002; 

Thongsang and Sombatsompop, 2006). Thongsang (Thongsang and 

Sombatsompop, 2006) examined the effect of Si69 treatment on the properties 

of fly ash/NR composite, it was pointed out that with high loading of Si69 (4-8 

wt%), the bulky triethoxysilylpropyl groups in Si69 might cause the steric 

hindrance to the linkage formation between the rubber molecules and the fly ash 

particles. In addition, a self-condensation of Si69 could occur at high Si69 

contents, resulting in the formation of mono- and poly- layers of polysiloxane 

molecules on the surface of fly ash. 



65 
 

It was worth noting that the diagnostic characteristic of Si69, i.e. Si-O-C stretching 

at approximately 1100 cm-1 and 1072 cm-1, was not found in the spectrum, which 

should have overlapped with the band of C-S-C stretching after being 

incorporated into the composite (Abdelmouleh et al., 2007; Bengtsson and 

Oksman, 2006). These spectral characteristics unveiling the chemical interaction 

between the coupling agent and raw materials were unfortunately not detected 

in the above NMR analysis (Section 4.2.1.1) probably due to insufficient 

concentration or inappropriate relaxation time of the corresponding bonds (C-O 

and C-O-Si).  

VTMS was another coupling agent applied for refining the interface of the 

composite. The FTIR spectra of the untreated and VTMS treated composites did 

not show considerable difference in terms of the band appearance and intensities, 

especially the bands corresponding to C-O-Si and C-S-C bonds (1020 cm-1 - 1100 

cm-1), which might be an indication of fairly limited crosslinking or entangling 

occurred between the coupling agent and raw materials. This result was 

consistent with the NMR analysis of this treatment. 
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Figure 4.3 FTIR spectra of untreated, MAPE, Si69 and VTMS treated Rubber-PE 

composites 
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Figure 4.4 Proposed chemical reaction between Si69 and the polymers of 

Rubber-PE composite 

4.2.2 Interface structure and bonding 

The effect of the incorporation of the coupling agents on the interface structure 

and bonding scenario of Rubber-PE composites was scrutinised by SEM, with 

results presenting in Figure 4.5. Clear cracks and boundaries can be observed 

between the components of the untreated composite (Figure 4.5a), suggesting 

the poor compatibility between the untreated raw materials. The incompatibility 

seemed not only to prevent the close interaction between rubber and PE, but also 

to impede the hydrodynamic flow of the polymer resin, which gave rise to the 

formation of a number of voids within the matrix as shown in Figure 4.5a. These 

phenomena evidently indicated the inappropriate interfacial contact and 

adhesion of the untreated composite. The SEM image of MAPE treated composite 

(Figure 4.5b) demonstrated an improvement of constituent compatibility and 

wettability of the rubber by the resin after the treatment, by showing a greater 

embedment of the rubber particles in the matrix with subtle cracks and voids. 

The scenario in the Si69 treated composite is completely different from the 

others, displaying well embedded rubber particles in the matrix along with firmly 

bonded interface (Figure 4.5c). Moreover, the phase structure of the matrix was 

likely of interpenetrating network, being smoother and more compact than that 

of the other composites. These observations should be related to the enhanced 

chemical compatibility and interdiffusion through the intermolecular 

interactions between the MAPE and Si69 coupling agents and rubber and PE 

molecules, i.e. the macromolecular entanglements between the grafted PE moiety 
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in MAPE and the polymer chains of both rubber and PE in the composite, and the 

chemical crosslinking between dissociated Si69 and rubber molecules followed 

by the entangling with PE polymer (Section 4.2.1). These chemical interactions 

gave rise to the creation of entangled and/or crosslinked rubber-PE network 

accompanied by the increase of rubber wettability by matrix, constituent 

compatibility and interfacial adhesion of the corresponding composites.  

It was presumed that the enhancement in the adhesion and bonding at the MAPE 

and Si69 treated Rubber-PE interfaces would benefit the performance of the 

composites given the interface was recognised to play a predominant role in 

governing the global composite behaviour by controlling the stress transfer 

between the constituents of a composite. In comparison to the untreated, the 

VTMS treated composite did not demonstrate significantly distinct interface 

structure and bonding scenario (Figure 4.5d), suggesting the inferior 

compatibilisation and interface refinery by VTMS treatment. This was in a good 

agreement with the previously discerned comparatively limited chemical 

interactions between this coupling agent and the constituents of the composite 

(Section 4.2.1).  
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Figure 4.5 Microstructures of cross section of untreated (a), MAPE treated (b), 

Si69 treated (c) and VTMS treated (d) composites 

4.2.3 Mechanical properties 

4.2.3.1 Dynamic Mechanical Analysis (DMA) 

Storage modulus is closely related to the load bearing capacity of a material 

(Mohanty and Nayak, 2006; Mohanty et al., 2006). The temperature dependence 

of storage modulus of Rubber-PE composites was graphically enumerated in 

Figure 4.6. It was observed that the coupling agent treated composites had higher 

storage moduli than the untreated one, primarily due to the enhanced 

compatibility and interfacial adhesion between rubber and PE after the 

compatibilisation treatments as discussed in Section 4.2.2. The storage moduli in 

all composites decreased with the increase of temperature with a notable descent 

in the region from -75oC to -25oC, thus gradually reached a plateau region (50 – 

120oC) in which the modulus differentiation between the treated and untreated 

composite diminished.  

The variation of loss modulus as a function of temperature was also presented in 

Figure 4.6 for the purpose of exploring the transition behaviour of the composites. 

(c)  (d)  

(b)  (a)  
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Both the untreated and treated composites demonstrated two relaxation peaks 

in their curves, i.e. the peaks at around 45oC were associated with the α transition 

of PE matrix, concerning the chain segment mobility in the crystalline phase due 

to the reorientation of defect area in the crystals (Bengtsson et al., 2005; Mohanty 

and Nayak, 2006; Mohanty et al., 2006), while the peaks at -45oC to -35oC were 

resulted from the molecular motion of rubber phase corresponding to its glass 

transition (Wahab et al., 2012b). It was observed that the treated composites 

especially the MAPE and Si69 treated possessed higher loss moduli than the 

untreated one, and their glass transition peaks had shifted towards higher 

temperature regions (Table 4.1). These behaviours were associated with the 

generation of constraints on the segmental mobility of macromolecules at the 

relaxation temperatures due to the strengthened interfacial interaction and 

adhesion of the composites after the MAPE and Si69 treatments, which on the 

other hand accounted for the comparatively broader NMR resonance peaks as 

observed in section 4.2.1.1 (Ou et al., 2014; López-Manchado et al., 2002). The 

larger the interface area and the stronger the interfacial interaction, the greater 

the molecular motion were restricted (Azlinaa et al., 2011).  

The ratio of loss modulus to storage modulus tanδ was measured to further 

understand the damping behaviour and interface property of the composites 

(Figure 4.6). In the glassy plateau, the MAPE and Si69 treated composites showed 

inferior tanδ amplitude than the untreated composite, and their glass transition 

temperatures (Tg) were determined to be 3.1oC and 10.2oC higher than that of the 

untreated (-36.0 oC) respectively (Table 4.1). These findings substantiated the 

aforementioned enhanced interface bonding and immobility of molecular chains 

of the treated composites. When the composites were subjected to external stress, 

the external energy was dissipated by the friction between particle-particle and 

particle-matrix interaction through the interface (Azlinaa et al., 2011). Therefore, 

the composites with comparatively poorer interface bonding (untreated and 

VTMS treated) were inclined to dissipate more energy due to the existence of 

particle-particle friction in weak agglomerates where particles touched each 

other and the particle-polymer friction at the interface where there was 

essentially no adhesion, leading to higher magnitude of the corresponding 

damping peaks (Ou et al., 2014; Felix and Gatenholm, 1991; Ashida et al., 1984). 
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In addition, it was noted that the melting points of MAPE and Si69 treated 

composites were shifted to higher temperatures, namely 107.6oC and 114.7oC 

respectively, which should be ascribed to the crosslinking occurred between the 

coupling agents and the polymer molecules. 
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Figure 4.6 Storage modulus, loss modulus and tan δ of untreated and treated 

composites as a function of temperature 

Table 4.1 Crucial parameters extracted from DMA curves of Rubber-PE 

composites 

Sample Temperature of 

rubber relaxation 

peak (Tr, oC) 

Loss 

modulus at 

Tr (MPa) 

Glass transition 

temperature 

(Tg, oC) 

Tanδ at 

Tg 

Untreated -45.6 270.1 -36.0 0.124 

MAPE 

treated 

-42.7 291.6 -32.9 0.127 

Si69 treated -36.3 273.7 -25.8 0.126 

VTMS treated -43.5 271.4 -35.0 0.117 
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4.2.3.2 Tensile properties 

Table 4.2 summarises the tensile properties of the untreated and treated Rubber-

PE composites. The untreated composite showed a tensile strength of 4.66 MPa, 

while with the incorporation of MAPE and Si69 coupling agents into the 

composite, the corresponding tensile strength increased by 5.79% and 34.12% 

respectively. This result denoted that MAPE and Si69 treatments did not only 

result in the increase of interfacial adhesion and bonding of the composites, but 

also facilitated the stress transfer from the uniform matrix to the irregularly 

shaped rubber particles. In addition, the tensile strain of MAPE and Si69 treated 

composites was found to be notably higher (46.68% and 69.44% respectively) 

than that of the untreated, which could be explained by the enhanced resistance 

to crack propagation as a result of a set of better interfacial interactions 

(Mészáros et al., 2012b). Due to the comparatively poorer compatibilisation and 

interface refinery of the VTMS treatment, the resulted composite demonstrated 

a subtle reduction of tensile strength to 4.50 MPa and increase of tensile strain to 

8.28%. Furthermore, all the treated composites exhibited slightly lower tensile 

modulus values as compared to untreated composite, indicating the marginal 

decrease in stiffness after the coupling agent treatments. 

Table 4.2 Tensile property of Rubber-PE composites 

Sample Tensile stress 

(MPa) 

Tensile strain 

(%) 

Tensile modulus 

(MPa) 

Untreated 4.66±0.11 7.69±0.44 422.34±17.41 

MAPE treated 4.93±0.25 11.28±0.53 411.82±20.36 

Si69 treated 6.25±0.22 13.03±0.68 422.15±22.04 

VTMS treated 4.50±0.23 8.28±0.61 403.45±18.57 

4.3 Interim Conclusions 

The compatibilisation influence of the application of MAPE, Si69 and VTMS 

coupling agents on the chemical structure, microstructure and mechanical 

property of Rubber-PE composites has been comprehensively investigated. FTIR 

results revealed that the crosslinking reactions occurred between the functional 
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groups of MAPE (MA groups) and Si69 (sulfide groups) and the constituents of 

the composites, which gave rise to the enhancement of chemical compatibility 

and interdiffusion, rubber wettability by the matrix, and thus the interfacial 

adhesion of the composites. The spectral characteristics unveiling the chemical 

interactions between the coupling agents and raw materials were unfortunately 

not detected in NMR analysis probably due to insufficient concentration or 

inappropriate relaxation time of the corresponding bonds (e.g. C-O and C-O-Si). 

SEM observations substantiated the improvement of the constituent 

compatibility, rubber wettability and embedment, and interfacial bonding after 

MAPE and Si69 treatments. VTMS treatment was not as effective as MAPE and 

Si69 treatments by showing comparatively limited crosslinking with the 

constituents and poorer interface within the composite. NMR analysis suggested 

the constraints on the segmental mobility of the polymers resulting from the 

treatments, which contributed to the shift of glass transition peaks and inferior 

tanδ amplitude as explored in DMA study. The mechanical properties including 

storage modulus, tensile strength and tensile strain of the composites were 

increased due to the better interfacial compatibility and adhesion as well as more 

efficient stress transfer from the matrix to rubber particles after the treatments.  
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Chapter 5 Interface Structure and Bonding Mechanism of WPC 

5.1 Introduction 

The formulation of wood plastic composites (WPC) was perturbed by the 

inherently polar and hydrophilic nature of wood flour or fibre, which makes it 

least compatible with hydrophobic polymeric matrices. The poor combination of 

wood and polymer is not able to generate the designated performance (Belgacem 

and Gandini, 2005; Spear et al., 2015). Although numerous physical and chemical 

modification strategies have been attempted to overcome these drawbacks 

(Spear et al., 2015; Malkapuram et al., 2009), concerning the industrial or 

commercial production of WPC, incorporating coupling agents seemed to be the 

most available and feasible approach for its interface optimisation (Pickering, 

2008). 

Silane crosslinking of WPC could improve the adhesion between the wood filler 

and PE matrix by forming a set of chemical links including Si-O-C bridges, 

hydrogen bonds and C-C crosslinks (Bengtsson et al., 2007; Bengtsson and 

Oksman, 2006; Bengtsson et al., 2005). As a result, the strength, toughness and 

creep resistance of the crosslinked composite were significantly increased. 

Maleated olefins, such as MAPP and MAPE, had been commonly reported to 

enhance the compatibility and interfacial adhesion of WPC by reacting with the 

surface hydroxyl groups of wood through their anhydride groups, and in the 

meantime entangling with the polymer matrix through the other end of the 

copolymers owing to their similar polarities (Mohanty and Nayak, 2006; 

Mohanty et al., 2006; Gao et al., 2012; Lai et al., 2003). However, very few studies 

had paid specific attention to investigate the correlation of the chemical 

functionalities and reactions resulted from the coupling agent treatments with 

other bonding scenarios (i.e. physical and mechanical bonding), and their 

contribution to the bonding mechanism of the composites.  

In this chapter, WPC materials were fabricated by the use of recycled wood flour 

and PE aiming at reducing the consumption of virgin raw materials and the 

environmental impact. The focus of this chapter was to optimise the interface of 

WPC by incorporating three different coupling agents, i.e. MAPE, Si69 and VTMS; 

hence to comprehensively reveal the interface structure and bonding scenarios, 
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and unveil the chemical, physical and mechanical bonding mechanisms of the 

formulated WPC by carrying out a set of assessments including ATR-FTIR, NMR, 

SEM and FM analyses. 

5.2 Results and Discussion 

5.2.1 Chemical structure and bonding 

5.2.1.1 FTIR analysis 

Figure 5.1 shows the FTIR spectra of the untreated and coupling agent treated 

WPC. It was found that in the spectrum of MAPE treated WPC, the bands at 3297 

cm-1, corresponding to OH stretching vibration, interestingly became sharper and 

stronger in comparison to the counterpart of untreated WPC, which was 

supposed to decrease to some extent due to the esterification reaction between 

the hydroxyl groups in wood flour and the polar groups in MAPE. The probable 

explanation was attributed to the strengthened intermolecular and 

intramolecular hydrogen bonding existing in the compatibilised composite. The 

diagnostic feature in the spectrum of MAPE treated WPC was the occurrence of 

more intense bands at 1637 cm-1 and 1734 cm-1 corresponding to C=C and C=O 

stretching vibrations (Osman et al., 2010b; Ihemouchen et al., 2013), which 

confirmed the introduction of C=C groups and formation of ester linkages 

(covalent bonding) between wood particle and MA moiety, as the reaction shown 

in Figure 5.2a. Carlborn (Carlborn and Matuana, 2006) reported that the regions 

of interest in the FTIR spectra of maleated polyolefins modified wood particles 

were the absorbance bands near 2900 cm-1 (CH stretching) and 1740 cm-1 (C=O 

stretching), suggesting the formation of ester linkages. A grafting index (GI) could 

be calculated by using the integrated areas under these peaks with the following 

equation: 

𝐺𝐼𝑥 =
𝐴𝑥(𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

𝐴𝑥(𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
                                                    (Eq. 5.1) 

Where, x represents the absorbance band at either 2900 cm-1 or 1740 cm-1, Ax 

represents the integrated peak area. Accordingly, the bands of interest in the 

spectra of untreated and MAPE treated WPC were observed at 2915 cm-1 and 

1734 cm-1, and the calculated GIs were shown as follows: GI2915 = 1.14 and GI1734 

= 1.09. With regards to the reported MAPE modified wood particles, the 
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corresponding GI2900 and GI1740 at 5% MAPE were around 1.10 and 1.25, 

respectively (Carlborn and Matuana, 2006). The slightly higher GI1740 than GI1734 

was resulted from the higher concentration of MAPE in the wood particles (5%) 

than that in WPC (3%). It was also noticed that the GI2900 and GI1740 increased 

with the MAPE content up to 15%, and appeared to be some levelling off between 

15% and 20%, indicating a maximum level of grafting had been reached. The 

spectral bands at 1031 cm-1 in the spectra of both untreated and MAPE treated 

WPC were assigned to C-O deformation and C-O-C stretching vibrations of the 

ethers (Kotilainen et al., 2000). The significant increase of the band intensity after 

the MAPE treatment should be resulted from the introduction of MA groups and 

the C-O-C covalent bonds formed between MA and wood particles. 

The spectra of untreated and Si69 treated WPC did not show evident difference 

in terms of the band appearances and intensities, especially the bands 

corresponding to C-O-Si and Si-O-Si bonds (1020 cm-1 - 1100 cm-1), which might 

be an indication of very limited crosslinking reaction occurred between the 

coupling agent and raw materials. The disappearance of the feeble peak at 1715 

cm-1 and the slight reduction of intensity for the band at 3299 cm-1 in the 

spectrum of treated WPC might be resulted from the hydrogen bonding 

formation between wood and hydrolysed silane (silanol). Further scrutinising of 

the crosslinking between Si69 and the raw materials by another analytical 

technique (i.e. NMR) should be of great significance for confirming the above 

assumptions and was carried out in the next section.  

VTMS was another coupling agent applied for refining the interface of WPC. The 

most distinguishing characteristic presented in the spectrum of VTMS treated 

WPC was the strengthened intensity of the band at 1031 cm-1, which was resulted 

from the introduced Si-O-C groups in VTMS and the Si-O-C linkages formed 

between wood flour and VTMS. More importantly, it might also be attributed to 

the formation of Si-O-Si bonds within VTMS through the hydrolysis of the methyl 

ether linkages and consequent condensation with adjacent silanol groups 

(Ihamouchen et al., 2012; Clemons et al., 2011). Compared to that of untreated 

WPC, the slight reduction of intensity for the band at 1101 cm-1 of VTMS treated 

WPC might be attributed to the multiple linkages of Si-On-Si (Clemons et al., 2011). 
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The chemical reactions occurred between VTMS and the raw materials were 

proposed in Figure 5.2c. VTMS was firstly reacted with hydroxyl groups in wood 

flour by creating covalent bonds (Wood-O-Si), the hydrophobic part of the silane 

on the wood surface were thus chemically bonded and/or interacted through Van 

der Waals force with PE molecules. 
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Figure 5.1 FTIR spectra of untreated, MAPE, Si69 and VTMS treated WPC 
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Figure 5.2 Proposed chemical reactions between the coupling agents (a: MAPE; 

b: Si69; c: VTMS) and the raw materials of the composites 
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5.2.1.2 NMR analysis 

NMR was employed to further study the effect of the incorporation of the 

coupling agents on the variation of chemical structure of the composites. Figure 

5.3 shows the comparison of the NMR spectra of untreated and treated WPC. The 

wood component in the composites was characterised by the spectral signals of 

cellulose (Figure 5.4) at 105.74 ppm for C1, 89.30 ppm and 84.15 ppm for C4 of 

crystalline and amorphous cellulose respectively, 74.76 ppm and 72.49 ppm for 

C2,3,5, 65.02 ppm and 63.04 ppm for C6 of crystalline and amorphous cellulose 

respectively (Santoni et al., 2015; Grünewald et al., 2013; Martins et al., 2006; 

Renneckar, 2004; Stael et al., 2000; Wikberg and Maunu, 2004). The diagnostic 

signals of hemicellulose (Figure 5.4) should be at around 105 ppm (C1), 84ppm 

(C4), 72-75 ppm (C2,3,5), and 65 ppm (C5), which had all overlapped with the 

more intense signals of cellulose due to their chemical similarities (Santoni et al., 

2015; Martins et al., 2006). In terms of the characteristics of lignin in wood flour, 

the peak observed at 172.47 ppm was assigned to carboxyl groups in lignin, 

peaks at 150-154 ppm and 138-132 ppm were attributed to aryl groups, and the 

signal at 56.3 ppm was ascribed to methoxyl groups (Santoni et al., 2015; Martins 

et al., 2006; Stael et al., 2000). The resonance peaks attributed to the PE 

component in the composites were distinguished at the chemical shifts of 43.80 

ppm and 32.51 ppm assigning to methylene groups (-CH2-), and the 

comparatively subtle peaks at 26.22 ppm and 21.53 ppm were referred to 

methine and methyl groups respectively (Wikberg and Maunu, 2004; 

Sombatsompop et al., 2004a). 

Regarding the resonance variations after the treatments, the first phenomenon 

observed was that all three treated samples demonstrated broader spectra than 

untreated WPC, which might be attributed to the less conformational exchange 

and rotational diffusion in the rigid phase (Stael et al., 2000). As expected, 

compared to the untreated counterpart, the peak intensity at 32.51 ppm in the 

spectrum of MAPE treated sample dramatically increased, indicating that MAPE 

was covalently bonded to wood particles. Apart from that, the more prominent 

signal at 172.47 ppm was not only contributed by the more resolved lignin units, 

but should be also resulted from the introduced MA groups in MAPE and ester 
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linkages formed between the MA groups and hydroxyl groups of wood. These 

results were in a good agreement with the above FTIR analysis of MAPE 

treatment. The reaction mechanism of MAPE coupling agent with wood flour and 

PE could be explained as the activation of the copolymer by heating followed by 

the esterification of wood particles. This treatment increases the surface energy 

of wood flour to a level much closer to that of the matrix, and thus results in better 

wettability and enhances interfacial adhesion between the filler and matrix (Li et 

al., 2007).  

The incorporation of Si69 into the composites were discriminated by the 

appearance of resonance signals at 51.50 ppm, 49.18 ppm and 47.23 ppm, which 

were attributed to the C-Sx bonds, including C-S and C-S-S existed in Si69 

molecules, and the C-Sx bonds formed between the dissociated coupling agent 

and the polymer chains of the matrix (Figure 5.2b) (Silverstein et al., 2014; 

Andreis et al., 1989; Zaper and Koenig, 1988). Compared to the spectrum of the 

untreated sample, the new shoulder at 60.50 ppm was probably contributed by 

Si-O-C bonds which existed in Si69 and covalently formed between Si69 and 

wood flour (Salon et al., 2005; Fyfe and Niu, 1995). These spectral characteristics 

unveiled the reactions between Si69 and two constituents of the composite, 

which were unfortunately not discerned from FTIR analysis probably due to the 

overlapping of diagnostic signals and insufficient concentrations of these bonds 

to be detected. The proposed corresponding reactions were presented in Figure 

5.2b. The ethoxy groups of Si69 first reacted with functional groups (mainly 

hydroxyl) of wood flour to form a siloxane bond, thus the sulfide group of Si69 

bonded wood particle was dissociated and reacted with PE molecules to form a 

crosslinking between wood and matrix. Si69 has a sulfidic linkage of di- to octa-

sulfides and the average number of Sx- is about 3.8. Polysulfides in Si69 could be 

dissociated at low temperature (near room temperature) to form radicals and 

thus reacted with polymer molecules with storage time elapses. Therefore, the 

polysulfides of retained silane in the composite should be able to be dissociated 

and further react with both PE molecules and unreacted functional groups on 

wood surface (Choi, 2002).   



80 
 

In the spectrum of VTMS treated WPC, the peak at 133.80 ppm was initially 

assigned to lignin units in wood particles. In addition to the more resolved signal 

after this treatment, the strengthened intensity of this peak was also resulted 

from the incorporated carbons of Si-C=C and O-Si-C=C within VTMS structure 

(Sitarz et al., 2013; Fyfe and Niu, 1995). The reaction between VTMS and wood 

flour (Figure 5.2c) was confirmed by the occurrence of the peaks at 68 ppm and 

58 ppm, since which were attributed to the carbons of Si-O-C (Salon et al., 2005; 

Fyfe and Niu, 1995). The considerable enhancement of the intensity at 32.51 ppm 

(-CH2-) suggested that the VTMS had successfully bonded to PE chains via its 

unsaturated C=C groups. 

It should be pointed out that the relative resonance signals of crystalline 

carbohydrates (around 89 ppm and 65 ppm) to amorphous moieties (around 84 

ppm and 63 ppm) decreased to some extent after the treatments, which might be 

an indication of the disordering of cellulose and the conversion to an amorphous 

state under these treatments. Transformation of crystalline cellulose to an 

amorphous state in hot and compressed water had been reported recently, which 

was determined as a consequence of synergetic effect between the thermal 

properties of crystalline cellulose and the unique properties of hot and 

compressed water (Deguchi et al., 2008). It was reported that in the NMR spectra 

of g-methacryloxypropyl trimethoxy silane (MPS) grafted cellulose, the spectral 

signals of the grafted MPS and amorphous cellulose were emphasised after this 

silane treatment, while the crystalline cellulose form drastically decreased (Salon 

et al., 2007). The possible explanation of this diminishing of relative resonance 

intensity of crystalline carbohydrates was that VTMS may penetrate into wood 

lumens and vessels, thus reacted with the functional groups of cellulose, which 

in the meantime underwent transformation into an amorphous form under high 

temperature and pressure.  
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Figure 5.3 13C NMR spectra of untreated, MAPE, Si69 and VTMS treated WPC 
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Figure 5.4 Chemical structure of cellulose unit (glucose) and hemicellulose unit 

(xylose) 

5.2.2 Interface bonding scenarios and mechanisms  

The improvement of the chemical adhesion and compatibility between the 

constituents of WPC resulted from the chemical bonding and reactions between 

the incorporated coupling agents and constituents of WPC could be anticipated 

to contribute to the interface refinery. The effect of the coupling agent treatment 

on the interface bonding scenarios of the composites was scrutinised by the use 

of FM and SEM (Figure 5.5 and Figure 5.6). It can be seen a number of clear cracks 

or boundaries and voids between wood particles and the matrix occurred in the 

untreated WPC (Figure 5.5a and Figure 5.6a), which indicated a poor 

compatibility between the untreated raw materials. It was also observed that 
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there were agglomerated wood particles unevenly distributed in the matrix due 

to the readily formed hydrogen bonds within uncompatibilised wood particles 

(Osman et al., 2010b). In addition, although there were a few cell lumens partially 

filled by the polymer resin, the majorly unfilled cell lumens along with the 

existence of micro cracks between wood and PE denoted the improper interfacial 

adhesion of the untreated WPC. Comparatively, in the treated WPC (Figure 5.5b-

5.5d and Figure 5.6b-5.6d), wood flour was completely wetted by the matrix and 

firmly bonded to it, demonstrating superior interfacial adhesion with resin 

impregnation throughout the interface. More importantly, a large number of cell 

lumens of these samples were discerned to be partially or utterly filled by the 

resin, which again confirmed the enhanced interfacial adhesion and also the 

compatibility and wettability improvements.  

It was interesting to notice that there existed deformed cell lumens in the treated 

WPC especially the VTMS treated sample (Figure 5.6d). Apart from the cell 

lumens, the vessels of the wood particles in VTMS treated sample (Figure 5.6d) 

were also completely or partially filled with PE resin. It was speculated that the 

coupling agent treatments would provide the resin with better fluidity, and the 

deformed lumens and vessels tended to facilitate the flow of resin in random 

directions. It has been reported that in the case of radial and tangential 

penetration of urea-formaldehyde adhesives into poplar wood, the resins 

preferably filled the wood vessels rather than the wood fibres when the wood 

fibres and vessels close to the bond line were deformed (Grmusa et al., 2012a; 

Grmusa et al., 2012b).  

Hydrodynamic flow of molten PE resin in the composites was initiated by an 

external compression force through vessels, and then proceeded into the 

interconnected network of cell lumens and pits in interface region, with flow 

moving primarily in the paths of least resistance (Grmusa et al., 2012a; Grmusa 

et al., 2012b). The flow paths in any directions were in general a combination of 

open cut lumens and vessels as well as of large pits. 
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Figure 5.5 FM photographs of cross section of untreated (a), MAPE treated (b), 

Si69 treated (c) and VTMS treated (d) composites 

The interface region formed between wood flour and matrix is in fact a zone of 

compositional, structural and property gradients, in which a set of processes 

occur on the atomic, microscopic and macroscopic levels. It has been recognised 

to play a predominant role in governing the global composite behaviour by 

controlling the stress transfer between wood and matrix, and is primarily 

dependent on the level of interfacial adhesion. The wood-matrix interfacial 

bonding mechanisms were assumed to include interdiffusion, electrostatic 

adhesion, chemical reactions and mechanical interlocking (Figure 5.7), which 

together were responsible for the interfacial adhesion. 

Interdiffusion was developed on the basis of good wetting of wood particle 

(Figure 5.6) through intimate intermolecular interactions between the molecules 

of wood and polymer, e.g. hydrogen and covalent bonding, electrostatic and Van 

der Waals forces. Electrostatic adhesion was attributed to the creation of 

opposite charges (anionic and cationic) on the interacting surfaces of wood and 

polymer matrix; thus, an interface consisting of two layers of opposite charges 
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was formed, which accounted for the adhesion of two constituents of the 

composite. Chemisorption occurred when chemical bonds including atomic and 

ionic bonds, such as C-O-C, C-S and Si-O-C covalent bonds, were created between 

the substances of the composite as a result of chemical reactions. Mechanical 

interlocking took place through the resin penetration into the peaks, holes, 

valleys and crevices or other irregularities of the substrate, which can be seen in 

the FM and SEM images (Figure 5.5 and Figure 5.6), then anchored itself through 

solidification. 

  

   

Figure 5.6 SEM photographs of cross section of untreated (a), MAPE treated (b), 

Si69 treated (c) and VTMS treated (d) composites 

The distinguished enhancement of interfacial bonding of maleated and silane 

coupling agents treated WPC could be explained as follows: the hydrophilic 

moiety in the coupling agents reacted with the functional groups of wood flour to 

form covalent linkages, while the hydrocarbon chains crosslinked with the 

polymer matrix to create molecular entanglements. Specifically, as thoroughly 

discussed in the above section of chemical structure and bonding, the MA moiety 

in MAPE, the ethoxy groups of Si69 and the methoxyl groups of VTMS reacted 
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with the hydroxyl groups of wood flour, in the meantime, the grafted PE chains 

in MAPE, the dissociated sulfide groups in Si69, and the vinyl groups of VTMS 

chemically bonded and/or interacted with the PE macromolecules. Thus, the 

extent and degree of interdiffusion between wood and PE molecules were 

increased due to the better chemical compatibility resulted from these chemical 

reactions and the more flexibility of interchains explored in the NMR analysis 

(Section 5.2.1.2). The introduced hydrocarbon chains of coupling agents also led 

to the decrease of hydrophilicity and the increase of surface energy of wood flour, 

and improved the chemical affinity of the matrix, thereby resulted in enhanced 

wettability of wood flour by the resin and interfacial adhesion (Li et al., 2007; 

Kalaprasad et al., 2004; Mohanty et al., 2004). In addition, more contact areas 

between wood and matrix were created for resin penetration and mechanical 

interlocking of the substrate (Figure 5.5 and Figure 5.6). In fact, an increase in 

any bonding mechanism (i.e. interdiffusion, chemical reactions, mechanical 

interlocking, etc.) would inevitably give rise to the enhancement of other bonding 

systems/mechanisms, which mutually accounted for the interfacial bonding 

refinery. 

 

Figure 5.7 Wood-matrix interfacial bonding mechanisms: (a) molecular 

entanglement following interdiffusion, (b) electrostatic adhesion, (c) chemical 

bonding and (d) mechanical interlocking 
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5.3 Interim Conclusions 

The interfaces of WPC were optimised by the incorporation of MAPE, Si69 and 

VTMS coupling agents. FTIR and NMR results confirmed the chemical reactions 

between the coupling agents and the constituents of the composites, i.e. the MA 

moiety in MAPE, the ethoxy groups of Si69 and the methoxyl groups of VTMS 

reacted with the hydroxyl groups of wood flour, in the meantime, the grafted PE 

chains in MAPE, the dissociated sulfide groups in Si69, and the vinyl groups of 

VTMS chemically bonded and/or interacted with the PE macromolecules. The 

introduced hydrocarbon chains of coupling agents also led to the decrease of 

hydrophilicity and the increase of surface energy of wood flour, and improved 

the chemical affinity of the matrix, thereby resulted in enhanced wettability of 

wood flour by the resin and interfacial adhesion. NMR results also indicated that 

there existed transformation of crystalline cellulose to an amorphous state 

during the coupling agent treatments, reflecting the inferior resonance of 

crystalline carbohydrates.  

SEM observation revealed that the coupling agent treatments enhanced the 

interfacial compatibility and adhesion of WPC by promoting the dispersion of 

wood flour in the matrix, improving the wettability of wood flour by the resin, 

and facilitating the resin impregnation throughout the interface. The enhanced 

interface of the composites after the coupling agent treatments was resulted from 

the combination of increased macromolecular interdiffusion, chemical reactions 

and mechanical interlocking. 
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Chapter 6 Bulk and In Situ Mechanical Properties of WPC 

6.1 Introduction 

The performance and behaviour of wood plastic composites (WPC) are not only 

relying on the reinforcing wood and the polymer matrix, but also critically 

depending on the effectiveness of load/stress transfer across the interface 

(Kumar et al., 2004; Downing et al., 2000). The interface of WPC formed when the 

wood flour is embedded in the polymer matrix during fabrication of the 

composite is a heterogeneous transition zone with distinct chemical 

compositions, morphological features and mechanical properties from those of 

the reinforcing phase and the bulk polymer (Lee et al., 2007a; Downing et al., 

2000; Kim and Mai, 1998). An appropriately engineered interface could 

considerably improve the strength and toughness of the composite as well as the 

environmental stability. Therefore, on the other hand, the determination of 

interfacial properties and characteristics would be of utmost importance in 

evaluating the overall property of the composite and enabling its optimal design 

(Graham et al., 2000).  

Nanoindentation technique has been proven to be an effective method in 

determining material surface properties at nanoscale, which is achieved by 

monitoring a probe penetrating into the specimen surface and synchronously 

recording the penetration load and depth (Oliveira et al., 2014; Zhang et al., 2012). 

It has recently found its application feasible to wood, natural fibres and plastics 

(Ghomsheh et al., 2015; Lee and Deng, 2013; Zhang et al., 2012; Wu et al., 2010; 

Xing et al., 2009; Lee et al., 2007a; Tze et al., 2007; Gindl et al., 2006; Hobbs et al., 

2001; Oliver and Pharr, 1992), but it has been rarely employed in measuring the 

interface property and performance of WPC materials.  

The incorporation of silane and maleated coupling agents exerted reinforcing 

impact on the bulk property of WPC materials, but its influence on the mechanical 

properties in the interface region has not yet been reported in the literatures. In 

this chapter, the influence of the coupling agent treatments on the in situ 

mechanical properties of WPC was first determined by carrying out 

nanoindentation analysis, which led to a thorough understanding of interfacial 
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characteristics and the correlation between in situ and bulk mechanical 

properties. 

6.2 Results and Discussion 

6.2.1 Bulk mechanical properties 

6.2.1.1 Tensile properties 

The effect of the incorporation of coupling agents on the tensile properties of 

WPC was summarised in Table 6.1. The application of MAPE, Si69 and VTMS led 

to a significant increase in the tensile strength of the composites by 135.40%, 

15.63%, and 77.40% respectively. The treated WPC also demonstrated much 

greater tensile moduli than the untreated one (112.73%, 63.3%, and 114.15% 

respectively), indicating the notable enhancement of the stiffness of the 

composites. Similar results had been observed in the study of MAPP treated wood 

flour/recycled PE composites and VTMS treated wood flour/PE composites: the 

addition of 3% MAPP led to the increase of the tensile strength (48.78%) and 

Young’s modulus (28.24%) of wood flour/recycled PE (50%/47%) composite 

(Adhikary et al., 2008); the incorporation of VTMS (0.5%-2%) improved the 

tensile strength and tensile modulus of wood flour/PE composites by up to 62% 

and 14% respectively (Clemons et al., 2011). These phenomena were evidently 

resulted from the enhanced physical, chemical and mechanical bonding of the 

interface between wood flour and matrix with the addition of the coupling agents, 

which was thoroughly discussed in Chapter 5.  

In addition, according to the classic mechanics theory of particle-reinforced 

material (Ou et al., 2014), the load applied to WPC was transferred from PE 

matrix to wood flour by shear stress along the interface. The presence of the 

coupling agents in WPC promoted the dispersion and distribution of wood flour 

in the matrix, resulting in better interfacial adhesion and more efficient stress 

transfer from the matrix to wood flour, thus the improvement of the mechanical 

properties. The tensile strain of the treated WPC was decreased by 24.58% 

(MAPE), 55.93% (Si69), and 59.32% (VTMS). This also reflected the more 

compact and stiffer structure of the treated WPC. Furthermore, it was worth 

mentioning that although the deviation of the tensile strain results (5%-10%) 
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was not as low as those of tensile stress and modulus (around or less than 5%), 

it did not appear to be affecting the investigation of the variation of the tensile 

properties of the composites.  

Table 6.1 Tensile properties of recycled PE and WPC 

Sample Tensile stress 

(MPa) 

Tensile strain 

(%) 

Tensile modulus 

(MPa) 

Recycled PE 23.05±0.17 10.35±0.32 2385.41±133.25 

Untreated 5.31±0.23 2.36±0.19 1988.75±115.46 

MAPE treated 12.50±0.30 1.78±0.16 4230.79±208.73 

Si69 treated 6.14±0.25 1.04±0.11 3247.70±170.95 

VTMS treated 9.42±0.31 0.96±0.10 4258.92±189.72 

6.2.1.2 Dynamic mechanical analysis (DMA) 

Storage modulus is closely related to the load bearing capacity of a material 

(Mohanty and Nayak, 2006; Mohanty et al., 2006). The variation of the storage 

modulus of WPC as a function of temperature was graphically enumerated in 

Figure 6.1. It was observed that similar to the tensile modulus, the coupling 

agents MAPE and VTMS treated WPC had much higher storage moduli than the 

untreated one, primarily attributing to the improved interfacial adhesion 

between wood flour and the matrix. The storage moduli in all composites 

decreased with the increase of temperature, and the differentiation of the 

modulus between the treated and untreated WPC gradually diminished from the 

transition region (-100 – 75oC) to plateau region (75 – 120oC). 

The loss modulus-temperature curves in Figure 6.1 were used to investigate the 

transition behaviour of the composites. There was one major transition (45 – 

60oC) existed in these curves corresponding to the α transition of PE matrix, 

which was associated with the chain segment mobility in the crystalline phase 

due to the reorientation of defect area in the crystals (Bengtsson et al., 2005; 

Mohanty and Nayak, 2006; Mohanty et al., 2006). In comparison to the relaxation 

peak of untreated WPC (Table 6.2), the counterparts of MAPE and VTMS treated 

WPC had shifted towards higher temperature regions, and the corresponding 
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moduli of the treated WPC were accordingly higher than that of the untreated 

one (181.4 MPa). These performance should be attributed to the generated 

constraints on the segmental mobility of polymeric molecules at the relaxation 

temperatures during the coupling agent treatments (Ou et al., 2014; López-

Manchado et al., 2002).  

It was worth noticing that compared to the untreated WPC, albeit the α transition 

appeared at higher temperature (52.9oC) Si69 treated composite showed a 

reduced loss modulus (166.7 MPa), indicating that Si69 treatment did not lead to 

comparable segmental immobilisation of the matrix chains on the wood surface 

as MAPE and VTMS treatments. This might be related to the comparatively 

limited crosslinking between the polysulfides of Si69 and PE molecules 

compared to that between the grafted PE on MAPE or the unsaturated C=C 

groups of VTMS and the matrix molecules, which was in agreement with the less 

evident discrimination of the corresponding spectral characteristics in its 

chemical structure analysis, especially the FTIR analysis in Section 5.2.1. 

Similarly, the tensile strength and modulus of Si69 treated WPC were inferior to 

those of MAPE and VTMS treated composites. However, it had been reported that 

transition peak broadens and the peak position shifts if there is an interaction 

between the filler or reinforcement and matrix polymer (Lai et al., 2003). 

Therefore, the broadening of the transition regions from around 10oC to 85oC 

discerned in all the treated composites (especially MAPE and VTMS treated 

composites) might be an indication of the existence of the interaction between 

the coupling agents and the constituents of the composites. 

The ratio of the loss modulus to storage modulus defining as damping factor tanδ 

was also determined (Figure 6.1) for the benefits of better understanding the 

damping behaviour and interface property of the composites. As Figure 6.1 

showed, the tanδ amplitude of the composites decreased with the addition of the 

coupling agents. This was expected since the enhanced interfacial adhesion 

provided the treated WPC with higher stiffness which in turn restrained the 

segmental mobility of polymer molecules leading to the decrease of tanδ 

magnitude (Ou et al., 2014; López-Manchado et al., 2002; Lai et al., 2003). In 

addition, the composite with poorer interfacial bonding between wood flour and 
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matrix was inclined to dissipate more energy, showing greater tanδ amplitude 

than the composite with firmly bonded interface (Ou et al., 2014; Felix and 

Gatenholm, 1991; Ashida et al., 1984).  

-100 -50 0 50 100

0

1000

2000

3000

4000

5000

6000

T
a
n

 D
e
lt

a

L
o

s
s
 M

o
d

u
lu

s
 (

M
P

a
)

 PE matrix

 Untreated

 MAPE treated

 Si69 treated

 VTMS treated

 S
to

ra
g

e
 M

o
d

u
lu

s
 (

M
P

a
)

 

Temperature (C)

50

100

150

200

250

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

Figure 6.1 Storage modulus, loss modulus and tan δ of PE matrix, untreated 

WPC and treated WPC as a function of temperature 

Table 6.2 Crucial parameters extracted from DMA curves of WPC 

Sample Untreated MAPE 

treated 

Si69 

treated 

VTMS 

treated 

α transition 

temperature (Tα, oC) 

47.9 57.4 52.9 51.8 

Loss modulus at Tα 

(MPa) 

181.4 232.4 166.7 201.9 

Adhesion factor, A, was thus determined from the mechanical damping (tanδ) to 

further investigate the effect of the coupling agent treatments on the interfacial 

adhesion between the filler and matrix of the composites in accordance with the 

following equation reported by Correa (Correa et al., 2007) and Kubat (Kubát et 

al., 1990): 
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         𝐴 =
𝑡𝑎𝑛𝛿𝑐

(1−𝑉𝑤)𝑡𝑎𝑛𝛿𝑚
− 1                                           Eq. 6.1                                                 

Where, the subscripts c, m and w refer to composite, matrix, and wood flour 

respectively, and Vw is the volume fraction of wood flour in the composite. As 

Figure 6.2 showed, the untreated composite had higher adhesion factor than the 

coupling agent treated composites, which was consistent with the tanδ results. 

According to Correa (Correa et al., 2007), the molecular mobility of the polymer 

surrounding the filler was reduced at high levels of interfacial adhesion, and 

consequently low values of the adhesion factor suggested improved interactions 

at the filler-matrix interface. The determined lower levels of adhesion factor in 

coupling agent treated WPC evidently confirmed the enhanced interfacial 

interactions after the treatments, which resulted in the decreased molecular 

mobility and mechanical damping (tanδ) (Poletto et al., 2012; Ornaghi et al., 

2010). In addition, the adhesion factor of Si69 treated composite was higher than 

those of MAPE and VTMS treated composites. This result along with its relatively 

greater tanδ amplitude again substantiated the inferior interfacial adhesion 

improvement induced by Si69 treatment, resulting in the comparatively lower 

tensile strength, tensile modulus, storage modulus and loss modulus of the 

composite determined in the above sections.  
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Figure 6.2 Adhesion factor of untreated and treated composites as a function of 

temperature 

6.2.2 In situ mechanical properties 

The examination of the mechanical properties at nanoscale would undeniably 

help reveal the interface characteristics and evaluate the overall property of the 

composites. Figure 6.3 demonstrated the nanomechanical properties of the wood 

cell walls of the composites determined by nanoindentation. It is most interesting 

that the untreated composite showed an elastic modulus of 16.42 GPa and a 

hardness of 0.53 GPa, while the counterparts of the MAPE and Si69 treated 

composites interestingly decreased to 11.46 GPa and 0.46 GPa (MAPE treated), 

and 15.60 GPa and 0.49 GPa (Si69 treated) respectively. This is in disagreement 

with that of the bulk properties tested. The drops of the modulus and hardness 

were assumed to be partially resulted from the fibre weakening or softening 

impact of the treatments, namely the chain scission (cleavage of β-1,4-glycosidic 

bonds between two anhydroglucose units) and weakening of interfibrillar 

interaction in cellulose occurred with the presence of maleic and silane coupling 

agents under high pressure and temperature during processing (Ganser et al., 



94 
 

2013; Sawpan et al., 2011).  On the other hand, it might be associated with the 

degree of crystalline orientation in wood flour. NMR analysis results of the 

composites (Section 5.2.1.2) indicated that the crystalline carbohydrates in wood 

flour underwent transformation into an amorphous form during the treatments, 

which might facilitate the nanoindentation loading along the fibre direction, and 

thus, lower modulus and hardness were measured.  

Although the VTMS treatment had the analogous effects on the composites, there 

was no noticeable difference between the untreated and VTMS treated 

composites, in terms of their elastic modulus and hardness. This suggested that 

there were other critical factors governing the in situ mechanical properties of 

the composites. Due to the relatively lower molecular weight (MW) of Si69 

(MW=539) and VTMS (MW=148) than MAPE (500 cps viscosity at 140oC), silanes 

might be more capable of diffusing into cell walls and reacting with the structural 

components by forming hydrogen and covalent bonding, giving rise to more 

outstanding nanomechanical property. In addition, the maleic coupling agent 

was found to be able to create a thin, soft and ductile interfacial layer in the 

composite (Hristov and Vasileva, 2003), which might impart an adverse impact 

on the nanomechanical property of the composite. More importantly, the better 

nanomechanical property of VTMS treated composite over MAPE and Si69 

treated composites should be ascribed to the severe deformation and damaging 

of its cell walls. The SEM analysis (Section 5.2.2) had shown that VTMS treated 

composite possessed much more deformed and damaged cell lumens and vessels 

than the untreated and MAPE and Si69 treated composites, which promoted the 

wetting of wood flour by the polymer and the polymer penetration into wood 

particles. The higher level of penetration was assumed to compensate the loss of 

the in situ mechanical properties due to the aforementioned fibre weakening or 

softening impact and crystalline structure transformation. Therefore, the 

nanomechanical property of the treated composites fell into the sequence: VTMS > 

Si69 > MAPE. 

It should be pointed out that the employed coupling agent treatments enhanced 

the interfacial adhesion and bonding of the composites by strengthening the 

chemical, physical, and mechanical bonding, which had been substantiated by a 
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set of investigation including FTIR, NMR, FM, and SEM analyses in Chapter 5. The 

optimised interface contributed to the increase of the bulk mechanical properties 

of the composites. Although both the MAPE and VTMS treated composites 

demonstrated significant increase of bulk mechanical properties (i.e. tensile 

stress (Table 6.1), storage and loss modulus (Figure 6.1)) after the treatments, 

the corresponding in situ mechanical properties were different; MAPE treated 

composite possessed a softer interface by showing lower in situ elastic modulus 

and hardness than the VTMS treated. In comparison to that of VTMS treated 

composite, the comparatively softer and tougher interface of MAPE treated might 

provide it with greater resistance to fracture, which accounted for the higher 

tensile strain (85.42%, Table 6.1). In addition, owing to the inherently tough and 

ductile nature of PE matrix, the softer and tougher interface might benefit the 

continuity in load transfer from the matrix to wood flour, promoting the 

composite to function as a mechanical entity, thus leading to higher tensile 

strength.   

It was evident that to what extent the bulk mechanical properties of the 

composite could be improved was predominantly relying on the level of the 

enhancement of compatibility, interfacial adhesion and bonding after different 

coupling agent treatments rather than individual local property within the 

interface. The distinct nature and characteristics of the interfaces might play 

another fundamental role in determining the global properties of the composites.  
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Figure 6.3 Nanomechanical property of the composites by nanoindentation 
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6.3 Interim Conclusions 

The influence of the incorporation of MAPE, Si69 and VTMS coupling agents on 

the bulk and in situ mechanical properties of WPC has been examined. The better 

interfacial adhesion and more efficient stress transfer from the matrix to wood 

flour led to the improvement of the tensile strength (135.40%, 15.63%, and 77.40% 

respectively) and tensile modulus (112.73%, 63.3%, and 114.15% respectively) 

of MAPE, Si69 and VTMS treated WPC, while the tensile strain of the composites 

suffered from the stiffening impact of the treatments. The coupling agent 

treatments restrained the segmental mobility of polymer molecules of the matrix, 

resulted in the shift of relaxation peak and the diminutions of tanδ magnitude. 

The relatively lower level of adhesion factor confirmed the enhanced interfacial 

interactions in the treated composites. 

The nanomechanical property of coupling agent treated composites fell into the 

sequence: VTMS > Si69 > MAPE. The decreased (MAPE and Si69 treated) and 

unaffected (VTMS treated) nanomechanical properties of the treated WPC 

determined by nanoindentation suggested that the in situ mechanical properties 

were not primarily governed by the interfacial adhesion, but more significantly 

affected by fibre weakening or softening impact (i.e. chain scission (cleavage of 

β-1,4-glycosidic bonds between two anhydroglucose units) and weakening of 

interfibrillar interaction in cellulose), crystalline structure transformation and 

cell wall deformation/damaging. To what extent the bulk mechanical properties 

of the composite could be improved was predominantly relying on the level of 

the enhancement of compatibility, interfacial adhesion and bonding after 

different coupling agent treatments rather than being governed by the individual 

local property of the material within the interface. 
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Chapter 7 Interface Structure and Bonding Mechanism of 

RubWPC 

7.1 Introduction 

The objective of this research was to develop a new generation of low carbon, 

reliably strong and eco-recycled materials (RubWPC) by turning ground tyre 

rubber (GTR) into sustainable resources for the existing wood plastic composites 

(WPC) production. Major benefits of the proposed solution include 1) to help 

resolve the disposal issue of the used tyre wastes, 2) to increase the resources 

and such eliminate resource pressure and hence reduce the production cost for 

classic WPC development, and 3) to add extra values to the reengineered 

composites (RubWPC) by enhancing the quality and sustainability. Prior to be 

equipped with these advantages, the formulated RubWPC should be of decent 

miscibility, compatibility and bonding among constituents.  

The comprehensive study of interfacial optimisation of Rubber-PE composites 

and WPC by the use of coupling agents in Chapter 4 and Chapter 5 should serve 

as a fundamental basis for the reasonable formulation of RubWPC. However, the 

additional use of wood or rubber in Rubber-PE composites or WPC might alter 

the existing bonding scenarios in the systems with presence of coupling agents. 

The compatibility and bonding between wood and rubber is another crucial issue 

that should be taken into account during the development of RubWPC. Although 

there were numerous studies on wood flour or fibre filled rubber composites, 

virgin and unvulcanised natural rubber or synthetic rubber were extensively 

employed rather than vulcanised tyre rubber (Zhou et al., 2015).  

This chapter investigates the novel formulation of rubber-wood-plastic 

composites (RubWPC) based on recycled materials including GTR, wood flour 

and PE, with the focus on the optimisation of the constituent compatibility and 

interfacial bonding by employing MAPE, Si69 and VTMS coupling agents. 

Spectroscopic (ATR-FTIR and NMR) and microscopic (SEM) techniques were 

used to comprehensively scrutinise the surface chemical functionalities and 

structure, constituent compatibility, filler distribution, interfacial bonding 
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scenarios of the untreated and treated RubWPC, thus to unveil the bonding 

mechanisms of RubWPC. 

7.2 Results and Discussion 

7.2.1 Chemical structure and bonding 

7.2.1.1 FTIR analysis 

FTIR was used to investigate the surface chemical distribution of untreated and 

coupling agent treated RubWPC, the result was presented in Figure 7.1. In 

comparison to the untreated composite, the MAPE treated RubWPC showed 

sharper and more intense spectral bands at 1734 cm-1 and 1636 cm-1, which were 

assigned to C=O and C=C stretching vibrations respectively (Osman et al., 2010b; 

Ihemouchen et al., 2013). On one hand this was because of the introduction of MA 

moiety in MAPE, but on the other hand it should be resulted from the 

esterification reaction occurred between the MA moiety and the hydroxyl groups 

of wood particles. It was reported that in the FTIR spectra of maleated polyolefins 

modified wood particles, the absorbance bands at near 2900 cm-1 (C-H stretching) 

and 1740 cm-1 (C=O stretching) were of special interest, since which suggested 

the formation of ester linkages (Carlborn and Matuana, 2006). A grafting index 

(GI) could be calculated based on the integrated areas under these peaks by using 

the following equation:  

𝐺𝐼𝑥 =
𝐴𝑥(𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

𝐴𝑥(𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
                                                      (Eq. 7.1) 

Where, x represents the absorbance band at either 2900 cm-1 or 1740 cm-1, Ax 

represents the integrated peak area. GI was thus adopted to evaluate the grafting 

efficiency of RubWPC, the calculated results were shown as follows: GI2915 = 1.03, 

GI1734= 1.03. In the previous FTIR study of MAPE treated WPC (Section 5.2.1.1), 

the corresponding indices were: GI2915 = 1.14, GI1734 = 1.09. The relatively lower 

values of RubWPC might indicate that the addition of rubber into the composite 

would restrict the esterification between MAPE and wood particles. In other 

words, although the rubber macromolecules crosslinked with the PE segment in 

MAPE, the MAPE crosslinked rubber might not further react with wood flour. 
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When Si69 was employed as the coupling agent for RubWPC, the chemical 

distribution and structure of the composite appeared to be barely affected by the 

treatment since the FTIR spectrum did not show considerable difference from 

that of the untreated composite in terms of the band appearances and intensities. 

The most distinguishing characteristic would be the presence of the slightly 

stronger and sharper band at 1032 cm-1, which was an overlapped band 

originating from a number of vibrations including the C-S-C stretching of rubber 

and Si69, the Si-O-C stretching of Si69, and the C-O-C stretching, C-O deformation 

and aromatic C-H deformation vibrations of wood flour (Ihamouchen et al., 2012; 

Abdelmouleh et al., 2007; Gunasekaran et al., 2007; Abdelmouleh et al., 2004; 

Kotilainen et al., 2000). It had been previously explored that in the FTIR spectra 

of Si69 treated WPC (Section 5.2.1.1), the area of interest namely 1020 cm-1 – 

1100 cm-1 referring to C-O-Si and Si-O-Si bonds was not seen much variation after 

the treatment due to the limited crosslinking between the coupling agent and 

wood flour. Therefore, the slight intensity increase should be more 

predominantly contributed by the C-S linkages formed between Si69 and both 

rubber and PE molecules. In addition, the band at 967 cm-1 assigning to the C-H 

wagging motion vibration from the butadiene units in rubber (Gunasekaran et al., 

2007; Fernández-Berridi et al., 2006) disappeared after its crosslinking reaction 

with the coupling agent. With respect to the RubWPC treated with the 

combination of MAPE and Si69, the spectral band at 1032 cm-1 turned to be much 

sharper with increased intensity. This was attributed to the formation of C-O-C 

bonds between MA groups and wood flour and the crosslinking reaction between 

the C-S-C linkages in rubber and the PE macromolecules in MAPE.  

It was observed more prominent appearance of the band at 1031 cm-1 in the 

spectrum of VTMS treated composite. Chapter 4 suggested that VTMS was not an 

effective coupling agent in bridging the constituents of Rubber-PE composite. 

The intensity strengthening was primarily due to the Si-O-C linkages formed 

between the functional groups in wood flour (hydroxyl) and VTMS (methoxyl) 

along with the introduced Si-O-C groups within VTMS. Similar to MAPE&Si69 

treated composite, MAPE&VTMS treated RubWPC demonstrated much more 

outstanding peaks at 1031 cm-1 and 1740 cm-1 than both the untreated and VTMS 
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treated composites, which was again due to the reactions between MAPE and 

wood flour and rubber particles.  
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Figure 7.1. FTIR spectra of untreated and coupling agent treated RubWPC 

7.2.1.2 NMR analysis 

The comparison of NMR spectra of untreated and coupling agent treated 

RubWPC was presented in Figure 7.2 for further investigation of the variation of 

chemical structure after the treatments. Compared to the spectra of the 

untreated composite, the most noticeable difference in the spectra of MAPE 

treated composite was the occurrence of the resonance peak at 173.47 ppm, 

which was resulted from the MA groups in the incorporated MAPE and the ester 

bonds formed between the MA groups and the functional groups of raw materials. 

This result confirmed the aforementioned FTIR study of MAPE treatment of the 

composite. The reaction mechanism between MAPE and the raw materials was 

proposed in Figure 7.3a, namely the multifunctional MAPE first covalently 

bonded to the hydroxyl groups of wood flour to form ester linkages and thus 

crosslinked with PE and rubber macromolecules, acting as a bridge at composite 

interfaces.  
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Si69 treated composite showed a strong and wide peak at 55.52 ppm in its NMR 

spectrum, which was originally ascribed to the methoxyl groups of lignin unit in 

wood flour (Santoni et al., 2015; Martins et al., 2006; Stael et al., 2000). The 

stronger appearance than that of the untreated was due to the existence of ethoxy 

groups within Si69. The above FTIR analysis revealed the crosslinking between 

Si69 and both rubber and PE macromolecules by forming C-S bonds, but there 

was unfortunately no resonance signal corresponding to these linkages in the 

NMR spectrum, which had also been detected in the previous study of Si69 

treated Rubber-PE composites (Section 4.2.1.1). The lack of these bands in the 

NMR spectra might be explained by a number of reasons including: 1) insufficient 

concentrations of these bonds to be detected; 2) T1 relaxation times of these units 

being much longer in comparison to the relaxation times of other molecular units 

in the polymers; and 3) T2 relaxation times of these units being short enough to 

cause the signals to be broadened beyond detection (Sitarz et al., 2013). The 

resonance peak at 65.08 ppm assigning to C6 of cellulose unit was widened and 

strengthened after the treatment, which indicated that the functional groups 

(ethoxy groups) of Si69 had successfully reacted with the hydroxyl groups linked 

to C6 of cellulose unit (Figure 7.4) in wood flour to form a siloxane bond, as the 

reaction shown in Figure 7.3b. The similar phenomenon was observed in the 

spectra of VTMS treated composite, and the chemical reaction between VTMS and 

the constituents of the composite was proposed in Figure 7.3c. In addition, the 

appearance of the peak at 153.33 ppm corresponding to aryl groups of lignin in 

the spectra of VTMS treated composite suggested that apart from the functional 

groups of carbohydrates (Figure 7.4) in wood, the lignin units might also be 

involved in the reaction with the coupling agent. Furthermore, it was interesting 

to notice that the composites treated with the combinations of different coupling 

agents did not demonstrate as intense resonance as the composite treated with 

solitary coupling agent.  
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Figure 7.2 13C NMR spectra of untreated and coupling agent treated RubWPC 
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Figure 7.3 Proposed chemical reactions between the coupling agents (a: MAPE; 

b: Si69; c: VTMS) and the raw materials of RubWPC 
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Figure 7.4 Chemical structure of cellulose unit (glucose) and hemicellulose unit 

(xylose) 

7.2.2 Interface structure and bonding mechanism  

SEM was employed to investigate the interface microstructure and bonding 

scenarios of the untreated and treated RubWPC, the results were presented in 

Figure 7.5. The untreated composite (Figure 7.5a) displayed incompatible 

surface with the presence of microcracks and voids throughout the wood-matrix 

and rubber-matrix interfaces. There also existed noticeable agglomeration of 

rubber particles on the surface, which prevented the intimate contact and thus 

interaction with wood flour. These observations indicated the poor compatibility 

between the constituents in the untreated composites, leading to a discontinuous 

and inhomogeneous interfacial structure. With the incorporation of MAPE or 

Si69 coupling agents, rubber particle and wood flour were well distributed and 

embedded in the matrix and firmly bonded to it (Figure 7.5b and Figure 7.5c). It 

was also observed that more wood cell lumens were partially or utterly filled by 

the matrix polymer in the treated composites, substantiating the enhanced 

wood-PE compatibility and wettability of wood flour by matrix. Furthermore, 

although there still existed a few microcracks between wood flour and rubber 

particles, the observed close interfacial contact and compact structure confirmed 

the positive impact of the treatments on refining the inherent constituent 

immiscibility. These phenomena suggesting the improved interfacial adhesion 

and bonding after MAPE or Si69 treatments were discerned in the composite 

treated with the combination of these two coupling agents as well (Figure 7.5e).  

The interface structure and bonding scenario in VTMS treated composite (Figure 

7.5d) was found to be distinct from those in MAPE or Si69 treated composites. 

The absence of physical contact between rubber and wood phases in VTMS 

treated composite gave rise to the generation of voids and gaps, and the rubber 
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surface seemed to be clean, intact and free from adhering wood flour and matrix. 

This result was in accordance with the chemical structure analysis (section 7.2.1), 

namely that VTMS exerted superb compatibilisation impact on wood-matrix 

phase in the composite through intermolecular crosslinking and covalent 

bonding, but it was unfortunately not the suitable coupling agent for refining the 

rubber-PE or rubber-wood interfaces owing to its relatively limited physical and 

chemical interactions with rubber particles, which were evident in the chemical 

and interfacial structure analyses. However, as shown in Figure 7.5f, the addition 

of MAPE into the system provided the composite with decent interfacial bonding, 

which again confirmed that MAPE multifunctionally and effectively promoted the 

adhesion between rubber particles and either nonpolar matrix or polar wood 

flour.  

The improvement of the interfacial bonding of the treated composites might be 

proposed in Figure 7.6. As unveiled in the above section of chemical structure 

and bonding, the coupling agents reacted with the substrates through the 

inherent multifunctional molecules, i.e. the hydrophilic moieties in coupling 

agents (MA of MAPE, ethoxy groups of Si69, and methoxyl groups of VTMS) 

reacted with the large amount of hydroxyl groups of wood flour to form strong 

covalent bonds, while the nonpolar molecules (PE chains in MAPE, dissociated 

sulfide groups of Si69, and vinyl groups of VTMS) chemically crosslinked with 

rubber and PE macromolecules. These chemical interactions clearly verified the 

enhanced chemical compatibility and adhesion after the treatments, which in 

turn provided the basis for intimate contact between constituents and thus good 

wetting of fillers. Hence, the chemical reactions along with other molecular 

attractions, such as electrostatic adhesion and Van der Waals forces, triggered a 

greater extent and degree of interdiffusion among the filler and matrix molecules 

as graphically demonstrated in Figure 7.6. Furthermore, mechanical interlocking 

might be another mechanism concerning the outstanding bonding, which took 

place through the penetration of polymer resin into the holes, valleys, crevices 

and other irregularities of the substrates, and then anchored itself through 

solidification. Figure 7.5 showed that the MAPE and Si69 treated composites 

possessed much more noticeable resin penetration into the fillers and resin 

impregnation at rubber-PE and wood-PE interfaces, denoting the existence of 
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more contact areas for mechanical interlocking of the substrates. It was 

undoubted that the interface development was a mutual result of the above 

bonding mechanisms (i.e. interdiffusion, chemical reaction, mechanical 

interlocking, etc.), which should be dependent, namely an increase in any 

bonding mechanism would benefit the enhancement of other bonding systems. 

In addition, since it was observed reduced agglomeration of rubber particles in 

the treated composites (Figure 7.5), the coupling agents, especially MAPE and 

Si69, might also act as a dispersing agent between rubber and PE matrix to form 

hydrogen bonds, promoting the dispersion of rubber particles in the resin 

(Osman et al., 2010b). 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

 

 

 

Figure 7.5 Microstructures of cross section of untreated (a), MAPE treated (b), 

Si69 treated (c), VTMS treated (d), MAPE&Si69 treated (e), and MAPE&VTMS 

treated (f) composites 

(e)  

(d)  (c)  

(f)  

(b)  (a)  

 

Cracks & Voids 

 

Agglomeration 

Agglomeration  
& Poor adhesion 

Good adhesion 

Good adhesion 

 

Reduced agglomeration  
& good adhesion 

 

Improved interface 



109 
 

 

 

Figure 7.6 Proposed interfacial bonding mechanisms of untreated (a) and 

coupling agent treated (b) RubWPC 

7.3 Interim Conclusions 

The effect of the incorporation of MAPE, Si69 and VTMS coupling agents on the 

surface chemistry, interfacial structure and bonding of RubWPC material has 
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been determined. FTIR and NMR analyses unveiled the chemical reactions of the 

coupling agents with the substrates through their intrinsic multifunctional 

molecules, i.e. the hydrophilic moieties in coupling agents (MA of MAPE, ethoxy 

groups of Si69, and methoxyl groups of VTMS) reacted with the hydroxyl groups 

of wood flour to form strong covalent bonds, while the nonpolar molecules (PE 

chains in MAPE, dissociated sulfide groups of Si69, and vinyl groups of VTMS) 

chemically crosslinked with rubber and PE macromolecules. These chemical 

reactions substantiated the improvement of chemical compatibility and adhesion 

of the composites after coupling agent treatments, which benefitted the 

macromolecular interdiffusion and the wetting of the fillers by the matrix. 

The incorporation of MAPE and Si69 coupling agents promoted the intimate 

contact between the constituents of the composites and the distribution and 

embedment of rubber particle and wood flour in the matrix with reduced filler 

agglomerations, which were evident in their microstructures. MAPE and Si69 

treated composites possessed more resin penetration into the fillers and resin 

impregnation at rubber-PE and wood-PE interfaces, providing a rigorous basis 

for the mechanical interlocking of the substrates, and thus improving the 

interfacial bonding. VTMS treatment effectively improved the wood-PE interface 

within the composite, but it was not the appropriate coupling agent for refining 

rubber-PE or rubber-wood interfaces due to its poor interactions with rubber 

particles. Interdiffusion, molecular attractions, chemical reactions, and 

mechanical interlocking were mutually responsible for the enhancement of the 

interfacial adhesion and bonding of the RubWPC treated with MAPE and Si69 

coupling agents.    
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Chapter 8 Bulk and In Situ Mechanical Properties of RubWPC 

8.1 Introduction 

The major factors affecting the mechanical performance of cellulosic polymer 

composites include: 1) the strength and modulus of reinforcing fibre, 2) the 

strength and chemical stability of polymer matrix, and 3) the effectiveness of load 

transfer across interface (Kumar et al., 2004). Investigation of interface is of 

special significance in understanding the macro-behaviour of the composites 

(Zhang et al., 2012). Interface is the region separating the bulk polymer from the 

fibrous reinforcement. It is not a distinct phase with clear boundaries, it is more 

accurately viewed as a transition zone with three-dimensional and 

heterogeneous nature.  Interface region is hypothesised to possess mechanical 

properties distinct from those of the reinforcing phase and bulk polymer 

(Downing et al., 2000).  Recently, the direct determination of the property and 

size of interface of cellulosic polymer composites have been achieved with the 

advent of depth sensing indentation technique, which is generally referred to 

nanoindentation. This technique allows the penetration of an indenter into the 

material surface with controlled force and synchronous recording of the force 

applied as a function of indentation depth, thus provides considerable local 

mechanical property information (Yedla et al., 2008). 

In this chapter, the bulk mechanical properties of RubWPC were determined by 

tensile test analysis and dynamic mechanical analysis (DMA) aiming at 

understanding the reinforcing impact resulted from the coupling agent 

treatments and the influence of compositional variation on the properties. 

Furthermore, the in situ mechanical properties of both untreated and treated 

RubWPC were determined by carrying out nanoindentation analysis, which 

helped in unveiling the contribution of the coupling agent treatments to the in 

situ mechanical properties and also the correlation between bulk and in situ 

mechanical properties, thus enabled the optimal design of RubWPC materials. 
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8.2 Results and Discussion 

8.2.1 Bulk mechanical properties 

8.2.1.1 Tensile property analysis 

Table 8.1 gives the tensile properties of the composites after coupling agent 

treatments. The incorporation of MAPE and VTMS coupling agents led to a subtle 

increment (i.e. 6.40%) of the tensile strength, while that of Si69 resulted in an 

increase of 31.07%. It was apparent that the strengthening effect was a result of 

the aforementioned enhanced interfacial adhesion and bonding between the 

fillers and matrix after the treatments, which in the meantime provided the 

composites with better stress distribution and more efficient stress transfer 

throughout the interfaces (Raju et al., 2008). Moreover, as observed in the SEM 

analysis (Section 7.2.2), the uncompatibilised composite had more 

agglomeration of filler particles (i.e. wood and rubber) than the treated 

composites, which led to relatively poor dispersal of the particles in the 

homogeneous matrix. The more homogeneous distribution of filler particles after 

the treatments promoted the particle-matrix interaction and reduced the 

particle-particle interaction, thus facilitated the better energy transfer within the 

system (Ahmed et al., 2014).    

It can be seen from Table 8.1 that the tensile strain of the treated composites 

were decreased by 6.34% (MAPE), 17.61% (Si69), and 4.58% (VTMS) 

respectively, indicating that the coupling agent might impart a stiffening impact 

on the composites. This behaviour has also been found in WPC materials (Section 

6.2.1), which contributed to the decreased deformability of the composites by 

restricting the mobility of the polymer chains (Osman et al., 2010b; Osman et al., 

2012). However, the previous study of Rubber-PE composites suggested that the 

coupling agent treatments made the composite more ductile with enhanced 

resistance to crack propagation by showing much higher tensile strain (Section 

4.2.3). In order to further investigate the variation of the rigidity and ductility of 

the composites, the tensile moduli were also determined and listed in Table 8.1. 

MAPE and VTMS treated composites showed marginally lower tensile moduli 

(4.39% and 0.07%) than untreated composite. These results along with their 

subtle decrease of tensile strain denoted that the treatments did not alter the 
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overall rigidity or ductility of the composites. In other words, the nature of the 

treated composites was not dominated by either stiffness increase from wood-

matrix moiety or the ductility increase from rubber-matrix moiety within the 

composites. Instead, it was a result of mutual impacts. Contrary to the 

comparatively unremarkable differentiations, the tensile modulus of Si69 treated 

composite was increased by 18.00%, which seemed to indicate that the stiffening 

impact was more pronounced in its system.  

The composites treated with the combination of distinct coupling agents, 

especially the combination of MAPE and Si69, showed superior tensile properties 

(i.e. higher tensile strength and tensile modulus) than the composites treated 

with single coupling agent. This result indicated that the combination of coupling 

agents was capable of equipping the resulted composite with better interfacial 

bonding and stress transfer by taking the advantage and avoiding the 

disadvantage of individual coupling agent. For instance, MAPE was exceptionally 

effective in refining wood-PE interface, but not rubber related interfaces. By 

contrast, Si69 was not as efficient as MAPE in terms of the wood-PE interface 

refinery, but it seemed to be the optimal candidate for addressing the interfacial 

bonding between rubber and other constituents (i.e. wood and PE) in the 

composite. Therefore, the combination of the coupling agents generated a 

complementary influence, maximising the capability of interface refining and 

bonding strengthening of each coupling agent. The macroscopic behaviour of 

heterogeneous materials mainly depends on the following four parameters: i) the 

behaviour of each phase; ii) the volume fraction of each phase; iii) the spatial 

arrangement of the phase or morphology; and iv) the interface properties 

(Abdelmouleh et al., 2007). The latter was dependent on the degree of interaction 

between phases. The treatments with multiple coupling agents benefitted the 

chemical reaction and interdiffusion (FTIR analysis) along with filler wettability 

and embedment (SEM analysis), providing the composites with better interface 

properties. 

With respect to the influence of the compositional variation on the tensile 

properties of the composites (Table 8.1), the continuous addition of rubber led 

to the decrease of the stiffness of the composites by showing higher tensile strain 
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and lower tensile modulus. This result was in agreement with the widely 

reported statement, namely the more incorporation of wood flour into polymer 

matrix resulted in higher rigidity of the composite (Santiagoo et al., 2011; Raju et 

al., 2008). It was found that the composite with 20% rubber had slightly higher 

tensile strength (1.96%) than that with 10% rubber. However, the more addition 

of rubber (30%) by reducing the matrix composition had a deleterious effect on 

the tensile strength of the composite. This was because the filler particles were 

no longer equally distributed and wetted by the polymer matrix, and the 

agglomeration of fillers tended to form a foreign domain undermining the 

homogeneity of the resulted composite.   

Table 8.1 Tensile properties of untreated and coupling agent treated RubWPC 

Sample Tensile stress 

(MPa) 

Tensile strain 

(%) 

Tensile modulus 

(MPa) 

Untreated 5.31±0.17 2.84±0.12 1405.64±63.74 

MAPE treated 5.65±0.21 2.66±0.14 1343.90±85.51 

Si69 treated 6.96±0.26 2.34±0.08 1658.62±101.68 

VTMS treated 5.64±0.20 2.71±0.16 1402.12±60.25 

MAPE&Si69 8.34±0.23 2.74±0.09 1696.63±102.10 

MAPE&VTMS 6.15±0.24 2.56±0.12 1554.92±78.27 

MAPE&Si69-10 8.18±0.31 1.66±0.14 2624.23±135.85 

MAPE&Si69-30 5.40±0.19 2.64±0.11 1079.12±102.36 

8.2.1.2 Dynamic mechanical analysis (DMA) 

The transition of a polymeric material from glassy state to rubbery state, 

commonly investigated by the use of DMA, has been considered as a significant 

material property. Figure 8.1 illustrated the temperature dependence of the 

storage moduli of untreated and treated RubWPC. The storage moduli of all the 

composites gradually decreased with the increase of temperature. Compared to 

the untreated counterpart, the single coupling agent treated composites showed 

inferior storage moduli in the temperature range from -100oC to -50oC. At the 

temperature above -50oC, the storage moduli of MAPE and Si69 treated 
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composites were higher than that of the untreated, while that of VTMS treated 

remained slightly lower but appeared to be much closer. It was worth noticing 

that the composites treated with combined coupling agents, especially 

MAPE&VTMS, exhibited greater modulus values than both untreated and single 

coupling agent treated composites. This result was in accordance with the tensile 

properties owing to the superior interfacial adhesion and bonding quality which 

had been revealed in the previous structure analyses (Section 7.2.1 and 7.2.2). 
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Figure 8.1 Storage modulus of untreated and treated composites as a function of 

temperature 

The loss modulus is a measure of the energy dissipated as heat, representing the 

viscous portion of the material which flows under certain condition of stress. 

Figure 8.2 presented the variation of the loss modulus as a function of 

temperature of the composites. The relaxation peaks at -38oC to -20oC in the 

curves were associated with the molecular motion of rubber phase 

corresponding to its glass transition (Table 8.2). It was observed that the 

coupling agent treatments led to a flattening of the relaxation peaks with lowered 

loss modulus values, and the shift of relaxation peaks from -38.0oC (untreated) 

towards higher temperatures, indicating the enhanced interfacial interaction and 

adhesion between rubber particles and other constituents of the composites. In 
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addition, the relaxation peaks observed at around 50oC were attributed to the α 

transition of PE matrix, corresponding to its chain segment mobility (Bengtsson 

et al., 2005; Mohanty and Nayak, 2006; Mohanty et al., 2006). The relevant loss 

modulus at this temperature was seen a marginal increase after the coupling 

agent treatments, which was probably due to the reduced flexibility by 

introducing constraints on the segmental mobility of macromolecules at the 

relaxation temperatures (Ou et al., 2014; López-Manchado et al., 2002). 
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Figure 8.2 Loss modulus of untreated and treated composites as a function of 

temperature 

The damping property of material gives a balance between the elastic phase and 

viscous phase in a polymeric structure. The mechanical loss factor or damping 

factor tanδ of the composites as a function of temperature was represented in 

Figure 8.3. The glass transition temperatures (Tg) of the treated composites 

shifted to higher temperatures, namely from -33.2oC (untreated) to -32.3oC 

(MAPE treated), -13.0oC (Si69 treated), -29.3oC (VTMS treated), -21.7oC 

(MAPE&Si69 treated), and -32.8oC (MAPE&VTMS treated) respectively (Table 

8.2). This observation should be associated with the intermolecular crosslinking 
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induced by the coupling agent treatments (Ratnam et al., 2001b), which had been 

thoroughly discussed in the previous section of chemical structure analysis 

(Section 7.2.1). The presence of the crosslinking was assumed to restrict the 

mobility of the polymeric chains so that more energy was required for the 

transition to occur (Mehdi et al., 2004). On the other hand, the decline in the tanδ 

intensity or amplitude of the treated composites (Table 8.2) suggested the 

number of molecular portions responsible for the transitions had decreased after 

the treatments (Mehdi et al., 2004). This result along with their better interfacial 

bonding, reduced interchain chemical heterogeneity, and relatively restricted 

segmental mobility of polymer molecules gave rise to less energy dissipation in 

the treated composites, leading to the reduction in the tanδ amplitude.  

It could be seen that there was a gradual decrease in the storage modulus with 

the continuous addition of rubber particles into MAPE&Si69 treated composites, 

which affirmed the decrease of stiffness of the composites. It should be 

mentioned that regarding the difference between the composites with 20% and 

30% rubber, the lower storage modulus in the composite with 30% rubber was 

ascribed to the poorer filler distribution and wetting due to the lower 

concentration of polymer matrix in the system. The relaxation peaks of the 

composites with less rubber addition were observed at higher temperature 

regions which were consistent with their higher Tg, suggesting that the stronger 

rubber-wood and rubber-PE interactions occurred in the composites contributed 

to the segmental immobilisation of the polymer chain along the interfaces and 

hence caused a lowering of the corresponding tanδ amplitude (Ahmad et al., 

2006). 
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Figure 8.3 Tanδ of untreated and treated composites as a function of 

temperature 

Table 8.2 Crucial parameters extracted from DMA curves of RubWPC 

Sample Temperature of 

rubber relaxation 

peak (Tr, oC) 

Loss 

modulus at 

Tr (MPa) 

Glass transition 

temperature 

(Tg, oC) 

Tanδ 

at Tg 

Untreated -38.0 205.7 -33.2 0.073 

MAPE treated -37.5 190.1 -32.3 0.067 

Si69 treated -20.5 179.1 -13.0 0.073 

VTMS treated -34.8 178.6 -29.3 0.071 

MAPE&Si69 -28.9 190.5 -21.7 0.070 

MAPE&VTMS -37.5 295.6 -32.8 0.075 

MAPE&Si69-10 -16.4 158.5 -9.1 0.054 

MAPE&Si69-30 -31.7 244.5 -22.5 0.098 

8.2.2 Nanomechanical property analysis 

Figure 8.4 shows the nanoindentation test regions of untreated and MAPE&Si69 

treated RubWPC, the results from these measurements are presented in Figure 

8.5. The hardness of the cell walls in the treated composite was nearly equal to 



119 
 

that of untreated composite. In contrast, the reduced elastic modulus of the 

treated cell walls was significantly increased by 20.84% compared to that of 

untreated cell walls, which was well in line with its bulk properties such as tensile 

modulus (Table 8.1) and storage modulus (Figure 8.1). This result might be 

associated with the considerable penetration of polymer resin into the more 

deformed and accessible cell lumens and vessels after the treatment, which were 

detected in its microstructure analysis (Section 7.2.2). Although it was widely 

accepted that the indentation modulus in damaged cell walls were lower than 

that in intact cell walls, the resin filling in cell lumens was a mechanical interlock 

that provided additional strength, recovering the loss of elastic behaviour due to 

mechanical processing (Konnerth and Gindl, 2006; Frihart, 2005; Gindl et al., 

2004). It was worth mentioning that in the previous nanoindentation study of 

WPC (Section 6.2.2), the coupling agent treatment might exert a weakening or 

softening impact on the cell walls through chain scission (i.e. cleavage of β-1,4-

glycosidic bonds between two anhydroglucose units) or weakening of 

interfibrillar interaction, resulting in lower mechanical properties compared to 

untreated cell walls. The contrary behaviour explored in RubWPC indicated that 

with respect to the influence on nanomechanical properties of treated cell walls, 

the resin penetration was more pronounced over the weakening or softening 

impact with the inclusion of rubber particles into the composite, probably due to 

the physical, mechanical and chemical interactions between wood flour and 

rubber particles with the aid of coupling agents, which had been thoroughly 

discussed in Chapter 7. Therefore, the nanomechanical properties of the cell 

walls in untreated RubWPC remained unaffected by the rubber particles due to 

the lack of intimate physical contact between wood flour and rubber particle in 

untreated RubWPC (Figure 7.5), leading to subtle distinction from the 

nanomechanical properties of WPC (Fugure 5.4). In addition, MAPE and Si69 

coupling agents might be able to diffuse into wood cell wall and form hydrogen 

bonding and covalent bonding with the structural components of the cell wall 

especially hemicellulose owing to its greater accessibility (Frihart, 2005), thus 

increase the nanomechanical property of the treated RubWPC.  
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Figure 8.4 Microscope images of nanoindentation test regions of untreated and 

MAPE&Si69 treated RubWPC 
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Figure 8.5 Nanomechanical properties of untreated and MAPE&Si69 treated 

RubWPC by nanoindentation 

The individual nanomechanical property of every marked region in Figure 8.4 

were presented in Figure 8.6 and Figure 8.7 for the purpose of figuring out the 

variation of the nanomechanical behaviour of the cell walls. The hardness and 
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indentation modulus of the cell wall in both untreated and treated composites 

increased with the increase of its distance to the zone being of immediate contact 

with rubber particle and PE matrix. For instance, the elastic moduli in region 1 

(15.64 GPa) and region 5 (14.45 GPa) were lower than those in region 3 (16.67 

GPa) and region 4 (17.50 GPa) of the untreated composite, the hardness in region 

1 or region 6 of the treated composite was not comparable to the counterpart in 

other regions. This was because of the cell wall intimately contacting with other 

components was more deformed than the cell wall being further away from the 

bonding region, leading to inferior local mechanical property (Gindl et al., 2004), 

albeit it might have more resin penetration into the adjacent cell lumen and 

coupling agent diffusion. Furthermore, the hardness or modulus distinction 

among different regions of the untreated composite (up to 0.05 GPa and 3.05 GPa 

respectively) was not as apparent as that of the treated composite (up to 0.06 

GPa and 4.64 GPa respectively) due to the less deformed and accessible cell walls 

in the untreated composite, which was in accordance with the microstructure 

investigation in Section 7.2.2.   
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Figure 8.6 Comparison of the hardness in different test regions of untreated (a) 

and MAPE&Si69 treated (b) RubWPC 
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Figure 8.7 Comparison of the reduced elastic modulus in different test regions 

of untreated (a) and MAPE&Si69 treated (b) RubWPC 
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8.3 Interim Conclusions 

The assessment of bulk and in situ mechanical properties of untreated and 

coupling agent treated RubWPC was accomplished by systematically carrying out 

tensile property analysis, DMA and nanoindentation measurements. The 

coupling agent treatments led to an increment in the tensile strength of RubWPC 

due to the enhanced interfacial bonding. Tensile strain and tensile modulus 

results denoted that the mechanical behaviour of the treated RubWPC was a 

mutual result of the stiffening impact of wood-PE moiety and the more ductile 

structure of rubber-PE phase within the composites rather than being dominated 

by either impact. The continuous addition of rubber into the composites 

impaired the tensile strength, while the ductility was increased with higher 

tensile strain and lower tensile modulus. 

The enhanced interfacial bonding of the treated RubWPC was confirmed by the 

shift of relaxation peak and Tg towards higher temperatures along with the 

reduction in tanδ amplitude, which were associated with the restricted 

segmental polymer motion and less energy dissipation. The composites with less 

rubber addition demonstrated the corresponding relaxation peaks at higher 

temperatures with higher Tg and lower tanδ amplitude, primarily due to their 

stronger interfacial interactions. MAPE&Si69 treated RubWPC possessed more 

outstanding nanomechanical property than the untreated counterpart, which 

was ascribed to the considerable resin penetration into the more deformed and 

accessible cell lumens and vessels as well as the bonding formed between the 

diffused coupling agents and the structural components of cell walls. In addition, 

the nanomechanical properties (harness and elastic modulus) of the cell wall in 

both untreated and treated composites increased with the increase of its distance 

to the zone being of intimate contact with rubber particle and PE matrix. 
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Chapter 9 Conclusions and Recommendations for Future Work 

9.1   Summary of the research 

This research is devoted to 1) the formulation of Rubber-PE composites with 

optimised interface (Chapter 4), 2) thorough understanding of the chemical, 

physical and mechanical bonding mechanisms of WPC (Chapter 5), 3) the 

determination of bulk and in situ mechanical performance of WPC and their 

correlation with composite structures (Chapter 6), 4) novel formulation of 

RubWPC and comprehensive unveiling of the structure and bonding mechanism 

(Chapter 7), and 5) the investigation of the influence of interfacial bonding and 

compositional variation on the mechanical performance of RubWPC (Chapter 8). 

The major outcomes are summarised as follows: 

1) The application of MAPE, Si69 and VTMS coupling agents improved the 

compatibility, homogeneity and interfacial bonding of Rubber-PE composites. 

FTIR results revealed that the crosslinking reactions occurred between the 

functional groups of MAPE (MA groups) and Si69 (sulfide groups) and the 

constituents of the composites, which gave rise to the enhancement of chemical 

compatibility and interdiffusion, rubber wettability by the matrix, and thus the 

interfacial adhesion of the composites. The spectral characteristics unveiling the 

chemical interactions between the coupling agents and raw materials were 

unfortunately not detected in NMR analysis probably due to insufficient 

concentration or inappropriate relaxation time of the corresponding bonds (e.g. 

C-O and C-O-Si).  

SEM observations substantiated the improvement of the constituent 

compatibility, rubber wettability and embedment, and interfacial bonding after 

MAPE and Si69 treatments. VTMS treatment was not as effective as MAPE and 

Si69 treatments by showing comparatively limited crosslinking with the 

constituents and poorer interface within the composite. NMR analysis suggested 

the constraints on the segmental mobility of the polymers resulting from the 

treatments, which contributed to the shift of glass transition peaks and inferior 

tanδ amplitude as explored in DMA study. The mechanical properties including 

storage modulus, tensile strength and tensile strain of the composites were 
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increased due to the better interfacial compatibility and adhesion as well as more 

efficient stress transfer from the matrix to rubber particles after the treatments. 

2) The physical, chemical and mechanical bonding mechanisms of WPC were 

systematically revealed by carrying out a set of assessments including ATR-FTIR, 

NMR, SEM and FM analyses. FTIR and NMR results confirmed the chemical 

reactions between the coupling agents and the constituents of the composites, i.e. 

the MA moiety in MAPE, the ethoxy groups of Si69 and the methoxyl groups of 

VTMS reacted with the hydroxyl groups of wood flour, in the meantime, the 

grafted PE chains in MAPE, the dissociated sulfide groups in Si69, and the vinyl 

groups of VTMS chemically bonded and/or interacted with the PE 

macromolecules. The introduced hydrocarbon chains of coupling agents also led 

to the decrease of hydrophilicity and the increase of surface energy of wood flour, 

and improved the chemical affinity of the matrix, thereby resulted in enhanced 

wettability of wood flour by the resin and interfacial adhesion. NMR results also 

indicated that there existed transformation of crystalline cellulose to an 

amorphous state during the coupling agent treatments, reflecting the inferior 

resonance of crystalline carbohydrates. 

SEM observation revealed that the coupling agent treatments enhanced the 

interfacial compatibility and adhesion of WPC by promoting the dispersion of 

wood flour in the matrix, improving the wettability of wood flour by the resin, 

and facilitating the resin impregnation throughout the interface. The enhanced 

interface of the composites after the coupling agent treatments was resulted from 

the combination of increased macromolecular interdiffusion, chemical reactions 

and mechanical interlocking. 

3) The better interfacial adhesion and more efficient stress transfer from the 

matrix to wood flour led to the improvement of the tensile strength (135.40%, 

15.63%, and 77.40% respectively) and tensile modulus (112.73%, 63.3%, and 

114.15% respectively) of MAPE, Si69 and VTMS treated WPC, while the tensile 

strain of the composites suffered from the stiffening impact of the treatments. 

The coupling agent treatments restrained the segmental mobility of polymer 

molecules of the matrix, resulted in the shift of relaxation peak and the 

diminution of tanδ magnitude. The broadening of the transition regions from 
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around 10oC to 85oC discerned in all the treated composites (especially MAPE 

and VTMS treated composites) might confirm the existence of the interactions 

between the coupling agents and the constituents of the composites.  

The influence of the coupling agent treatments on the in situ mechanical 

properties of WPC has been first examined by nanoindentation analysis, and their 

correlation with bulk mechanical properties and composite structures have been 

established. The nanomechanical property of coupling agent treated composites 

fell into the sequence: VTMS > Si69 > MAPE. The decreased (MAPE and Si69 

treated) and unaffected (VTMS treated) nanomechanical properties of the 

treated WPC determined by nanoindentation suggested that the in situ 

mechanical properties were not primarily governed by the interfacial adhesion, 

but more significantly affected by fibre weakening or softening impact (i.e. chain 

scission (cleavage of β-1,4-glycosidic bonds between two anhydroglucose units) 

and weakening of interfibrillar interaction in cellulose), crystalline structure 

transformation and cell wall deformation/damaging. To what extent the bulk 

mechanical properties of the composite could be improved was predominantly 

relying on the level of the enhancement of compatibility, interfacial adhesion and 

bonding after different coupling agent treatments rather than being governed by 

the individual local property of the material within the interface. 

4) RubWPC materials have been innovatively developed with the additional use 

of GTR as raw material in WPC. The variation of the chemical functionalities and 

structure, interface microstructure, and bonding scenarios during coupling agent 

treatments of RubWPC has been comprehensively scrutinised. FTIR and NMR 

analyses unveiled the chemical reactions of the coupling agents with the 

substrates through their intrinsic multifunctional molecules, i.e. the hydrophilic 

moieties in coupling agents (MA of MAPE, ethoxy groups of Si69, and methoxyl 

groups of VTMS) reacted with the hydroxyl groups of wood flour to form strong 

covalent bonds, while the nonpolar molecules (PE chains in MAPE, dissociated 

sulfide groups of Si69, and vinyl groups of VTMS) chemically crosslinked with 

rubber and PE macromolecules. These chemical reactions substantiated the 

improvement of chemical compatibility and adhesion of the composites after 
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coupling agent treatments, which benefitted the macromolecular interdiffusion 

and the wetting of the fillers by the matrix. 

The incorporation of MAPE and Si69 coupling agents promoted the intimate 

contact between the constituents of the composites and the distribution and 

embedment of rubber particle and wood flour in the matrix with reduced filler 

agglomerations, which were evident in their microstructures. MAPE and Si69 

treated composites possessed more resin penetration into the fillers and resin 

impregnation at rubber-PE and wood-PE interfaces, providing a rigorous basis 

for the mechanical interlocking of the substrates, and thus improving the 

interfacial bonding. VTMS treatment effectively improved the wood-PE interface 

within the composite, but it was not the appropriate coupling agent for refining 

rubber-PE or rubber-wood interfaces due to its poor interactions with rubber 

particles. Interdiffusion, molecular attractions, chemical reactions, and 

mechanical interlocking were mutually responsible for the enhancement of the 

interfacial adhesion and bonding of the RubWPC treated with MAPE and Si69 

coupling agents. 

5) The assessment of bulk and in situ mechanical properties of untreated and 

coupling agent treated RubWPC was accomplished by systematically carrying out 

tensile property analysis, DMA and nanoindentation measurements. The 

coupling agent treatments led to an increment in the tensile strength of RubWPC 

due to the enhanced interfacial bonding. Tensile strain and tensile modulus 

results denoted that the mechanical behaviour of the treated RubWPC was a 

mutual result of the stiffening impact of wood-PE moiety and the more ductile 

structure of rubber-PE phase within the composites rather than being dominated 

by either impact. The continuous addition of rubber into the composites 

impaired the tensile strength, while the ductility was increased with higher 

tensile strain and lower tensile modulus. 

The enhanced interfacial bonding of the treated RubWPC was confirmed by the 

shift of relaxation peak and Tg towards higher temperatures along with the 

reduction in tanδ amplitude, which were associated with the restricted 

segmental polymer motion and less energy dissipation. The composites with less 

rubber addition demonstrated the corresponding relaxation peaks at higher 
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temperatures with higher Tg and lower tanδ amplitude, primarily due to their 

stronger interfacial interactions. MAPE&Si69 treated RubWPC possessed more 

outstanding nanomechanical property than the untreated counterpart, which 

was ascribed to the considerable resin penetration into the more deformed and 

accessible cell lumens and vessels as well as the bonding formed between the 

diffused coupling agents and the structural components of cell walls. In addition, 

the nanomechanical properties (harness and elastic modulus) of the cell wall in 

both untreated and treated composites increased with the increase of its distance 

to the zone being of intimate contact with rubber particle and PE matrix. 

9.2   Recommendations for future work 

This research provides a scientifically and industrially promising approach for 

realising valorisation of waste tyre rubber through the development of RubWPC 

materials. Beyond the knowledge established in this work, the following 

suggestions should be considered and carried out in the future development of 

RubWPC materials: 

1) The development and/or selection of efficient and cost effective surface 

modification method for both the fillers and matrix are the first critical area to be 

considered for future development of RubWPC. The tendency is in favour of 

treatment that not only provides superb tailoring but also has minimal impact on 

economics. 

2) It is well known that rubber can be used as an acoustic absorbing material for 

noise and vibration control. Since the undesirable and potentially hazardous 

noise is considered as serious environmental pollution, the acoustic properties 

of RubWPC should be determined for the benefits of broadening its potential 

applications in different industrial sectors.  

3) The particle size of GTR is postulated to affect the structure and performance 

of the formulated RubWPC. Hence, the effect of varying particle size of GTR on 

the filler distribution, interfacial bonding, physical and mechanical properties 

should be taken into account in the future study of RubWPC.  

4) Although the application of nanoscience in lignocellulosic polymer composites 

is currently at the infant state, nano-enhanced polymer composites will become 
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inevitable in the near future. Nanofillers, such as nanorubber, nanocellulose and 

graphene, should be considered in the further formulation of RubWPC, which 

might equip the resulted material with more attractive properties. 
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