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ABSTRACT 

 

 Epoxy resin is an important thermosetting matrix with good stiffness, thermal 

resistance, chemical resistance and long pot life period. On the other hand, cured 

epoxies are highly brittle, which limits their utility in many composite applications. 

The incorporation of nanofillers into epoxy matrix is gaining significant interest in 

the structural composite application, where strength, stiffness, durability, lightweight, 

design, and process flexibility are required such as in aerospace and automobile 

industry. The inherent brittle nature of the epoxy matrix can be improved by the 

incorporation of nanofillers in the matrix. The realization of nanofiller reinforced 

epoxies with high toughness requires a homogeneous dispersion and strong interfacial 

interaction between the nanofiller and the polymer matrix. Generally nanoparticles 

have a tendency for agglomeration because of the weak van der Waals force of 

attraction. Surface modifications of nanofillers are an effective way to improve 

interfacial interaction between the nanofillers and the epoxy matrix, which in turn 

leads to better filler dispersion, and enhanced mechanical performance in the 

nanocomposites. The main objective of this research work is to study the influence of 

geometry and surface modification of nanofiller on the morphology, mechanical, 

thermal and viscoelastic properties of the epoxy composite system. We focus our 

work to develop epoxy systems with high toughness as well as mechanical strength. 

Glycidyl polyhedral oligomeric silsesquioxane (POSS) was used as a 

crosslinking agent to prepare a new organic–inorganic hybrid material from carboxyl 

terminated poly(acrylonitrile-co-butadiene) (CTBN). Differential Scanning 

Calorimetry (DSC) at different heating rates in the presence and absence of catalyst, 

triphenyl phosphine (TPP), was conducted to investigate the curing kinetics. The 

curing mechanism of POSS-CTBN system followed an autocatalytic model. 

A novel hybrid epoxy nanocomposite has prepared using CTBN as modifier, 

glycidyl POSS as nanofiller and diaminodiphenyl sulfone (DDS) as curing agent. We 

have carried out a comparison of the properties of the hybrid systems with 

POSS/epoxy nanocomposites and CTBN/epoxy blends. Fracture toughness 

measurement showed 59 % improvement in KIC for 2.5 phr POSS/epoxy composites 

as compared to neat epoxy, whereas only 38 % improvement was observed for hybrid 

composite. A decrease in toughness for the hybrid composite was observed due to the 

occurrence of high crosslink density created by octa-functional POSS particles near 

rubber particles which might have reduced the rubber particle size and this in turn, 

causes the toughening capability of soft rubber particles. 

The surface of multi-walled carbon nanotubes (MWCNTs) were modified by 

grafting with CTBN and hydroxyl terminated poly(ethersulfone) (PES). Incorporation 

of PES and CTBN grafted MWCNTs in epoxy matrix composites imparted 

tremendous improvement in fracture toughness when compared to pristine and acid 

modified MWCNT/epoxy composites (125 % improvement for 0.3 wt% MWNCT-g-

PES and 119 % improvement for 0.3 wt% MWNCT-g-CTBN compared to neat 

epoxy) in addition to the improvement in mechanical characteristics. The mechanism 
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of fracture behavior revealed that crack deflection, pullout of nanotubes, debonding 

of MWCNTs and bridging mechanism were responsible for the improvement in 

fracture toughness of the composites. 

The effect of surface modification of graphite oxide (GO) on the thermo-

mechanical properties of epoxy composites was investigated. CTBN grafted GO and 

polyethylenimine (PEI) grafted GO were successfully synthesized. Partial reduction 

of GO was observed during functionalisation with CTBN and PEI. The mechanical 

properties of the epoxy system showed an excellent improvement by the addition of 

polymer functionalized GOs. The surface morphology revealed improved interfacial 

bonding between the filler/matrix. Therefore, polymer functionalized GO modified 

composites were able to carry higher level of loading during fracture. The 

viscoelastic properties also showed drastic improvement in modulus and Tg. This 

improvement in Tg is due to the hindered polymer chain mobility near the 

filler/matrix interface. The improvement in modulus and Tg was further confirmed by 

the quantitative analysis of the constrained region. 

TiO2-derived nanowires were prepared by a simple hydrothermal synthesis 

using commercial TiO2 powder. The TiO2(B)-NWs showed the highest mechanical 

properties and analogous thermal properties compared to TiO2 nanoparticle. The 

optimum properties of this system are attributed to the particle shape or particle 

dimension that has been described by the aspect ratio wherein the elongated filler 

shows the highest aspect ratio hence improving the bonding between resin and filler. 

TiO2/epoxy composite showed little effect on fracture toughness, but TiO2 nanowires 

increased toughness significantly. The TiO2(B)-NWs incorporated into the epoxy 

matrix effectively disrupted the development of crack growth and prevented crack 

propagation. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

 The aim of this chapter is to introduce and provide the state-of-the-art 

literature survey on the toughening of epoxy using different toughening modifiers. 

This chapter introduces the motivation and objectives of the research work. At the 

end of the chapter, the organization of the whole thesis and a brief introduction of 

each chapter is provided. 
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1.1. Polymer Nanocomposites 

 

Polymer nanocomposites (PNCs) are a new class of composites, for which at 

least one dimension of the dispersed particles, are in the nanometer range (Koo, 

2006). Nowadays, development of polymer nanocomposites became an efficient 

strategy to improve the properties of polymers to the level where potential of these 

materials exceed the ones of conventional composites. Compared to conventional 

materials, nanocomposites offer useful new and interesting properties due to which it 

has received much interest in the scientific community. The necessary loadings of 

nanofillers in the polymer matrices are usually lower than those of their microfiller 

counterparts (typically 10–40 vol% for microfillers). As a result, nano material 

incorporated polymer matrices grant huge advantage when compared to microfilled 

ones. Besides, many inherent properties of polymers such as flexibility, strength, 

optical transparency, and good processability will be maintained after nanofiller 

addition. As far as mechanical properties are concerned, the changes in stiffness and 

strength depend mainly on the degree of interaction between the reinforcing filler and 

the polymer matrix. It has been established that incorporation of small amount of 

nanofiller into the polymer matrix can significantly improve the thermo-mechanical, 

optical and electrical properties without affecting its processability, density and 

appearance. Because of the unique nanostructure and interesting properties, addition 

of carbon base nano fillers, such as carbon nanotubes (CNTs) and graphene can 

improve mechanical and electrical properties as well as thermal conductivities of 

polymer composites (Ruiz-Pérez et al., 2008). Because of these reasons, the 

fabrication and applications of polymer nanocomposites have become essential part 

in the industrial as well as academic research community. These nanocomposites are 

now find application in all kinds of fields including small commodity articles, 

automotive, electronics, packaging materials, and highly strategic fields like defense, 

aerospace and marine industries. Commercialization of nanocomposite technology 

started with the realisation by the researchers from Toyota  Central  Research  
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Laboratory, Tokyo that incorporation of as little as four percent by weight of a 

layered and nanostructured silicate clay into a polyamide 6 polymer matrix produced 

a composite material with improved mechanical and barrier properties as well as 

improved thermal resistance. 

 

Nature has long ago demonstrated the usage of nanocomposites. For example, 

nacre (available in abalone shell) is composed of 99 vol% aragonite (CaCO3) and 1 

vol% biopolymer. Nacre is 2 times harder and 1000 times tougher than its main 

component aragonite. Such a remarkable enhancement in properties due to the 

presence of only 1 vol% of biopolymer is the result of a highly controlled structure, 

which nature produces by a process called biomineralisation (process by which nature 

produces minerals, often to harden or stiffen the existing tissues).  Thus 

nanocomposite technology is an attempt by man to mimic nature. 

 

Two critical issues have to be rectified inorder to fully realize the mechanical 

and electrical property improvement in nanocomposites. The primary factor is the 

dispersion of nanomaterials inside the polymer matrix and the other is the interfacial 

interaction between the nanomaterial and the matrix. Because of the large surface 

area, surface energy and strong van der Waals force of attraction, nanofillers are very 

difficult to disperse in a polymer matrix. A large number of processing techniques 

have been tried to disperse nanofillers in polymer matrix which include high speed 

shear mixing and sonication resulting in improved properties of nanocomposites. 

Strategic sectors such as aerospace and marine fields which needs high strength, 

toughened, heat resistant and lightweight materials are the biggest markets for 

polymer nanocomposites (Koo, 2006). Aerospace composites that have the required 

properties are already being developed.  However, these composites are still in their 

infancy, and problems related to manufacturing such as dispersion, alignment, load 

transfer between filler and matrix have to be improved before they can be widely 

used in structural elements. Consequently, a fundamental understanding of the 
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reinforcing mechanism between the nanofiller and matrix is needed for both the 

manufacture and application of nano-composite materials. 

 

1.2. Nanofillers 

 

Nanofillers can be defined as fillers having average particle size in the range 1 

to 100 nanometer (Rao et al., 2006). As the dimension of filler gets smaller, the 

surface area (per volume of filler) available for interaction with the matrix increases 

and hence a remarkable improvement in reinforcement efficiency can be achieved. It 

is now well established that the incorporation of a small percentage of nanofillers in a 

polymer matrix may markedly enhance its mechanical strength. When comparing 

with micron size fillers, the nano size filler particles are able to occupy substantially 

large number of sites in the polymer matrix. This intimate contact can influence the 

inherent properties of the polymer matrix such as its chain entanglements, its 

morphology and even its crystallinity. The concentration of the nanofiller for getting 

optimal properties in the polymer composites is dependent on its particle size and 

shape, dispersion behavior and interfacial bonding interaction between the filler and 

polymer matrix. The range of properties where nano-sized fillers are expected to 

yield improvements over neat polymers is wide, improved mechanical strength, 

electrical conductivity and toughness properties can be cited as examples. 
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Figure 1.1: Classification of nanostructures 

 

By knowing how many dimensions of the dispersed particles are in the 

nanometer range, one can distinguish nanostructures into three types (Figure 1.1). 

When the three dimensions are in the order of nanometers, we are dealing with iso 

dimensional nanostructures like silica obtained by in-situ sol gel methods. In 

addition to silica, various nano particles like titanium dioxide, zinc oxide, calcium 

carbonate, ceramic oxides etc. are also used to reinforce various polymer matrices. If 

two of the dimensions are reduced to nano range and the other one is large, the 

resulting structure is a one dimensional nanostructure. One dimensional 

nanostructures includes nanowires, nanorods, nanotubes etc. whose lateral 

dimensions fall in the range of 1 to 100 nm. One dimensional nanostructures play a 

unique role in the growing research areas of nanoscience with outstanding 

mechanical, electrical and optical properties being shown by the material due to the 

quantum confinement of electrons in two-dimension. Various metal oxide nanowires, 

carbon nanofibers, cellulose whiskers, and carbon nanotubes belongs to one 

dimensional nanostructures. If any one of the dimension is reduced to nano range 

while the two dimensions are large, the resulting structure is a two-dimensional 

nanostructures. Because of the low dimensional characteristics different from the 

bulk properties, synthesis of two dimensional nanofillers have become a focal area in 
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nanomaterials research. Graphene and nanoclays are examples of two dimensional 

nanofillers. Interestingly, carbon nanostructures exist in all the three forms (Figure 

1.2).  

 

 

 

Figure 1.2: Formation of different carbon nanostructures from graphene layer (Geim et. al., 

2010) 

 

 A humble detail of the commonly used nanofillers in polymer 

nanocomposites is presented in the forthcoming paras. 

 

1.2.1. Carbon nanotube 

 

Carbon nanotubes are long, thin cylinders of carbon, discovered by Sumio 

Iijima in 1991 (Iijima, 1991). Because of its outstanding tensile strength, very high 

thermal conductivity (higher than purest diamond) and electrical conductivity (greater 

than copper), it is often known as the “wonder material”. Elemental carbon can form 

amazing structures in its sp2 hybridization. Carbon can build closed and open cage 
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structures with honeycomb arrangement of carbon atoms. CNTs are one-dimensional 

nanostructures consisting of single or multiple sheets of graphene wrapped into a 

cylinder (Figure 1.3). CNTs are of two types – single walled carbon nanotube 

(SWCNT) and multi-walled carbon nanotube (MWCNT). SWCNTs are single sheets 

of graphene wrapped up into the form of a cylinder. MWCNTs consists concentric 

arrays of single walled nanotubes nested together. Depending on the diameter and 

number of concentric shells in the MWCNT, the interlayer spacing for MWCNTs 

ranges from 0.342 to 0.375 nm (Gogotsi and Presser, 2013). The increase in intershell 

spacing with decreased nanotube diameter is due to the increased repulsive force as a 

result of the high curvature. CNTs are quite non-reactive due to the absence of 

dangling bonds in the hexagonal arrangement of carbon atoms, and the fullerene like 

tips of the CNT are more reactive than the CNT sidewalls. CNTs exhibits excellent 

electrical, mechanical and structural properties.  

 

 

Figure 1.3: Different chiral structures of carbon nanotube (Gogotsi & Presser, 2013)    
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Carbon nanotubes are large macromolecules which are distinctive for their 

size, shape, and outstanding physical properties. They can be considered as a 

hexagonal lattice of carbon atoms rolled into the form of a cylinder. A pair of indices 

(n,m) represents how the graphene sheets are wrapped up to form a carbon nanotube 

and are referred as chiral vectors. Depending on the chiral vectors (n,m) carbon 

nanotube can be classified as arm chair (n=m and chiral angle = 30º), zigzag (n=0, 

m=0 and chiral angle = 0º) and chiral (n ≠ m and chiral angle = 0º). The chirality of 

nanotubes has significant impact on its transport properties, particularly the electronic 

properties. The nanotubes can be metallic or semiconducting depending on their 

structural parameters. 

 

The diameter, length, and chirality of the CNTs plays a key role in exhibiting 

a wide range of structural, thermal and electronic properties in nanotubes. The 

diameter d and the chiral angle  of the CNT can be given as 
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The intriguing structures of the CNT and the outstanding properties have 

sparked much excitement in the recent years and enormous research has been carried 

out in this area. The quasi-one dimensional structure and graphitic arrangement of the 

carbon atoms in the shells leads to the amazing electronic and mechanical properties 

in CNTs. The physical properties of CNTs are still being explored. Due to the one-

dimensional electronic structure, ballistic conduction of electrons occurs in CNTs 

resulting in high conductivity. CNTs have current densities of 109 – 1010A/cm2 and 

the resistance is stable upto 250ºC. CNTs are brittle at low temperature. At low 

temperatures CNTs behaves as superconductors.  CNTs possess high axial strength 
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and stiffness due to the carbon-carbon sp2 bonding. CNTs possess ultra-high Youngs 

modulus of ~1 TPa and tensile strength in the range of 11-63 GPa and are promising 

materials as nanofillers in high-performance polymer matrix composites 

(Moniruzzaman and Winey, 2006). The very high Young’s modulus and tensile 

strength of the CNTs makes them suitable for composite materials with enhanced 

mechanical properties (Schadler et al., 1998).  

 

1.2.2. Graphene 

 

Graphene is the first two-dimensional atomic crystal of carbon; is also 

referred as zero resistance wonder material (Figure 1.4). The revolutionary discovery 

of graphene has added a new dimension of research in the fields of physics, 

chemistry, biotechnology, and materials science (Geim and Novoselov, 2007).  It is a 

promising material for various applications due to its fascinating properties such as 

exceptionally high thermal conductivity, charge carrier mobility, surface area, 

Young’s modulus, fracture strength etc. The unique features of graphene have 

attracted tremendous interest both in academics and industry. Graphene sheets consist 

of two-dimensional honeycomb lattice of sp2 bonded carbon atoms. Graphene is the 

basic building block of all graphitic materials; it can be wrapped up to form zero 

dimensional fullerene, rolled into one dimensional nanotubes and stacked upto form 

three dimensional graphite. Graphene is known as the strongest material present 

today as it possesses Young’s modulus of 1 TPa and ultimate strength of 130 GPa. 

Graphene has stimulated enormous research among the scientific community. 

Graphene exhibits a wide variety of excellent properties like quantum Hall effect, 2D 

Dirac Fermions, high value of aspect ratio, high surface area, high optical 

transmittance, Young’s modulus, fracture toughness, electron mobility and thermal 

conductivity (Rao et al., 2009). Because of its excellent electrical properties, 

graphene can be used in making solar cells, super capacitors, sensors, batteries etc. 

The incorporation of graphene into polymer nanocomposites can enhance the 

properties of polymer nanocomposites to a great extend (Stankovich et al., 2006). The 
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superior properties of graphene are associated with its single-layer. But the 

preparation of single-layer graphene is difficult at room temperature. The major 

challenge with graphene is its tendency to restack to form graphite, as a result of its 

high surface energy and strong van der Waals force of attraction (Loh et al., 2010). 

Enormous researches are being carried out to functionalize graphene and to improve 

the dispersion and interaction of graphene in the polymer matrix. On incorporating 

graphene into host material, the properties such as electrical conductivity, elastic 

modulus, tensile strength and thermal stability are enhanced to a greater extent. The 

property enhancement occurs at even low loading of the filler due to large interfacial 

area and high aspect ratio. Due to the larger surface area of the graphene sheets, the 

contact area of the graphene with polymer matrix is higher and so it maximizes the 

stress transfer from polymer to graphene nanosheets. Chemical modification of 

graphene improves the compatibility, dispersion and interfacial interaction of nano-

fillers in polymer matrix. Graphene can also take part in certain classes of reactions 

including cyclo-additions, click reactions, and carbine insertion reactions (Loh et al., 

2010). However, reactions on the surfaces of graphene hamper its planar structure. 

The destruction of the sp2 structure leads to the formation of defects and loss of 

electrical conductivity.  

 

 

Figure 1.4: Structure of graphene 
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1.2.3. Graphene oxide 

 

Graphene oxide is produced by the exfoliation of graphite oxide (GO) (Figure 

1.5). Graphene oxide has attracted great attention as it is easy to produce, low cost, 

and highly efficient in improving the properties of polymers. There are different 

methods for production of graphene oxide from natural graphite; the modified 

Hummers method is very fruitful in preparing graphene oxide (Hummers Jr and 

Offeman, 1958). The interlayer distance between the graphene oxide sheets is around 

6 to 12 Å. The stirring and sonication of graphite oxide can lead to the complete 

exfoliation to produce aqueous colloidal suspension of graphene oxide. With a great 

deal of epoxy, hydroxyl, and carboxyl functional groups on its basal planes, graphene 

oxide can be stably dispersed in water, these functional groups also make it more 

compatible with organic polymers. Graphene oxide is a non-stoichiometric material 

because the density of oxygen groups cannot be precisely controlled, which means 

that functionalization chemistry based on coupling chemistry to the oxygenated 

groups will inevitably lead to non-stoichiometric functionalization (Loh et al., 2010). 

Reduction process of graphene oxide can partially restore the outstanding properties 

of graphene. The exfoliated sheets of graphene oxide can be chemically, 

electrochemically, or thermally reduced into graphene. Chemical reduction has been 

performed with several reducing agents including hydrazine or sodium borohydrate 

(Dreyer et al., 2010). During this reduction process, the graphene oxide becomes less 

hydrophilic and increases its tendency to agglomerate irreversibly in aqueous media, 

thus precipitating in the form of black aggregates. Direct thermal treatment provides 

another way to reduce graphene oxide sheets. Functionalization of graphene oxide 

can result in chemically modified graphenes which could then potentially become 

much more adaptable for a lot of applications. Graphene oxide and surface modified 

graphene oxide were used as building blocks for new polymer composites to obtain 

high performance composite materials (Zhu et al., 2010). The presence of various 

oxygen functional groups in graphene oxide can lead to strong interfacial interactions 
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between graphene oxide and the polymer and hence use of graphene oxide as a 

reinforcing filler is advantageous in terms of mechanical property improvement. 

 

 

Figure 1.5: Structure of graphene oxide 

 

1.2.4. Polyhedral oligomeric silsesquioxane (POSS) 

 

Polyhedral oligomeric silsesquioxanes (POSS) can be considered as a nano 

form of silica. POSS-based hybrid nano materials have received gradually increased 

attention due to their unique structure of POSS (Konnola et al., 2016). The most 

common form of POSS (Si8O12R8) is comprised of a cubic cage with eight silicon 

atoms in the corner and twelve oxygen atoms on the edge with each of the silicon 

atoms carrying a functional group (R) (Hartmann-Thompson, 2011) (Figure 1.6). The 

diameter of a fully extended POSS molecule can vary from one to several 

nanometers, depending on the structure of the substituent. Unlike traditional organic 

compounds, POSS derivatives are nonvolatile, odorless and environmentally friendly 

materials. POSS have both the  properties of the inorganic materials (i.e., thermal 

chemical, radiation and oxidative stability, high modulus,) and the organic polymers 

(i.e., processibility, solubility, ductility, ease of manipulation using conventional 
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chemical techniques, low toxicity, and potential to tailor the structure by varying R to 

achieve the desired properties). The inner inorganic silicon and oxygen core 

surrounded by organic substituents renders high reactivity and compatibility to POSS 

molecules which make them attractive as additive for altering the properties of a 

variety of polymer matrices (Kuo and Chang, 2011). The incorporation of POSS into 

the polymer enhances the mechanical, thermal, oxidative, dielectric properties and 

reduces the flammability of polymers. POSS could be incorporated into polymers via 

blending, copolymerization or some other chemical approaches. POSS nanostructures 

also have significant promise for use in catalyst supports and biomedical applications, 

such as scaffolds for drug delivery, imaging reagents, and combinatorial drug 

development. 

 

 

Figure 1.6: Structure of polyhedral oligomeric silsesquioxane 

 

1.2.5. Titanium dioxide 

 

TiO2 belongs to the family of transition metal oxides (Figure 1.7). There are 

mainly four commonly known polymorphs of TiO2 occurring naturally which 

includes anatase, rutile, brookite and TiO2(B). Besides these naturally occurring 

polymorphs, additional high-pressure forms have been reported – TiO2 (II) with the 

α-PbO2 structure, TiO2 (H) with hollandite, baddelleyite with ZrO2, Cotunnite with 
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PdCl2. The surface properties of TiO2 can be tailored and has been the interest of 

research community. The complex TiO2 surface holds an important role in a wide 

variety of applications. The step edges, oxygen vacancies, line deficiencies, foreign 

cations, crystallographic shear planes and the surface planes of TiO2 adds to the 

complex surface features of TiO2 and plays a vital role in a wide variety of 

applications. Due to the improved surface wettability property of titania nanoparticles, 

it is useful in many photochemical applications such as antifogging and self-cleaning 

coatings. Because of its non-toxicity, high dispersibility and corrosion protective as 

well as UV absorbing nature, it is widely used in paint industry. TiO2 is having 

excellent optical transmittance in the visible and near-infrared region and therefore it 

is used in antireflective coatings, metal mirrors with enhanced reflection, and filters. 

Because of its high chemical and thermal stability, low cost and nontoxicity, TiO2 can 

act as a semiconductor photo catalyst for the decomposition of a great variety of 

organic pollutants. TiO2 is widely used as a filler in polymer composites of 

polyethylene, polystyrene, ABS, PVC etc. due to their improved physical and 

mechanical properties induced by TiO2 while without loss of inherent polymer 

properties like ease of processing, light weight and flexible nature. Traditionally, the 

polymer composites were reinforced with micron-sized TiO2. Recently, processing 

techniques like sonication, high shear mixing etc. have been developed to allow the 

size of TiO2 to go down to nanoscale. Experiments have shown that nanoscale 

reinforcement brings new electrical, optical, physiochemical properties, which lead to 

new material properties and correspondingly extended applications. 
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Figure 1.7: General chemical structures of anatase and rutile forms of TiO2 nanoparticles 

 

1.2.6 Nanoclay 

 

Clays are one group of nano fillers which is widely used to make polymer 

nanocomposites. Clays belong to the family of layered silicates. Layered silicates 

consist of regular stacks of aluminosilicate layers with high aspect ratio and large 

surface area. They are easily available and usually cheap compared to other 

nanofillers. Those members of the clay family that can be exfoliated of polymer 

chains or monomers and distributed as individual layers within the polymer matrix 

are suitable to be used in nanocomposite fabrication. These individual clay layers 

cause dramatic improvements in polymer properties due to their high aspect ratio and 

large surface area. 

 

Each layer in a clay contains two outer tetrahedral sheets of Si with a central 

octahedral sheet of Al or Mg. The tetrahedral and octahedral sheets are fused together 

by the sharing of oxygen atoms. Unshared oxygen atoms are present in hydroxyl 

form. Clays are classified into different types based on the condensation ratio of silica 

to alumina sheet:  
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(1) 1:1 type: It consists of one octahedral sheet of alumina sheet and one 

tetrahedral sheet condensed in 1:1 ratio. This is known as kaolin group of clays.  

(2) 2:1 type: It consists of one octahedral sheet of alumina sandwiched in 

between two tetrahedral sheets of Si. These are known as phyllosilicates (Figure 1.8). 

Stacking of these layers create a Vander Waals gap between the layers. Isomorphic 

substitution of Al3+ with Fe2+, Mg2+   in the octahedron sheet and / or Si4+  with Al3+  

in the tetrahedron sheets gives each layer an overall negative charge. This charge is 

balanced by metal cations like Na+, Ca2+ residing in the inter layer.  Smectite clays 

result by this substitution. Smectite clays are a favourite filler in nanocomposites due 

to the high aspect ratio (10 - 1000) and large surface area of the thus 

intercalated/exfoliated layers (this makes the total interface area of the layers and 

matrix much greater than conventional nanocomposites). Clay minerals usually 

belong to the nanoplatelet filler particles in polymer composite technology. 

Montmorillonite, hectorite and saponite are some well-known smectite clays used in 

polymer nanocomposites. Montmorillonite (MMT) has the widest acceptability for 

use in polymer nanocomposites because of its ease availability, well known 

intercalation/exfoliation chemistry, high surface area and high surface reactivity. 

 

Clay layers are hydrophilic in nature. This along with the face to face stacking 

of layers in the agglomerated tactoids makes them incompatible with polymers in 

general. This incompatibility and weak interfacial interactions hinders the exfoliation 

and preparation of dispersed stable nanocomposite with improved properties. 

Modification of clay layers with hydrophobic agents is necessary in order to render 

the clay layers more compatible with polymer chains. Hence it is necessary that an 

alteration be done in the clay polarity to make it hydrophobic. This is achieved by ion 

exchange with primary, secondary, tertiary or quaternary alkyl ammonium cations or 

phosphonium cations which contain a variety of substituents. The alkyl ammonium 

cations lower the surface energy of the inorganic reinforcement, improve the wetting 

characteristics of the polymer matrix, and result in larger interlayer spacing 

(swelling). Additionally, the alkyl ammonium cations can provide functional groups 
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that react with the polymer matrix or, in some cases, can initiate the polymerization 

of monomers to form the polymer in-situ. 

 

 

Figure 1.8: The general chemical structure of phyllosilicates (Saritha, 2012) 

 

1.3. Epoxy Resins 

 

Epoxy resins are one important class of thermosetting resin materials 

characterized by two or more oxirane rings (epoxy groups) in their structure. In an 

epoxy resin, the epoxy group is commonly situated at one or both ends of a chain 

molecule, but it may sometimes be located internally or in a cyclic structure. The 

epoxy group is shown in Figure 1.9.  

 

 

 

 

Figure 1.9: Structure of epoxide group 
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Epoxy resins in the uncured state are liquids or low melting point solids. Like 

other thermosets they also form a network on curing with a variety of crosslinking 

agents such as amines, anhydrides, thiols etc. By adding suitable crosslinking agents, 

the resins can be made to cure at room temperature or at elevated temperature. 

 

Some of the salient features of epoxy resins over the other thermosets are: 

 Minimum pressure is needed for fabrication of products normally used for 

thermosetting resins 

 Cured epoxy resins possess excellent tensile strength; outstanding moisture, 

chemical, and corrosion resistance; good thermal, adhesive, and electrical 

properties. 

 Low shrinkage upon cure and hence there is lower residual stress in the cured 

product than that encountered in the vinyl polymerization used to cure 

unsaturated polyester resins. 

 Ability to be processed under a variety of conditions 

 Ability to accept wide range of fillers and pigments 

 Use of a wide range of temperatures by judicious selection of curing agents 

enables good control over the degree of crosslinking 

 No volatile products of the curing reaction to cause undesired bubble or void 

formation.  

 

Most common epoxy resins are produced from a reaction between 

epichlorohydrin and bisphenol-A, and was first synthesized in the late 1930s by Dr. 

Pierre Castan of Switzerland and Dr. S.O. Greenlee of United States (Mark, 2013). 

Epoxies form one of the major groups of thermosetting plastics in use today.  

Western Europe and the USA each had about 40% of the market and Japan a little 

over 10%. This situation has not greatly changed since then; but by the late 2010s the 

world market for epoxide resins had risen to about 1000 000 tons per year. The 

production of epoxies in India is less than 2000 tons (Mark, 2013). 
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Depending on the molecular weight, epoxy resins are available in various 

physical forms ranging from low viscosity liquids to tack free solids. The non-epoxy 

part of the molecule may be aliphatic, cycloaliphatic or highly aromatic hydrocarbon 

or it may be non-hydrocarbon and possibly polar. By the judicious selection of a 

curing agent and appropriate modifiers, epoxy resins can be specifically tailored to fit 

to a variety of applications from coatings to military and aerospace applications. 

 

Epoxy resins can be broadly classified into glycidyl epoxy, and non-glycidyl 

epoxy resins. Glycidyl epoxies are synthesized by utilizing the condensation reaction 

between epichlorohydrin and an appropriate diamine, dibasic acid or a dihydroxy 

compound. Whereas, non-glycidyl epoxies are synthesized by peroxidation of 

olefinic double bond. One of the most commonly used epoxy resins are diglycidyl 

ethers of bisphenol A (DGEBA) and is synthesized by reacting bisphenol-A with 

epichlorohydrin in the presence of a basic catalyst, where the degree of 

polymerization n is nearly zero (n ~ 0.2). Bisphenol-A is prepared from 2 M of 

phenol and 1 M of acetone (Figure 1.10). Since both phenol and acetone are available 

and the bisphenol-A is easy to manufacture, this intermediate is comparatively 

inexpensive. This is one of the reasons why it has been the preferred dihydric phenol 

employed in epoxide resin manufacture (Brydson, 1999). 

 

 

 

Figure 1.10: Preparation of bisphenol-A from phenol and acetone 

 

Epichlorohydrin, or 3-chloro-1,2-epoxy propane (Boiling point 115◦C), is 

more commonly prepared from propylene by chlorination to allyl chloride, followed 

by treatment with hypochlorous acid (Figure 1.11). This yields glycerol 

dichlorohydrin, which is dehydrochlorinated by sodium hydroxide or calcium 

hydroxide. 
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Figure 1.11: Preparation of epichlorohydrin from propylene 

 

Epichlorohydrin and bisphenol-A are used as the precursors to prepare 

bisphenol-A based liquid epoxy resins by a two-step reaction. The first step is the 

base-catalyzed reaction of bisphenol-A and epichlorohydrin to yield a chlorohydrin. 

Dehydrohalogenation of the chlorohydrin intermediate with a stoichiometric amount 

of base gives the glycidyl ether (Figure 1.12). 

 

 

 

Figure 1.12: Preparation of DGEBA from epichlorohydrin and bisphenol-A 
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The epoxy resins (DGEBA) are prepared using different molar ratios of 

epichlorohydrin to bisphenol-A to afford different molecular weight products. The 

diglycidyl ether has a molecular weight of 340. Average molecular weights of the 

commercial liquid glycidyl ether resins are in the range 340-400 and it is therefore 

obvious that these materials are composed largely of the diglycidyl ether. Figure 1.13 

represents the chemical structure of DGEBA. By the reduction of the excess of 

epichlorohydrin and reacting under strongly basic conditions, high molecular weight 

resins can be synthesized. Depending on molecular weight, the polymer is a viscous 

liquid or a brittle high melting solid. Other hydroxyl containing compounds such 

resorcinol, glycols and glycerol can replace bisphenol-A. No epoxides, other than 

epichlorohydrin are available at attractive prices. 

 

 

 

Figure 1.13: Chemical structure of diglycidyl ether of bisphenol-A (DGEBA) 

 

Approximately 75% of the epoxy resins currently used worldwide are derived 

from DGEBA. This market dominance of bisphenol-A based epoxy resins is a result 

of a combination of their relatively low cost and adequate-to-superior performance\ in 

many applications. DGEBA resins are used in filament winding, pultrusion, vacuum 

impregnating, contact moulding and for manufacture of prepregs from glass and 

carbon fibers. They can be cured with a wide range of curing agents both at ambient 

and elevated temperatures 

 

Multifunctional epoxy resins such as epoxy phenol novolac resins (EPN) and 

epoxy cresol novolac resins (ECN) have also attained commercial importance. In 

these resins the range in the value of n is in between 0.2 and 3. A wide variety of 

novolac resins based on a range of phenols including resorcinol, cresols, t-butyl 
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phenols, and catechol are used to synthesize epoxy novolac resins. The functionality 

of the epoxy novolac resins can be increased by increasing the molecular weight of 

the navolac. High functionality of phenolic resins results in high crosslink density and 

better thermal and chemical resistance than bisphenol-A resins. Because of these, 

epoxy novolac resins find applications in high temperature adhesives, chemical 

resistant filament wound pipes and structural laminates. Triglycidyl-p-aminophenol 

(TGAP) and tetraglycidyl-4,4'-diaminodiphenylmethane (TGDDM) are some of the 

multifunctional glycidyl amine resins, which gained commercial importance (Figure 

1.14). TGDDM is used as binders in graphite reinforced composite structures which 

are used for military applications (Goodman, 1999). 

 

 

Figure 1.14: Chemical structures of triglycidyl-p-aminophenol (TGAP) and tetraglycidyl-

4,4'-diaminodiphenylmethane (TGDDM) 

 

1.3.1. Curing of epoxy resin system 

 

Due to the presence of highly strained three membered ring structure of 

epoxide group, epoxy resins are highly reactive and it can react with both 

nucleophilic and electrophilic reagents. Hence, a wide variety of organic compounds 
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having active hydrogen atoms can be used as curing agents. The chemical nature and 

the amount used of curing agents or hardeners play an important role in determining 

thermo-mechanical properties of the cured networks. A wide range of properties can 

be demonstrated and materials can be developed for extreme applications using the 

same resin, by judicious selection of curing agents. The time taken from the initial 

mixing of the resin and curing agents to the point when the viscosity of the mixture 

has become so high is called “pot life” of the system. This time is therefore the 

practical working life of the mixture, during which the material must be applied to the 

matter of concern. The most commonly used curing agents are aliphatic, primary and 

secondary amines, aromatic primary and secondary amines, polyamidoamines and 

acid anhydrides (Harper, 2000). Cure of epoxy resins normally occurs without the 

formation of any by-products. Proper selection of an epoxy resin, curing agent and its 

right formulation are essential to achieve desirable properties. Sometimes catalysts, 

accelerators, etc. are added to facilitate the curing process and fillers, diluents, 

plasticizers, and tougheners are added to improve the final properties of the products. 

A variety of techniques such as differential scanning calorimetry (DSC), thermal 

scanning rheometry, Raman spectroscopy and Fourier transform infrared 

spectroscopy (FTIR) have been used to monitor the curing reaction of epoxy resins. 
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Figure 1.15: Cross-linked chemical structure of epoxy resin with an amine (Mark, 2013) 

 

1.3.2. Curing agents used in epoxy systems 

 

Two types of curing agent may also be distinguished, catalytic systems and 

polyfunctional cross-linking agents that link the epoxide resin molecules together. 

Some systems used may involve both the catalytic and cross-linking systems. 

 

1.3.2.1. Catalytic curing agents 

 

The catalytic curing agents are a group of compounds that promote epoxy 

reactions without being consumed in the process. These chemicals act as initiator for 

epoxy homopolymerization, as a supplemental curing agent with polyamines or 

polyamides or as accelerators along with anhydrides. Catalytic curing agents are 

having high temperature resistance capacity and are having long pot lives. Hence 

these are mainly used as accelerators for other curing agents. benzyldimethylamine 
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(BDMA), 2,4,6-tris(diniethylaminomethy1phenol) and borontrifluoride 

monoethylamine are examples for catalytic curing agents. Another rapidly growing 

method is photoinitiated cationic cure. The catalysts include aryldiazonium, 

diaryliodonium and onium salts of group Vl A elements. 

 

1.3.2.2. Co-reactive cure 

 

These curatives can act as a co-monomer in the polymerization process. 

Aliphatic and aromatic amines, acid anhydrides, isocyanates, mercaptanes and 

carboxylic acids etc. are examples of some of the widely used co-reactive curing 

agents. 

 

Primary and secondary amines 

 

Crosslinking of epoxide resins with amine curing agents occur either by a 

catalytic mechanism or by bridging across epoxy molecules. In general the primary 

and secondary amines act as reactive curing agents whilst the tertiary amines are 

catalytic. The functionality of an amine is determined from the number of amine 

hydrogen atoms present on the molecule. A primary amine group will react with two 

epoxy groups while a secondary amine will react with only one epoxy group. The 

loading of the curing agent in epoxy resin becomes optimal when the number of 

moles in epoxy groups is equal to that of active hydrogen. (Harper, 2000). Reactions 

of a primary amine with an oxirane group or an epoxy resin are shown in the 

following Figure 1.16. 
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Figure 1.16: Mechanism of curing reaction between amine and epoxide 

 

Reaction of primary amine with epoxy gives a secondary amine and 

secondary hydroxyl group. This secondary amine reacts with an epoxide ring to give 

a tertiary amine and two secondary hydroxyl groups. The tendency of the 

etherification reaction to take place depends on the temperature and the basicity of 

the diamine and increases with the initial epoxy/amine ratio. A tertiary amine group, 

which has no active hydrogen will act as a catalyst to accelerate epoxy reactions. The 

reactivity of the amine increases with its nucleophilic character: aliphatic > 

cycloaliphatic > aromatic. 

 

Aliphatic amines 

 

Aliphatic amine are highly reactive and it rapidly reacts with epoxy resin. It is 

a room-temperature curing agent and has a short pot life (usable time). Although both 

materials are widely used in small castings and in laminates because of their high 

reactivity, they have the disadvantage of high volatility, pungency and being skin 

sensitizers. It is thus seen that as a class the primarily aliphatic amines provide fast-

curing hardeners for use at room temperatures. Some of the most common amines 

used are dietheylenetetramine (DETA, functionality=5), triethyleneteramine (TETA, 

functionality=6), hexamethylenediamine (HMD, functionality=4) etc. They are 

highly reactive due to the unhindered polyfunctional nature and give cross-linked 
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networks due to the short chain distances between active sites. Molecular structures 

of some of the aliphatic amine hardeners are given in Figure 1.17. 

 

 

 

Figure 1.17: Chemical structures of commonly used aliphatic amine curing agents 

 

Aromatic amine 

 

Because of the steric hindrance by the aromatic ring, basicity of aromatic 

amines are weaker than aliphatic amines. Therefore epoxy resins will cure slowly at 

room temperature when aromatic amines are used as curing agents. By incorporating 

the rigid benzene ring structure into the cross-linked network, products are obtained 

with significantly higher heat distortion temperatures than are obtainable with the 

aliphatic amines. They have longer pot-lives and usually require elevated temperature 

cures. Aromatic amines are usually solid at room temperature. These hardeners are 

routinely melted at elevated temperatures and blended with warmed resins to improve 

solubility. Use of aromatic amines in epoxy provide excellent heat resistance, good 

mechanical properties, electrical properties and excellent chemical resistance to 

solvents (Mark, 2013). MDA or 4,4-diaminodiphenylmethane (DDM), 4,4-

diaminodiphenyl sulfone (DDS), and MPDA are the principal commercial aromatic 

amines. DDS is the standard curing agent used with a multifunctional amine epoxy 
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for high performance aerospace and military composite application. In DDS, sulfone 

group being an electron withdrawing group decreased the basicity of the diamine. 

DDS was least reactive because the electron transfer from –NH2 to –SO2 is the easiest 

for para substitution. High Tg epoxy matrices can be made by using an aromatic 

curing agent such as DDM, DDS, DETDA. The advantage of DETDA over others is 

that it is a liquid and offers better processability. The Tg can be further increased by 

using a higher functionality resin. Thermally stable high performance resins are 

required for use in composite structures for aerospace applications. Molecular 

structures of some of the aromatic amine hardeners are given in Figure 1.18. 

 

 

 

Figure 1.18: Chemical structures of commonly used aromatic amine curing agents 

 

Polyamides 

 

Polyamides are one of the largest volume epoxy curing agents used. They are 

prepared by the reaction of dimerized and trimerized vegetable-oil fatty acids with 

polyamines, and contain reactive primary and secondary amines in its molecules. 

They are dimerized or polymerized fatty acids that have been co-reacted with various 
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aliphatic amines such as ethylenediamine, DETA, TETA, tetraethylenepentamine 

(TEPA). Polyamide amine reacts with bisphenol-A-type epoxy resin to cure at or 

below normal temperature with moderate heat generation. They are user-friendly 

systems since tolerance on mix ratio is very broad and have a long pot life (Goodman, 

1999). Due to the presence of high hydrocarbon moiety in its molecules, the cured 

product will be a highly plasticized rigid thermosetting polymer having high tensile, 

compression, and bending strengths and excellent shock resistance. Polyamides are 

extremely versatile curing agents. The polyamides react with the epoxide group 

through the amine functionality in the polyamide backbone. The unreacted amide NH 

groups in the backbone provide good intercoat adhesion and the fatty acid structures 

provide good moisture resistance and mechanical properties. They are inexpensive, 

less toxic to handle; give no blushing; exhibit readily workable pot lives; and cure 

under mild conditions. Polyamides are mainly used in coating and adhesive 

formulations, mostly in industrial maintenance and civil engineering applications. 

Disadvantages of polyamides include slower cure speeds and darker color than 

polyamine-cured epoxies. Polyamide-cured epoxies lose structural strength rapidly 

with increasing temperature. The high viscosity of polyamides limits their uses 

primarily to low solids coatings, which have been losing ground to higher solid 

coatings. 

 

Mercaptans 

 

The mercaptan group of curing agents include polysulfide and polymercaptan 

compounds which contain terminal thiols. Mercaptans also can be employed for 

cross-linking epoxies. When compared to the epoxy-amine reaction, epoxy mercaptan 

reaction is faster especially at low temperatures. The reaction is accelerated by 

primary and secondary amines (Figure 1.19). 
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Figure 1.19: Mechanism of curing reaction between mercaptan and epoxide (Mark, 2013) 

 

Isocyanates 

 

Epoxy groups react with isocyanates or with hydroxyl groups to produce 

oxazolidone structures or a urethane linkage respectively, which are shown in Figure 

1.20. The main advantages of using isocyanate curing agent are fast curing at low 

temperature, good flexibility and solvent resistance. Moisture sensitivity and toxicity 

limit its application to power coatings and maintenance coatings (Mark, 2013). 

 

 

 

Figure 1.20: Mechanism of curing reaction between isocyanate and epoxide 
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Carboxylic acids 

 

Carboxylic acids react with epoxy groups to form ß-hydroxy propyl ester, 

which, in turn, reacts with another carboxylic acid to yield a diester. The hydroxyl 

ester can also undergo polymerization by the reaction of secondary hydroxyl group 

with the epoxy. The possible reactions are summarized in Figure 1.21 (Mark, 2013). 

 

 

Figure 1.21: Mechanism of curing reaction between carboxylic acid and epoxide (Mark, 

2013) 

 

Anhydrides 

 

Due to the low viscosity, long pot life, low exothermic heats of reaction, 

epoxy-anhydride systems can be used in large scale applications. Normally 

anhydrides are preferred to acids since the latter release more water on curing leading 

to foaming and dimensional instability of the product. There are large variety of 

structurally different anhydrides that can be used as epoxy curing agents. The most 

important commercial anhydrides are based on a cycloaliphatic structure. To improve 

the degree of cross-linking, anhydride hardeners with higher functionalities such as 

pyromellitic dianhydride and trimellitic anhydride have been used (Jyotishkumar, 

2010).  
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The curing reaction of acid anhydride and epoxy monomer proceed via chain-

wise polymerization. The initiation of reaction is done by a Lewis base. The 

mechanism of the reaction is given in Figure 1.22. In initiation step, a tertiary amine 

opens the ring of an epoxy monomer giving rise to a quaternary nitrogen cation and 

an active anion. The anion attacks the anhydride group to give carboxylate anion as 

active site. This ester is considered as the initiator of the polymerization reaction. 

This initiator attacks the epoxy ring to give alkoxide which again attacks an 

anhydride. Propagation occurs through the alternating copolymerisation of epoxy and 

acid anhydride groups (Ratna, 2009). 

 

 

 

Figure 1.22: Mechanism of curing of epoxy using an anhydride (Ratna, 2009) 
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Epoxy resins cured with anhydrides have excellent properties with better 

outdoor weathering resistance. Some of the anhydride cured resins have high heat 

distortion temperature and excellent retention of strength at high temperature. These 

systems have low viscosity and long pot life. They exhibit good mechanical and 

electrical properties. Epoxy-anhydride systems have better thermal stabilities than 

similar amine-cured systems. Anhydrides are the principal curing agents for 

cycloaliphatic resins. Molecular structures of some of the anhydride hardeners are 

given in Figure 1.23. 

 

 

 

Figure 1.23: Chemical structures of commonly used anhydride curing agents 

 

The number of hardening agents used commercially is very large and the final 

choice will depend on the relative importance of economics, ease of handling, pot 

life, cure rates, and the mechanical, chemical, thermal and electrical properties of the 
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cured products. Since these will differ from application to application, it is 

understandable that such a wide range of material is employed.  

 

1.3.3. Toughening of epoxy resin 

 

Epoxy polymers are considered to be the most important classes of 

thermosetting polymers. They are used extensively as high performance composite 

materials, due to their outstanding mechanical and thermal properties such as high 

modulus and tensile strength, low creep, high glass transition temperature, high 

thermal stability, and moisture resistance. However, like other thermoset resins, the 

crosslinking character of epoxies lead to highly undesirable property of brittleness 

with poor resistance to crack initiation and growth. The inherent brittle nature of 

epoxy resin necessitates toughening for many structural applications. To address this 

issue, resin formulators have developed technology that permits some thermosets to 

be toughened by the addition of a second phase. Different kinds of modifiers have 

been used to improve the toughness or ductility of cured epoxy resins; a) elastomer 

modifiers b) engineering thermoplastic modifiers c) inorganic particles d) core shell 

rubber particles e) hyperbranched polymers e) polyorganic siloxane modifiers and f) 

nanofillers. 

 

1.3.3.1. Toughening of epoxy using liquid rubber 

 

One of the most well-known methods is to incorporate various amounts of a 

reactive rubber into the epoxy matrix. When the curing reactions of epoxy and a 

liquid rubber proceed under controlled sets of conditions, phase separation occurs 

between the epoxy matrix and rubber particles. Preliminary studies on rubber 

modified epoxies reported only modest increases in fracture toughness; however, as 

the technology developed, more significant increases in toughness were obtained. The 

use of rubber modification of epoxy resins has been known and documented since 

1960s. Traditional toughness modifiers such as carboxyl terminated butadiene 
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acrylonitrile copolymer rubbers (CTBN) have been widely used to improve toughness 

since the frontier work by McGary and Sultan (Sultan et al., 1971; Sultan and 

McGarry, 1973). Most of the studies reported in the literature have used CTBN for 

toughening. The role of matrix ductility on the toughenability and toughening 

mechanism of CTBN modified, DGEBA based epoxies is investigated by Pearson 

and coworkers (Pearson and Yee, 1989). Fracture toughness values for the neat 

epoxies are found to be almost independent of the monomer molecular weight of the 

epoxide resin used. However, the fracture toughness of the elastomer-modified 

epoxies is found to be very dependent upon the epoxide monomer molecular weight. 

Thomas et al. (2004) studied the potential of an anhydride system as a reactive curing 

for CTBN modified epoxy system. The incorporation of the elastomer of about 15 wt 

% showed better toughened properties. The fracture toughness is found to be 

increased from 0.7 for virgin epoxy to 1.9 MPa.m1/2 for the modified one. Akbari et 

al. (2013) studied the toughening of dicyandiamide-cured DGEBA with liquid CTBN 

copolymer by varying the composition of CTBN from 0 to 25 phr using Monuron as 

accelerator. The maximum toughness was achieved at optimum concentration of 15 

phr of CTBN (1.5 MPa.m1/2) and it more or less remained constant for higher CTBN 

content. Chonkaew et al. (2012) investigated the tribological and mechanical 

properties of the CTBN-modified epoxy resins and to characterize the wear 

mechanisms. Impact resistance increased whereas the storage modulus and the 

hardness decreased when the CTBN rubber was introduced to the epoxy network. 

The coefficient of friction of the CTBN-modified epoxy was lower than that of the 

neat epoxy. Zhao et al. (2013) employed carboxylic nitrile-butadiene nano-rubber 

(NR) particles to improve the tensile strength and fracture toughness at 77 K of 

diglycidyl ether of bisphenol-F epoxy using diethyl toluene diamine as curing agent. 

It was shown that the cryogenic tensile strength and fracture toughness are 

simultaneously enhanced by the addition of NR. Zhou and Xu (2014) in their new 

method, epoxy composites with different grades of CTBN were cured with different 

curing agents, and their mechanical properties were characterized. It is found that no 

matter what grades of CTBN, also regardless of curing agents, the composites 
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prepared by the new method always exhibit much higher impact strength, yield 

strength and Young's modulus than the corresponding traditional composites 

 

Another good elastomeric candidate for toughening epoxy is liquid amine 

terminated butadiene acrylonitrile copolymers (ATBN). Levita et al. (1985) studied 

the effects of temperature and cure on ATBN/epoxy blends and compared with those 

brought about by variations in rubber content. The fracture toughness changes by a 

factor of about 2.7 by varying the cure conditions and it has been shown that the 

addition of the rubber does not necessarily cause an increase in fracture resistance. 

Maximum toughness, measured by KIC, is obtained in the 120-140 °C cure 

temperature range. Chikhi et al. (2002) used ATBN containing 16 % acrylonitrile 

content to improve the toughness of epoxy resin using polyaminoimidazoline as a 

curing agent. Upon addition of ATBN, the Izod impact strength increased drastically 

from 0.85 to 2.86 kJ/m2 for notched specimen while KIC varies from 0.91 to 1.49 

MPa.m1/2 (1.5 fold increase by addition of 12.5 phr rubber). Latha et al. (1994) 

incorporated epoxidized hydroxy-terminated polybutadiene (EHTPB), to an epoxy 

resin cured at high temperature with 2,4,6- tris(N,N-dimethylaminomethyl)phenol 

resulted in significantly improved mechanical and bonding properties compared with 

the neat system. Maximum mechanical properties were obtained at a level of 10 parts 

EHTPB per 100 parts epoxy resin. In an attempt to toughen epoxy, Thomas et al. 

(2008) incorporated hydroxyl terminated polybutadiene (HTPB) liquid rubber and 

characterized their morphology and toughening mechanisms. Decrease in cross-link 

density was observed with the inclusion of elastomer. The elastomeric nature of the 

rubber caused reduction in tensile strength, but fracture toughness values increased 

and attained a maximum for 10 phr rubber inclusion. Figure 1.24 shows the SEM 

images of fracture surface of HTPB blends at various compositions 
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Figure 1.24: SEM micrographs of the fracture surface of (a) neat epoxy (b) 5 phr HTPB 

blend, (c) 10 phr HTPB blend, (d) 15 phr HTPB blend and (e) 20 phr HTPB blend (Thomas 

et al., 2008) 

 

Chemorheology of curing as well as the phase separation behavior of carboxyl 

terminated poly(2-ethyl hexyl acylate) (CTPEHA) liquid-modified epoxy mixtures 

have been studied by Ratna (2001). The CTPEHA was incorporated into the epoxy 

matrix by a pre-react method. Addition of CTPEHA liquid rubber causes a delay in 

polymerization of the epoxy matrix. Optimum impact performance was achieved for 

the mixture containing 10 phr of CTPEHA and cured at 140 oC, which contains both 

phase-separated rubber as well as dissolved rubber. The effect of synthesized epoxy 

terminated polybutadiene (ETPB) on the mechanical properties of DGEBA was 

investigated by Yahyaie et al. (2013). The maximum increase of toughness occurred 

at 7.5 wt% of ETPB content which was in accordance to the bulk properties of the 

samples. 
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Some of the important published data related to elastomeric toughening of 

epoxy are summarized in Table 1.1 

 

Table 1.1: Toughness of epoxy systems modified by various types of elastomers 

Author Elastomeric 

toughener 

used 

Composition at 

which maximum 

toughness 

achieved 

% 

Improvement 

in toughness 

Chikhi et al. (2002) ATBN 12.5 phr 60 

Chonkaew and 

Sombatsompop. (2012) 

CTBN 5 phr 68 

Kunz et al . (1982) CTBN 

ATBN 

10 wt% 

5 wt% 

180 

153 

Akbari et al. (2013) CTBN 15 phr 87.5 

Thomas et al. (2004) CTBN 15phr 280 

Zhao et al. (2013) CTBN 

nanorubber 

15 phr 265 

Shukla and Srivastava. 

(2006) 

CTPB 15 wt% 200 

Ratna. (2001) CTPEHA 10 phr 60 

Latha et al. (1994) EHTPB 10 phr 113 

Minfeng et al. (2008) CRBN 

HTBN 

5 wt% 68 

56 

Sankaran and Chanda. 

(1990) 

HTBN 3 wt% 226 

Thomas et al. (2008) HTPB 10 wt% 156 
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Saadati et al. (2005) HTPB 20 wt% 92 

Tripathi and Srivastava. 

(2008) 

CTBN 15 wt% 280 

Chuayjuljit et al. (2006) Epoxidied 

natural rubber 

5 phr 48 

Mathew et al. (2010) HLNR 15 wt% 68 

 

 

1.3.3.2. Toughening of epoxy using engineering thermoplastics 

 

The rubber-modified epoxies showed surprisingly higher fracture resistance, 

but, at the same time, significant reductions in modulus, yield strength and Tg were 

observed. In the early 1980s it was discovered that epoxy resins could be toughened 

by the addition of a rigid thermoplastic phase, thus the rigid-rigid polymer alloy 

concept was born (Bucknell and Partridge, 1983). The main advantage in using 

thermoplastics to toughen epoxy resins is that their incorporation will not result in 

significant decrease in desirable properties such as modulus and yield strengths as is 

generally the case when rubbers are used as toughening agents. 

 

Bucknall and Gilbert (1989) prepared toughened epoxy resins by dissolving 

polyetherimide (PEI) in a TGDDM based resin with DDS as curing agent. Three-

point bend tests show a linear increase in KIC with PEI content, from 0.5 MPa.m1/2 in 

the parent resin to 1.42 MPa.m1/2 at 25 phr of PEI. Kimoto and Mizutani (1997) 

modified bifunctional epoxy resins with polyimide in order to improve their 

toughness. The effects of polyimide content, curing conditions, curing agents, and 

types of polyimide on the fracture properties were examined. Although the fracture 

toughness, KIC increased in systems containing more than 20 wt% PEI, no 

improvement was noted for systems containing less than 14 wt% PEI. In 20 wt% PEI 

containing samples, the KIC values increased with an increase in the initial curing 

temperature. The KIC values of the DDM cured samples were larger than those of the 



40 
 

DDS cured samples for all the tested PEI contents. Min et al. (1993a) investigated the 

microstructure and fracture properties of DGEBA modified with hydroxyl-terminated 

polysulfone as a function of the molecular weight and the concentration of the 

modifier. The microstructure changed from a typical particulate structure to a phase-

inverted co-continuous structure as the molecular weight and/or the concentration of 

the modifier increased. The fracture toughness increased with microstructural 

changes from the particulate structure to the phase-inverted structure. In another 

work, Min et al. (1993b) studied the microstructural effects on the total fracture 

toughness and the toughening mechanisms in polysulfone (PSF) modified resin 

systems under the same cure conditions. Although the microstructure changed 

significantly as the cure temperature increased, the fracture toughness of the modified 

resin remained essentially constant. Huang et al. (1997) prepared a miscible blend of 

PSF with uncured DGEBA. Miscibility between PSF and DGEBA is considered to be 

due mainly to entropy contribution. Both KIC and fracture energy GIC increased by 

about 20% with the addition of PSF to the system. Di Pasquale et al. (1997) studied 

the effect a reactive poly(ethersulfone) (PES) thermoplastic modifier on the fracture 

toughness properties an epoxy resin. They observed that the amino functionalization 

enables the thermoplastic to behave as a curing agent for the epoxy resin and it also 

promotes interfacial bonding between the thermoplastic and the thermoset which is 

postulated to be a major factor in improving the fracture toughness. Mimura et al. 

(2000) used PES to improve both the heat resistance and the toughness of cured 

epoxy resins. In the resin with a homogeneous phase morphology, the Tg of the resin 

containing 10 wt% PES increased  about 208 oC, and the value of the fracture 

toughness also increased by about 60% more than that of the unmodified resin which 

was attributed to the formation of the semi-interpenetrating polymer networks (semi-

IPNs) composed of the epoxy network and linear PES. However, for the resin where 

phase separation occurred, a great increase in toughness was obtained only when the 

PES formed continuous phase morphology. The properties of DGEBA toughened 

with poly(ether sulfone ether ketone) (PESEK) and PES polymers were investigated 

by Francis et. al. (2006b). They observed homogeneity for the blends due to the 
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similarity in chemical structure of the modifiers and the cured epoxy resin. H-

bonding interactions between the modifiers and epoxy resin also favored miscibility. 

Addition of PESEK or PES to epoxy resin increased the fracture toughness of epoxy 

resin. Wu et al. (2000) studied the effects of adding thermoplastic 

poly(phenyleneoxide) (PPO) in thermosetting epoxy systems. All the blends exhibit 

heterogeneity, and their morphology is found to be dependent on the PPO content. 

The tensile strength and modulus vary only within a narrow range in the blends. 

Blending-induced improvement in toughness is noticeably greater in the materials 

with high PPO content. Thermoplastic/epoxy blends of amine-cured epoxy polymer 

and a semi-crystalline thermoplastic: syndiotactic polystyrene (sPS) was prepared by 

Johnsen et al. (2005). Complete phase-separation of the initially soluble sPS from the 

epoxy occurred via ‘reaction-induced phase-separation’ (RIPS) or via ‘crystallization-

induced phase-separation’ (CIPS), depending upon the thermal processing history 

employed (Figure 1.25). The addition of the sPS significantly increases the value of 

GIC, though the toughness of the RIPS and CIPS blends differs markedly. Hydroxyl 

terminated poly (ether ether ketone) based on tert-butyl hydroquinone (PEEKTOH) 

was used by Francis et al. (2006a) to modify epoxy resin. The blends cured at various 

temperatures exhibited two phase morphology in which PEEKTOH domains were 

dispersed in the continuous epoxy matrix. The domain size was not much affected by 

changing the curing temperature. (He et al., 2013) used three different types of 

thermoplastics, PEI, polycarbonate (PC), and poly(butylene terephthalate) (PBT) to 

modify epoxy for cryogenic applications. The impact strength of the modified 

epoxies at cryogenic temperature increased with increasing thermoplastic content up 

to 1.5 wt% and then decreased for further loading (2.0 wt%). Both the PEI and PC 

were very effective in preventing micro-crack formation in the composites during 

thermal cycles at cryogenic condition due to their low CTE values and high impact 

strength. Jones et al. (2015) in their work, a thermoplastic resin poly(bisphenol A-co-

epichlorohydrin) (PBAE) is blended with a high Tg epoxy matrix to serve as both a 

toughening additive and a healing agent in combination with an encapsulated solvent. 

The fracture toughness of the high Tg epoxy (EPON 828: DDS) is doubled by the 
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addition of 20 wt% PBAE alone and tripled by the addition of both microcapsules 

and the thermoplastic phase. Chaudhary et al. (2015) explored the potential of 

polystyrene microspheres as effective thermoplastic toughening agents for epoxy. 

Microspheres were prepared by suspension polymerization route and to aid their 

dispersion within the epoxy matrix, the surface of the microspheres were 

functionalized to generate pendant amino groups capable of forming covalent bonds 

with the epoxy resin. The amination of poly(styrene) (APS) led to improved 

dispersion of the rigid microspheres in the epoxy matrix, which was evident from 

higher impact strength and fracture energies (GIC) as compared to its neat analogs. 

The Izod impact strength and GIC increased by 33% and 150%, respectively, on 

introduction of 3 wt% APS. 

 

 

Figure 1.25: Transmission optical micrographs obtained using polarized light of the (a) RIPS 

and (b) CIPS blends containing 8 wt% sPS (Johnsen et al., 2005) 
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Table 1.2 presents a literature review in which engineering thermoplastics 

have been used as modifier to improve the toughness of epoxy. 

 

Table 1.2: Toughness of epoxy systems modified by various types of thermoplastics 

Author Toughener 

used 

Composition at 

which maximum 

toughness 

achieved 

% 

improvement 

in toughness 

Bucknall and Gilbert. 

(1989) 

PEI 25 phr 184 

Mimura et al. (2000) PES 10 wt% 60 

Francis et al. (2006b) PES 

PESEK 

10 phr 

15 phr 

41 

35 

Di Pasquale et al. 

(1997) 

Amine 

functionalied 

PES 

15 phr 238 

Kimoto and Mizutani. 

(1997) 

PEI 20 phr 67 

Johnsen et al. (2005) Polystyrene 8 wt% 092 

Huang et al. (1997) PSF 7.5 wt% 20 

Martinez et al. (2000) PSF 20 wt% 169 

Yun et al. (2004) PSF 20 wt% 220 

Min et al. (1993b) PSF 20 wt% 300 

Chaudhary et al. 

(2015) 

APS 3 wt% 33 
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1.3.3.3. Toughening of epoxy using particulate fillers 

 

Apart from liquid rubbers and high performance thermoplastics, mineral 

fillers are also used to toughen thermosets.  Different types of thermoplastics which 

have been used to modify epoxy resin include alumina, glass beads etc. N. Amdouni 

et al. (1992) studied the effect of toughness of epoxy by the introduction of glass 

beads with different volume fractions. The influence of surface treatment was also 

studied by comparing untreated, silane-treated glass beads, and beads coated with 

different thicknesses of an elastomeric adduct. An improvement in Charpy impact 

strength was observed by the addition of glass beads into epoxy. They found that the 

coating of glass beads with a thin layer of a crosslinked elastomer slightly affects the 

modulus of the composites and greatly enhances the fracture properties in comparison 

with untreated glass beads in composites. Kawaguchi and Pearson (2003) used three 

different types of glass reinforcements, large glass spheres, small glass spheres, and 

glass fibers, with different surface treatments and the effect of different surface 

treatments and moisture exposure on fracture toughness was carefully investigated 

(Figure 1.26). Under these conditions, fracture toughness was found to increase with 

increasing filler content and was not affected by changes in particle– matrix adhesion. 

McGrath et al. (2008) used alumina of different article size, size distribution, and 

shape to prepare alumina filled epoxy composites for its application in electronic 

packaging and dental restoratives. For all systems the fracture toughness of the 

composites increases with increasing filler loading. No trend with fracture toughness 

and particle size was observed in either resin systems. In addition, no impact of 

varying the filler shape was observed.  

 

Table 1.3 presents a literature review in which inorganic particulate fillers 

have been used as modifiers to improve the toughness of epoxy. 
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Figure 1.26: SEM image of the process zone on the fracture surfaces of glass sphere filled 

epoxy that shows significant particle-matrix debonding as well as increased matrix plasticity 

(Kawaguchi and Pearson, 2003) 

 

Table 1.3: Toughness of epoxy systems modified by various types of particulate 

fillers 

Author Toughener 

used 

Composition at 

which maximum 

toughness 

achieved 

% 

improvement 

in toughness 

McGrath et al. (2008) alumina 50 wt% 100 

Lee and Kim. (1997) Glass beads 30 wt% 137 

Kawaguchi and Pearson. 

(2003) 

Glass sphere 

Glass fiber 

10 vol% 

20 vol% 

178 

200 

Amdouni et al. (1992) Glass bead 30 vol% 25 
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1.3.3.4. Toughening of epoxy using core shell rubber particles 

 

 

 

Figure 1.27: Schematic diagram showing a core shell rubber particle 

 

An alternative route to increase the toughness of epoxy polymers is to use 

core-shell rubber (CSR) particles. These particles comprise of a soft rubbery core 

within a harder shell (Figure 1.27). The particles are typically formed by emulsion 

polymerization, and then dispersed in the epoxy resin. Hence, it is readily possible to 

produce particles with a controlled particle size, unlike with phase-separating rubber. 

Qian et al. (1995) employed poly(butadiene-co-styrene) [P(BS)] core-poly(methy1 

methacrylate) (PMMA) shell particles to toughen epoxy polymer. The fracture 

toughness of the epoxies was successfully improved by the custom-made core-shell 

particles as evidenced by the increase of value from 0.78 to 2.69 MPa.ml/2. The 

effects of particle size of the core-shell rubber on the fracture toughness of rubber-

modified epoxies were investigated by Kim et al. (1996). Various sizes of core-shell 

rubber particles, from 0.16 to 1.2 μm in diameter, were synthesized by seeded 

emulsion polymerization. Fracture toughness increased as the particle size of core-

shell rubber decreased from 1.2 to 0.4 μm. The fracture and toughening mechanisms 

of the clay/epoxy nanocomposite with and without the addition of CSR particles were 

investigated by Gam et al. (2003). The addition of both clay and CSR improved not 

only fracture toughness but also modulus. Giannakopoulos et al. (2011) modified 

epoxy resin by the addition of preformed CSR particles which were approximately 

100 or 300 nm in diameter. The fracture energy increased from 77 J/m2 for the 

unmodified epoxy to 840 J/m2 for the epoxy with 15 wt% of 100-nm diameter CSR 
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particles. Chen et al. (2013) modified an epoxy resin cured using an anhydride 

hardener by the addition of pre-formed polysiloxane core-shell rubber (S-CSR) 

particles with a mean diameter of 0.18 μm. The addition of the S-CSR particles 

reduced the Young’s modulus and tensile strength of the epoxy polymer, but at 20 C 

the fracture energy, GIC, increased from 117 J/m2 for the unmodified epoxy to 947 

J/m2 when 20 wt% of the S-CSR particles were incorporated. Quan and Ivankovic 

(2015) investigated the influence of nano-sized CSR particles on the mechanical 

properties, thermal properties and fracture toughness of epoxy polymer by using wide 

range of CSR particle content, volume fraction up to 38 vol%. An optimum CSR 

particles content, 30 vol% was found to exist, below which the fracture energy 

increased from 343 J/m2 of neat matrix upto 2671 J/m2, beyond which fracture energy 

GIC did not improve and even declined. The main toughening mechanism of CSR 

particles toughened epoxy adhesive is debonding of CSR particles from matrix, 

followed by large scale plastic void growth, which is accompanied by shear band 

yielding. Thitsartarn et al. (2015) achieved simultaneous enhancement of strength and 

toughness of epoxy using POSS-CSR nanoparticles. With the developed filler, with 

only 1 wt% of the filler in the epoxy matrix, the impact resistance and the KIC of the 

composite respectively increases by ~80%, and ~20%, as compared to the neat epoxy 

resin. 

 

Table 1.4 presents a literature review in which core shell rubber particles have 

been used as modifier to improve the toughness of epoxy. 
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Table 1.4: Toughness of epoxy systems modified by various types of core shell rubber 

particles 

Author Core shell 

toughener used 

Composition at 

which maximum 

toughness 

achieved 

% 

Improvement 

in toughness 

Nguyen and Berg. 

(2008) 

Core-Shell 

Dendrimer 

10 wt% 107 

Chen et al. (2013) Polysiloxane CSR 20 wt% 109 

Becu et al. (1997) poly(butadiene- 

co-styrene) 

core/carboxy-

functionalized 

poly(methyl 

methacrylate-co-

styrene) 

shell 

24 wt% 113 

Choi et al. (2004) Styrene-butadiene 

copolymer CSR 

8 wt% 50 

Gam et al. (2003) CSR 5.4 wt% 172 

Kim et al. (1996) Butyl acrylate core 

methyl 

methacrylate shell 

CSR particles 

10 phr 277 

Lin and Shieh. 

(1998) 

PBS core PMMA 

shell 

10 vol% 245 

Sue et al. (1996) Rigid Core Shell 

Particle (RCSP) 

7.5 wt% 245 

Quan and CSR 22 wt% 125 
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Ivankovic. (2015) 

Thitsartarn et al. 

(2015) 

POSS-CSR 2 wt% 30 

Giannakopoulos et 

al. (2011) 

CSR particle 9 wt% 157 

 

 

1.3.3.5. Toughening of epoxy using polysiloxanes 

 

Recently, the use of liquid functional polysiloxanes as new modifiers for 

toughening of epoxy resins is triggering more and more interest. Functionally 

terminated siloxanes belong to the elastomeric materials. The morphology and 

fracture toughness of epoxy resins modified with amino-terminated 

polydimethylsiloxane (ATPDMS), differing in their molecular weight, and the degree 

of the preliminary reaction in the melt state were investigated by Lee and Kim 

(1997). Liu et al. (2010) synthesized a novel highly epoxidized polysiloxanes 

(HEPSO) to modify the DGEBA. The addition of 4 phr HEPSO resulted in the 

highest increase in tensile strength, impact strength and fracture toughness. The 

morphologies of the fracture surfaces of the cured epoxy resins show that the 

miscibility of polysiloxanes with epoxy resin increased with the increase of the 

epoxide group in HEPSO. Ma et al. (2010) used a novel dendritic polysiloxane 

(DPSO) bearing high epoxide groups to modify epoxy resin. An addition of 3 phr 

DPSO resulted in the 70.4% increase in the impact strength compared to that for the 

unmodified epoxy, and the glass transition temperature and thermal stability were 

also improved at relatively low addition levels. In another work, Ma et al. (2011) 

synthesized a novel polysiloxane (GxDy) containing a large number of epoxide groups 

and flexible segments by hydrolysis and condensation of 3-glycidoxypropyl 

trimethoxysilane (GPTMS) and dimethyldiethoxylsilane (DMDES) to toughen the 

3,4 epoxycyclohexylmethyl-3,4 epoxycyclohexanecarboxylate. The addition of 10 

phr GxDy resulted in greatly improved toughness, but maintained the transmittance of 
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the epoxy resin and GxDy can be used as a toughening agent for light emitting diode 

(LED)-packaging epoxy resins.  

 

Table 1.5 presents a literature review in which polysiloxanes have been used 

as modifier to improve the toughness of epoxy. 

 

Table 1.5: Toughness of epoxy systems modified by various types of polysiloxanes 

Author Toughener 

used 

Composition at 

which maximum 

toughness achieved 

% 

improvement 

in toughness 

Lee and Kim. 

(1997) 

polysiloxane 10 phr 120 

Liu et al. (2010) Highly 

epoxidised 

polysiloxane 

4 wt% 126 

Ma et al. (2010) Dendritic 

polysiloxane 

3 phr 70 

Ma et al. (2011) polysiloxane 10 wt% 29 
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1.3.3.6. Toughening of epoxy using hyperbranched polymers 

 

 

 

Figure 1.28: Idealized chemical structure of the hyperbranched polymer (Foix et al., 2012) 

 

Dendritic hyperbranched polymers used by Mezzenga et al. (2001) was able 

to double the interlaminar fracture resistance of epoxy-based composites and to 

reduce the internal stress level by as much as 80% with only 10 phr of modifier. 

These property improvements were obtained without affecting the viscosity, 

processability, nor the glass transition temperature of the epoxy resin. Ratna et al. 

(2003) prepared epoxy/clay nanocomposites using DGEBA and its blend with an 

epoxy functionalized hyperbranched polymer (HBP). Both the strengthening and 

toughening of epoxy resin was achieved by incorporating HBP and clay. 

Strengthening effect of clay is slightly reduced by the presence of HBP. DeCarli et al. 

(2005) used another epoxy terminated HBP to toughen a carbon fiber reinforced 

epoxy anhydride composite. The increases in the mode I and II interlaminar fracture 

toughness of the composite material were found to be 224% and 265%, respectively, 

at a loading of 10 wt% of epoxy terminated HBP additive. Jin and Park (2006) 

prepared an amine-terminated hyperbranched polyimide (HBPI) by the condensation 
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polymerization of a commercially available triamine monomer with a dianhydride 

monomer. The Tg of the DGEBA/HBPI blends increased with the addition of HBPI. 

The KIC value and impact strength were 2.5 and 2 times the values of the neat epoxy 

resins with only 4 wt % HBPI. Foix et al. (2012) synthesized epoxy-functionalized 

HBP and used as toughening additive in epoxy based UV-curable formulations 

(Figure 1.28). The thermomechanical properties are only slightly affected by the 

presence of the HBP. Dhevi et al. (2013) attempted to improve the inherent 

brittleness in DGEBA using HBPs as toughening agents. Four different 

hyperbranched polyesters with increasing generations were synthesized by reacting 

calculated amount of dipentaerythritol (used as a core) and dimethylol propionic acid 

(AB2 type monomer) through pseudo one-step melt polycondensation method. 

Further, toughening of the epoxy resin is carried out by reacting each generation of 

the HBP with epoxy using hexamethylene diisocyanate as an intermediate linkage 

resulting in the formation of HBP-Polyurethane/Epoxy-g-Interpenetrating Polymer 

Networks. It was found that the HBP modified epoxy samples exhibited higher 

toughness in comparison to that of neat epoxy and linear polyol based epoxy samples. 

Miao et al. (2015) developed a novel epoxide-terminated hyperbranched polyether 

sulfone (EHBPES) toughener for epoxy using A2 + B3 approach, which can form 

non-phase-separated network after cure. Effects of loading and molecular weight on 

mechanical and thermal properties of cured hybrids were studied. The general trend is 

that when EHBPES loading increases, the impact, elongation at break, and tensile 

strength all go through maxima at ca. 5 wt% loading. However, at higher loadings (10 

wt%), mechanical performance decreases due to incomplete cure. Luo et al. (2013) 

synthesized a new epoxy-ended hyperbranched polyether (HBPEE) with aromatic 

skeletons through one-step proton transfer polymerization. Compared with the neat 

DGEBA, the hybrid curing systems showed excellent balanced mechanical properties 

at 5 wt% HBPEE loading. These great improvements were attributed to the increased 

cross-linking density, rigid skeletons, and the molecule-scale cavities brought by the 

reactive HBPEE. Tang et al. (2014) synthesized a hyperbranched polyurethane 

(HBPU), with low-molecular-weight polyethylene glycol space segments between the 
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branching points, by a pseudo one-pot procedure. Their impact fracture surfaces were 

investigated by scanning electron microscopy, and the results indicated that no phase 

separation occurred in the DGEBA/anhydride system after the introduction of HBPU, 

which was confirmed by dynamic mechanical analysis and thermogravimetric 

analysis. After addition of 10 wt% HBPU, the toughness of the modified thermosets 

was found to be significantly improved without sacrificing their processability and 

thermal and mechanical properties to a large extent. Li et al. (2015a) prepared an 

amino-terminated hyperbranched polymer (HBPNH2) from diethylenetriamine 

(DETA) and methyl acrylate (MA) by melt polycondensation through AB3 and AB2 

route and showed that HBP-NH2 can enhance the toughness of epoxy cured system 

near 61 % than the neat DGEBA cured thermosets. Li et al. (2015b) in another work, 

synthesized a novel amino-terminated hyperbranched polymer (ATHBP) through the 

end-capping reaction between hyperbranched polymer with hydroxyl group (HBPH) 

and diethylenetriamine. The introduction of ATHBP improved the impact strength 

without sacrificing the Tg of epoxy resin. FESEM analysis indicated that the 

toughening mechanism may be attributed to plastic deformation mechanism. 

 

Table 1.6 presents a literature review in which polysiloxanes have been used 

as modifier to improve the toughness of epoxy. 

 

Table 1.6: Toughness of epoxy systems modified by various types of hyperbranched 

polymers 

Author Toughener used Composition at 

which maximum 

toughness 

achieved 

% 

improvement 

in toughness 

Jin and Park. 

(2006) 

Amine 

terminated 

hyperbranched 

polyimide 

4 w% 150 
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DeCarli et al. 

(2005) 

Epoxy 

terminated 

hyperbranched 

polyester 

10 wt% 224 

Ratna et al. 

(2003) 

Epoxy 

functionalized 

hyperbranched 

polymer 

15 wt% 215 

Miao et al. (2015) Epoxy 

terminated 

hyperbranched 

polyether sulfone 

5 wt% 88 

Luo et al. (2013) Epoxy ended 

hyperbranched 

polyether 

5 wt% 100 

Tang et al. (2014) Hyperbranched 

polyurethane 

10 wt% 128 

Foix et al. (2012) Epoxy 

functionalized 

hyperbranched 

polyester 

30 phr 78 

Li et al. (2015a) Amine 

terminated 

hyperbranched 

polymer 

30 wt% 60 

Li et al. (2015b) Amine 

terminated 

hyperbranched 

polymer 

25 wt% 61 

 



55 
 

1.3.3.7. Toughening of epoxy using block copolymers 

 

Block copolymers present a novel approach to the problem of toughening 

epoxy resins. During the last decade or so, there have been numerous reports of novel 

morphologies in block copolymers. Höfflin et al. (2000) used thermoplastic 

elastomers based on polyetheresters with polyoxytetramethylene soft segments and 

poly(hexamethyleneterephthalate) hard segments to toughen anhydride-cured epoxy 

resins. Epoxy resins blended with 10 wt% of the polyetherester exhibited an increase 

in toughness by 50–150%, while strength and modulus decreased by 20% or less. 

Dean et al. (2001) blended poly(ethylene oxide)– poly(ethylene-alt-propylene) 

(PEO–PEP) diblock copolymers containing 50 or 26 vol% PEO with various amounts 

of BPA348, a commercial epoxy resin. These block copolymer-modified 

BPA348/MDA resins exhibited increased fracture toughness without a large 

reduction in Tg at low (5 wt%) block copolymer concentrations. This improvement is 

attributed to debonding of the vesicles followed by localized matrix deformation, 

crack deflection, and possibly crack-wake ligamentary bridging by the large vesicles. 

Dean et al. (2003) used a wide variety of block copolymers which can self-assemble 

into vesicles, spherical micelles, and wormlike micelles, in epoxy to improve fracture 

toughness. Spherical micelles and wormlike micelles are less effective than vesicles 

in improving GIC of this amine-cured bisphenol-A epoxy. Gerard et al. (2007) used 

different acrylic block copolymers for the toughening of a lightly crosslinked epoxy. 

Depending on the block composition and on the ratio of the blocks, micro 

interconnected filament-like or wormlike and spherical micelles are obtained. Liu et 

al. (2009) studied the fracture characteristics of PEP-PEO block copolymer 

nanoparticle (BCP)-modified epoxies with variations in matrix crosslink density. 

They found that toughenability of the epoxy resin has a strong dependence on its 

crosslink density. The lower the crosslink density is, the more capable the host resin 

can be toughened by the incorporation of the elastomeric phase. In another work, Liu 

et al. (2010b) employed an amphiphilic PEP-PEO block copolymer (BCP) to modify 

a bisphenol A-based epoxy resin formulation which is self-assembled into a wormlike 
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micelle structure (Figure 1.29). Incorporation of 5 wt% BCP wormlike micelles gives 

a 100% improvement in KIC, which is more effective than that of the spherical 

micelle-modified epoxy. Li et al. (2014) employed two diblock copolymers, PEP–

PEO and poly(1,2-butadiene)-bpoly(2-vinyl pyridine) (PB–P2VP) as modifiers for an 

amine-cured DGEBA epoxy resin, and their effect on the mechanical properties of 

bulk thermosets and 15 μ thick coatings was investigated. In the bulk epoxy 

thermosets, both block copolymers self-assembled into spherical micelles and 

effectively improved the fracture toughness. In coatings, spherical micelles were also 

formed and distributed throughout the coating with some segregation at the 

coating/substrate interface. Redline et al. (2014) modified epoxy thermosets with 0.6 

wt% of PEP-PEO or polystyrene-b-poly(ethylene oxide) (PS-PEO) diblock 

copolymers. Both polymers self-assembled into spherical micelles with PEO coronas 

and either a rubbery PEP or glassy PS core. As block copolymer was added up to 2 

wt% loading, both block copolymers provided similar improvements in GIC. 

However, at 2 wt% and above, the epoxies containing PEP-PEO diblock copolymers 

outperform those containing PS-PEO by approximately a factor of two. Naguib et al. 

(2015) in their work, prepared reactive and non-reactive diblock copolymers based on 

PEO and a poly(glycidyl methacrylate) (PGMA, reactive) or polystyrene (non-

reactive) block, respectively, via ATRP and those are incorporated into a 

cycloaliphatic epoxy matrix. The measurement of the critical stress factor, KIC, 

showed that the fracture toughness of the composite materials is enhanced by 

inclusion of the non-reactive block copolymer. In contrary, the reactive block 

copolymer has negative effect on the fracture toughness especially in case of short 

PEO block. Boumbimba et al. (2015) investigated the effect of nanostructured tri-

block acrylic copolymers on impact resistance in glass fibres epoxy laminate 

composites. The low velocity impact results indicate that the addition of modified tri-

block copolymer lead to the improved impact resistance and an increase in absorbed 

energy, especially at high impact energy level. SEM observations, performed on ion 

polished samples, revealed the presence of micro-cracks for both composites. George 

et al. (2013) investigated the effect of addition of poly (styrene-block-butadiene-
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block-styrene) (SBS) triblock copolymers on the morphology and mechanical 

properties of epoxy matrix cross-linked by DDM. They observed that the epoxidation 

reaction in SBS influences the compatibility of block copolymer in epoxy matrix and 

also in the toughness of epoxy matrix. Spherical micelle-like morphologies are 

obtained when the epoxidation degree is 47 mol%. The spherical micelle-like 

morphology changes to elongated vesicle-like domains in the blends with 39 mol% of 

epoxidation. The fracture toughness of the epoxy thermoset was significantly 

improved by the inclusion of a small amount of SBS triblock copolymer. 

 

 

 

Figure 1.29: TEM micrographs of BCP wormlike micelle-modified epoxy (Liu et al., 2010) 

 

Table 1.7 presents a literature review in which block copolymers have been 

used as modifier to improve the toughness of epoxy. 
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Table 1.7: Toughness of epoxy systems modified by various types of block copolymers 

Author Block co-polymer 

toughener used 

Composition 

at which max 

toughness 

achieved 

% 

Improvement 

in toughness 

Liu et al., (2010) PEP-PEO BCP 5 wt% 144 

Larrañaga et al., (2007) PEO-PPO-PEO 10 wt% 56 

Höfflin et al., (2000) Polyetherester 10 wt% 150 

Dean et al., (2001) PEO-PEP 2.5 wt% 177 

Dean et al., (2003) PEO-PB 5 wt% 350 

Gerard et al., (2007) MAM 

MAM-D1 

MAM-D2 

10 wt% 290 

104 

203 

Liu et al., (2009) PEP-PEO 5 wt% 100 

Wu, Thio and Bates, 

(2005) 

Aramid Silicone 

Block Copolymer 

4.2 wt% 200 

Ritzenthaler et al., (2003) SBM Triblock 

Copolymer 

10 wt% 208 

Thio et al., (2006) PHO-PEO 5 wt% 260 

Thompson et al., (2009) PEO-PEP 5 wt% 200 

Wu et al., (2005) PBO-PEO 

Diblock 

Copolymer 

5 wt% 294 

Li et al., (2014) PEP-PEO 

PB-P2VP 

5 wt% 

5 wt% 

94 

112 

Redline et al., (2014) PEP-PEO 

PS-PEO 

4 wt% 

2 wt% 

80 

45 
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1.3.3.8. Toughening of epoxy using liquid crystalline polymers 

 

Crystalline thermoplastics have also been utilized in modifying resin. 

Carfagna et al. (1992) observed that toughened epoxy resins can be achieved by 

blending a low percentage of liquid crystalline polymer (LCP) with the thermoset. 

The processing technique consisted of the spinning of blends of a thermoplastic 

(Ardel) with the LCP (PET/PHBGO) .The bundled filaments were subsequently 

dissolved in the uncured epoxy resin. After curing, the LCP phase separates from the 

matrix in the form of microfibers with a very high aspect ratio, which act as crack 

stoppers and improve fracture toughness of the material. Zhang et al. (1999) 

synthesized a series of novel reactive toughening agents (LCEUPPG) containing both 

a flexible spacer and rigid liquid crystalline unit to modify the bisphenol epoxy 

resin/dicyandiamide curing system. Compared with the unmodified system, 

LCEUPPG have enhanced the impact strength 3–7 times, and maintained high 

dynamic modulus and good thermal properties. Son et al. (2012) used a novel amino 

end-capped aromatic liquid crystalline copoly(ester amide) to improve the thermal 

and mechanical properties of DGEBA cured DDS. Upon addition of 10 phr of LCP, 

the impact strength of the modified epoxy was dramatically increased from 35.8 J/m 

to 51.8 J/m, which is an approximately 30% improvement compared to the un-

modified system (Figure 1.30).  
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Figure 1.30: The Izod impact and fracture toughness of various LCP/DGEBA/DDS blends 

(Son et al., 2012) 

 

Table 1.8 presents a literature review in which liquid crystalline polymers 

have been used as modifier to improve the toughness of epoxy. 

 

Table 1.8: Toughness of epoxy systems modified by various types of liquid crystal polymers 

Author Toughener 

used 

Composition at 

which maximum 

toughness achieved 

% 

improvement 

in toughness 

Son et al. (2012) LCP (liquid 

crystalline 

copoly(ester 

amide) 

10 phr 39 

Zhang et al. 

(1999) 

LCP 20 wt% 590 
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1.3.3.9. Toughening of epoxy using nanofillers 

 

Since the advent of nanotechnology, nano-fillers, such as nanoparticles and 

carbon nanotubes, have been widely used in composites as reinforcements. Nano-

reinforcements, as opposed to traditional reinforcements, have been shown to 

improve mechanical and thermal properties at much lower filler loadings. Due to 

their extremely high specific surface area, the nanoparticles exhibit high interfacial 

interactions between the particles and the polymer matrix that primarily leads towards 

the achievement of novel properties in materials (Yang et al., 2009). Thus, research 

on nanocomposite mechanical performance has continuously attracted great attention 

in both the scientific and industrial communities. Recently, some researchers showed 

that the incorporation of nano fillers in the epoxy matrix can improve the fracture 

toughness of the resultant composites. Adding reinforcements such as nanosilica, 

nano TiO2, nano CaCO3, nano clay, carbon nanotubes and graphene has attracted 

considerable attention as a means to enhance the toughening of epoxy resins. Ragosta 

et al. (2005) reported the preparation of a new nanocomposite system based on 

TGDDM/DDS resin and an isopropanol emulsion of silica nanoparticles. The 

addition of silica nanoparticles up to 10 wt% brings about a considerable increase in 

fracture toughness and an increase in critical crack length for the onset of brittle 

fracture. BB Johnsen and coworkers (Johnsen et al., 2007) introduced the silica 

nanoparticles to epoxy via a sole gel technique which gave a very well-dispersed 

phase of nanosilica particles which were about 20 nm in diameter. The measured 

modulus was compared to theoretical models, and good agreement was found. The 

fracture energy increased from 100 J/m2 for the unmodified epoxy polymer to 460 

J/m2 for the epoxy polymer with 13 vol% of nanosilica. Blackman et al. (2007) also 

showed that the introduction of nano-silica particles into an epoxy polymer has 

increased both the fracture toughness, KIC, and the cyclic-fatigue behaviour of the 

epoxy polymer. Shi et al.(2006) in their work observed that the nanocomposites 

epoxy resin/CaCO3 nanocomposites prepared by in situ and inclusion polymerization 

showed a better nanoparticle dispersion compared to the nanocomposite prepared by 
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solution blending. These composites showed good improvement in toughness because 

of better dispersion. Jin and Park (2008) found that the fracture toughness and impact 

strength of the TGPAP/CaCO3 nanocomposites significantly increased by the 

addition of nano-CaCO3. He et al. (2011) also observed that even small contents (2–6 

wt%) of nano-CaCO3 in the epoxy cast can increase the thermal stability and 

mechanical properties of the nano-CaCO3/epoxy cast. Hussain et al. (1996) evaluated 

the fracture toughness for an epoxy-TiO2, composite system at room and liquid 

nitrogen temperature in which both the volume and the particle size of dispersoid 

have been changed. Fracture toughness was significantly increased by choosing the 

larger particle size of the dispersed second phase and low temperature testing 

environment. Carballeira and Haupert (2010) investigated the effect of mechanically 

dispersed titanium dioxide nanoparticles in an epoxy resin using a torus mill device 

on the mechanical properties of the polymer. The addition of TiO2 nanoparticles in 

low volume concentrations to the epoxy resin could simultaneously improve the 

stiffness, toughness, maximum sustained strain, and resistance to crack propagation 

of the neat resin. Wang et al. (2006) developed a novel approach assisted with solvent 

to disperse clay into epoxy matrix. It was found that both stiffness and toughness of 

the materials were improved through incorporation of SMC clay. Mechanical 

properties and tribological behavior of epoxy resin epoxy nanocomposites containing 

different shape nanofillers, such as spherical silica (SiO2), layered organo-modified 

montmorillonite (oMMT) and oMMT-SiO2 composites, were investigated by Jia et al. 

(2006). Compared with pure epoxy, the fracture toughness of epoxy/oMMT improves 

a little but the tensile strength improves obviously, and the fracture toughness of 

epoxy/SiO2 improves obviously but the tensile strength improves a little. However, 

oMMT-SiO2 exhibits synergistic effects on toughening and reinforcing the epoxy 

simultaneously, because of its special spherical-platelet structure and the interaction 

between SiO2 and oMMT. In order to improve the fracture toughness of epoxy 

adhesive, Kim and Park (2008) incorporated nano-particle additives such as carbon 

black and nanoclay into epoxy resin. It was found that reinforcement with nano-

particles improved the fracture toughness at the room temperature, but decreased the 
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fracture toughness at the cryogenic temperature in spite of their toughening effect. In 

this study, carbon black and nanoclay were mixed with epoxy to investigate their 

toughening effect. Wang et al. (2015a) in-situ synthesized a modifying copolymer for 

clay modification during epoxy curing and it was incorporated to form an 

interpenetrating network (IPN) structure within epoxy network, leading to a double 

IPN structure. At an optimum clay loading of 1 wt%, tensile strength and modulus, 

elongation at break as well as K1C of the epoxy/clay nanocomposite was enhanced by 

38%, 5%, 64%, 93%, respectively, indicative of a remarkable improvement of tensile 

and fracture toughness while maintaining reasonable strength. Ayatollahi et al. (2011) 

studied the effects of MWCNTs on the mechanical properties of epoxy/MWCNT 

nano-composites with emphasis on fracture toughness under bending and shear 

loading conditions. While the maximum mode I fracture toughness was obtained in 

nano-composites containing 0.5 wt% of MWCNT, the addition of MWCNTs 

improved the strength and mode II fracture toughness of epoxy continually. The 

presence of MWCNTs had a greater effect on the enhanced fracture toughness of 

nano-composites under shear loading compared with normal loading. Ma et al. (2015) 

used MWCNTs containing residual catalyst Ni particles to fabricate magnetically 

aligned epoxy composites under a relatively low applied magnetic field of 0.4 T. 

Significant toughness and fracture energy improvements were obtained in composites 

with magnetic field aligned CNTs and randomly oriented CNTs relative to neat 

epoxy. With CNTs aligned perpendicular to the crack plane, the composites displayed 

much higher KIC and GIC compared to those with randomly oriented CNTs or CNTs 

aligned parallel to the crack plane. Ladani et al. (2015) reported the use of an 

alternating current (AC) electric field to align carbon nanofibres in an epoxy. During 

the cure process of an epoxy resin, CNFs are observed to rotate and align with the 

applied electric field, forming a chain-like structure. The addition of 1.6 wt% of 

aligned CNFs increases the fracture energy, GIC, by about 1600% from 134 to 2345 

J/m2. The three different sized chemical functionalized graphene (GO) sheets, namely 

GO-1 (D50 = 10.79 μm), GO-2 (D50 =1.72 μm) and GO-3 (D50 = 0.70 μm), were 

used by Wang et al. (2013) to fabricate a series of epoxy/GO nanocomposites. 
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Incorporation of a very small amount of the graphene sheets into the epoxy matrix 

resulted in a significant improvement on the fracture toughness of the polymer (See 

Figure 1.31). The enhancement of the epoxy toughness was strongly dependent on the 

size of the graphene sheets incorporated. Chandrasekaran et al. (2014) toughened 

epoxy composites with three kinds of nanofillers viz., graphite nano-platelets (GNP), 

thermally reduced graphene oxide (TRGO), and MWCNTs. It was observed that 

epoxy toughened with TRGO and GNP showed significant enhancement in toughness 

compared to MWCNT. Among the 2D fillers, TRGO showed two-fold increase in 

KIC compared to GNP toughened epoxy which is due to the partial functionalization 

and fewer numbers of layer stacked in TRGO. Lei et al. (2016) synthesized imidazole 

grafted GO and used as an effective co-curing reagent with DDM to the epoxy. The 

ultimate tensile strength, flexural strength, and impact strength increased by 40%, 

10.8%, and 42% was achieved for the cured epoxy composite containing 0.80 wt% of 

imidazole grafted GO when compared with that without GO. 

 

 

Figure 1.31: KIC versus GO content for the epoxy nanocomposites (Wang et al., 2013) 

 

Table 1.9 presents a literature review in which nanofillers have been used as 

modifier to improve the toughness of epoxy. 
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Table 1.9: Toughness of epoxy systems modified by various types of nanofillers 

Author Toughener 

used 

Composition at 

which maximum 

toughness 

achieved 

% 

improvement 

in toughness 

Chandrasekaran et al. 

(2014) 

GNP 1 wt% 57 

Kim and Park. (2008) Carbon black 3 wt% 20 

Yang et al. (2009) TETA-

MWCNT 

0.6 wt% 84 

Rafiee et al. (2009) GNP 0.1 wt% 50 

Wetzel et al. (2006) Al2O3 10 vol% 120 

Ayatollahi et al. (2011) MWCNT 0.5 wt% 27 

Ma et al. (2015) Aligned 

MWCNT 

3 wt% 51 

Wang et al. (2013) GO 0.1 wt% 75 

Jin and Park. (2008) Nano CaCO3 6 wt% 40 

He et al. (2011) Nano CaCO3 4 wt% 106 

Ji et al. (2004) Nano Al2O3 0.98 vol% 19 

Wang et al. (2006) nanoclay 2 wt% 77 

Wang et al. (2015a) Organo 

modified 

nanoclay 

1 wt% 98 

Blackman et al. (2007) nanosilica 20 wt% 73 

Jia et al. (2006) nanosilica 3 wt% 79 
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Johnsen et al. (2007) nanosilica 13.4 vol% 141 

Carballeira and 

Haupert. (2010) 

TiO2 10 vol% 138 

Ragosta et al. (2005) nanosilica 10 wt% 131 

Hussain et al. (1996) TiO2 10 vol% 33 (at liquid 

N temp) 

 

 

1.3.4. Toughening mechanisms 

 

Addition of a particulate phase to a glassy polymer often enhances fracture 

toughness without significantly compromising the other desirable engineering 

properties. Successful application of this technique to overcome the inherent 

brittleness of epoxy resins was first reported in the early 1970s (McGarry, 1970; 

Sultan and McGarry, 1973). Since then, many investigations have been performed to 

elucidate the exact role of these particles in toughening of brittle epoxies. In general, 

several toughening mechanisms operate simultaneously to produce the overall 

toughening effect of various rubber and thermoplastic modified epoxies. In many 

cases, they operate simultaneously to generate toughness properties. The important 

mechanisms responsible for enhancement of fracture toughness are given below. 

 

1.3.4.1. The particle bridging mechanism  

 

The proposed role of the rubber or plastic particles is to span two crack 

surfaces and apply surface tractions that effectively alleviate the stress applied at the 

crack tip (Kunz-Douglass et al, 1980; Kunz et al., 1982). In other words, the energy is 

consumed when the crack deforms and tears the particles. Physical evidence for the 

crack bridging mechanism has been inferred by the analysis of fracture surfaces using 

scanning electron microscopy (SEM) (Figure 1.32). Good interfacial adhesion is a 

prerequisite for this mechanism to operate.  In rubber modified thermosets, early 
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toughening models were based on the rubber particle bridging mechanism and 

claimed that the work consumed in the tearing of the stretched rubber particles across 

the crack wake contributes significantly to toughening. This proposal could not be 

accepted as a major toughening mechanism since it did not take the role of matrix 

into account and could not explain other experimental observations. It has been 

shown that the fracture toughness of rubber-modified epoxies depends strongly on the 

structure of the matrix; looser epoxy networks result in higher toughness. 

 

 

Figure 1.32: SEM image of the fracture surface of CTBN/epoxy blend showing crack 

bridging (Thomas et al., 2004) 

 

1.3.4.2. Rubber particle cavitation and induced shear deformation in the matrix 

 

Kinloch et al. (1983) suggested that the rubber-tear mechanism only makes a 

secondary contribution to toughening, but it does not represent the major toughening 

mechanism. Rubber particle cavitation is the primary toughening mechanism in 

rubber modified epoxies especially in relatively lower crosslink density epoxy resins. 

They proposed a mechanism that involves dilatational deformation of the matrix, and 

cavitation of the rubber particles in response to the triaxial stresses near the crack tip, 

combined with shear yielding between the holes formed by the cavitated rubber 

particles. The stress-whitening was attributed to light scattering by these holes, and 

the major energy absorption mechanism was suggested to be the plastic deformation 
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of the matrix (Figure 1.33). Plastic deformation blunts the crack tip, which reduces 

the local stress concentration and allows the material to support higher loads before 

failure occurs. Kim and Brown (1987) and Pearson (1990) provided evidence to show 

that shear-yielding also exists in thermoplastic particle modified epoxy system. The 

thermoplastic acts as stress concentrators owing to the significant modulus mismatch 

between the particle and the matrix. This stress concentration causes the matrix to 

undergo extensive shear deformation, generally in the form of massive shear banding 

between the particles. The formation of shear bands absorbs considerable energy, 

thereby increasing the fracture toughness. 

 

 

 

Figure 1.33: Stress whitened zone due to rubber cavitations in HTPB/epoxy blend (Thomas et 

al., 2008) 

 

1.3.4.3. Crack-pinning mechanism 

 

This theory states that as the crack begins to propagate through the resin, the 

crack front bows out between the filler particles but remains pinned at the particles 

which consumes additional energy (Lange, 1971a; Lange and Radford, 1971b). A 

schematic diagram of the crack-pinning mechanism is shown in Fig. 1.1 (Pearson, 

1993).  The crack pinning mechanism operates mainly with inorganic fillers that 

resist fracture during failure of the epoxy matrix resin. The crack-pinning mechanism 
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is generally less important in ductile matrix materials. Although thermosets can be 

toughened by a crack-pinning mechanism, this is generally less effective than the 

mechanisms present with soft or ductile particles. Indirect evidence for the 

occurrence of this mechanism is the observation of 'tails' near the particles on the 

fracture surface when viewed using SEM (Figure 1.34). Crack pinning is identified 

by the presence of bowing lines on the fracture surface. 

 

 

 

Figure 1.34: SEM micrograph of fracture surface of glass sphere filled epoxy showing crack 

pinning (Kawaguchi and Pearson, 2003) 

 

1.3.4.4. Crack-path deflection mechanism 

 

Another toughening mechanism often cited for producing the toughening 

effect especially in thermoplastic-modified epoxies is called crack path deflection. 

Thermoplastic particles change the crack path by causing the crack to deviate from its 

principal plane of propagation and/or the crack is split into several secondary cracks. 

The deflection of the crack path increases the total surface area of the crack surface 

and forces crack propagation into mixed mode. This mechanism was considered to be 

a secondary toughening mechanism and it accompanies other toughening 

mechanisms. This mechanism is important for highly crosslinked epoxies modified 

with relatively large particles. One of the most important fracture mechanisms in 
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nanocomposites is crack deflection. A SEM image of the crack-path deflection 

mechanism is shown in Figure. 1.35. 

 

 

 

Figure 1.35: SEM micrograph of fracture surface of GnP/ epoxy nanocomposite showing 

crack deflection (Wu et. al., 2015) 

 

1.3.4.5. Microcracking mechanism 

 

This mechanism is effective for highly crosslinked epoxies when the particles 

are relatively rigid and capable of debonding. Microcracks due to rubber or 

thermoplastic particles cause stress concentration and initiate massive microcracks in 

the surrounding matrix. Voids result when the microcracks open, and these voids 

permit large strains (Figure 1.36). Debonding or microcracking effectively lowers the 

modulus in the frontal process zone around the crack tip, and thus effectively reduces 

the stress intensity there. 
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Figure 1.36: SEM micrograph of fracture surface of GnP/ epoxy nanocomposite showing 

microcracks (Wu et. al., 2015) 

 

1.3.4.6. Crazing of matrix  

 

Rubber particles act not only as stress concentrators, initiating crazes in the 

surrounding matrix, but also as craze terminators, preventing uninhibited growth of 

the crazes, which would result in the premature failure. Craze stabilization allows 

additional crazes to grow. The multiple crazing process consumes significant amount 

of energy and hence increase fracture toughness. This mechanism was proposed on 

the basis of interpretations of several observations, such as stress whitening ahead of 

the crack tip, and on the basis of the strong dependences on the particle size of the 

fracture toughness and pressure sensitivity of yielding. The relatively high cross-link 

density of epoxies should prevent crazing from occurring. Moreover, crazes have 

never been observed in epoxies with high cross-link densities 

 

The rigid particulate nano-fillers like nanosilica and TiO2 may toughen epoxy 

in a similar way as the soft rubber or thermoplastic particles do. That is, the filler 

debonding, and the subsequent void growth as well as the matrix shear band likely 

play the key roles in toughening. Hsieh et al. (Hsieh et al., 2010) reported that the 
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matrix shear band contributed more to the fracture toughness than the plastic void 

growth effect. It has been reported that the increase of fracture surface area because 

of crack path deflection is the major toughening mechanism in the epoxy MWCNT 

nanocomposites (Hsieh et al., 2011). Apart from crack deflection, pullout of 

nanotubes, debonding of MWCNTs and bridging mechanism also plays a significant 

role in improving the fracture toughness of composites. Shear banding and crack 

deflection or bifurcation is found to be the main contribution of toughness of polymer 

matrix in the case of layered nanofillers like nanoclay and graphene. 

 

In recent years, many advances have taken place in the theoretical 

understanding of the toughening mechanisms for rubber, thermoplastic and nanofiller 

toughened epoxy resins. The relationships between microstructure and fracture 

behavior of toughened thermoset have been illustrated quantitatively. Several reviews 

have given detailed descriptions of the existing toughening mechanisms proposed to 

explain the improved toughness for rubber, thermoplastic and nanofiller toughened 

epoxy resins. Even though there are various toughening mechanisms proposed by 

different researchers, it seems that a single theory is not sufficient to explain every 

experimental result and phenomenon of toughening. One reason may be the 

discrepancy of the raw materials chosen by different researchers, because the initial 

properties of raw materials have significant influence on the final fracture properties 

of epoxy materials. Another reason lies in the fact that the fracture itself is a complex 

phenomenon, and a single theory cannot represent every detail. 

 

1.4. Scope and Objectives of the Work 

 

The realization of nanofiller reinforced epoxies with high toughness requires a 

homogeneous dispersion and strong interfacial interaction between the nanofiller and 

the polymer matrix. Generally nanoparticles have a tendency for agglomeration 

because of the weak van der Waals force of attraction. Surface modifications of 

nanofillers are an effective way to improve interfacial interaction between the 
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nanofillers and the epoxy matrix, which in turn leads to better filler dispersion, and 

enhanced mechanical performance in the nanocomposites (Davis et al., 2011; Sun et 

al., 2008). Recently, polymer functionalized nanofillers have attracted more interest 

in the field of polymer composites due to the presence of multiple anchor units for 

surface attachment and better interfacial interaction between the nanofillers and the 

polymer matrix (Díez-Pascual et al., 2010; Hu et al., 2012; Hu et al., 2015; Li et al., 

2015; Wang et al., 2015b). However, a better improvement in toughness and 

mechanical strength can be expected if the nanofillers are previously functionalized 

with reactive polymers which consist of multiple functional groups. Besides 

homogeneous dispersion, the chemical modification of the nanofillers with reactive 

polymers can create a soft interface between nanofillers and polymer which can result 

in a better load transfer from matrix to filler. Apart from surface modification, 

nanofiller geometry of a composite also plays a crucial role in determining the 

mechanical performance of the composites. It is therefore significant to determine the 

influence of shape on the properties of the composites made with nanofillers. By 

judiciously selecting nanofillers of different geometry and size, and modifying the 

surface of these fillers with suitable polymers, tremendous improvement in fracture 

toughness and mechanical strength can be achieved. 

 

Several investigations have been made in the area of toughening of epoxy 

resins. From the review on toughened epoxy resins, it was observed that relatively 

few systematic studies were conducted on surface engineered nanofiller toughened 

epoxy resins. In view of this, a detailed investigation has been carried out on the 

mechanical and thermomechanical properties of surface engineered epoxy 

nanocomposites. 

  

The main objective of this research work is to study the influence of geometry 

and surface modification of nanofiller on the morphology, mechanical, thermal and 

viscoelastic properties of the epoxy composite system. We focus our work to develop 

epoxy systems with high toughness as well as mechanical strength. With this view, an 
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array of fillers of varying geometry and chemical functionalisation have been selected 

for the current study. 

 

The specific objectives of this research work are summarized below: 

 To develop a novel hybrid network system using polyhedral oligomeric 

silsesquioxane (POSS) and carboxyl terminated poly(acrylonitrile-co-

butadiene) (CTBN) and the study of  its cure kinetics. 

 To develop POSS-CTBN/epoxy hybrid composite and to study its 

mechanical, thermal and viscoelastic performance. 

 To study the effect of polymer functionalisation of multi-walled carbon 

nanotube (MWCNT) on the mechanical, thermal and viscoelastic performance 

of the MWCNT/epoxy composites. 

 To study the effect of polymer functionalisation of graphite oxide (GO) on the 

mechanical, thermal and viscoelastic performance of the GO/epoxy 

composites. 

 To study the shape dependence of titania nanofillers on the mechanical, 

thermal and viscoelastic performance of TiO2/epoxy nanocomposites. 

 

1.5. Organization of the Thesis 

 

 This thesis describes the research on the toughened epoxy nanocomposites 

based on surface engineered nanofillers. This research focuses on the effect of surface 

modification and shape dependence on the dispersion behavior and thermo-

mechanical and fracture resistance of epoxy nanocomposites. The structure of the 

thesis is presented in the following seven chapters: 

 

Chapter 1 contains a general introduction on polymer nanocomposites, 

nanofillers, epoxy resins, curing process of epoxy systems and different types of 

curing agents used in the epoxy systems. It deals with an updated survey of literature 
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covering the toughening of epoxy with various modifiers with special reference to 

nanofiller. The objectives and the plan of the present investigation are stated at the 

end of this chapter. 

 

Chapter 2 describes the synthesis and cure kinetics of a novel organic–

inorganic hybrid material from CTBN using glycidyl POSS as a crosslinking agent. 

The effect of catalyst on curing process and kinetic parameters were studied in detail 

using model free kinetic methods. 

 

Chapter 3 explains the preparation of a novel hybrid epoxy nanocomposite 

using CTBN as modifier, glycidyl POSS as nanofiller and DDS as curing agent. A 

comparative study of the properties of the hybrid systems with POSS/epoxy 

nanocomposites and CTBN/epoxy blends is discussed. 

 

In Chapter 4, a systematic study has been conducted to investigate the 

thermo-mechanical and viscoelastic properties of epoxy nanocomposites prepared by 

the introduction of polymer grafted MWCNTs into epoxy resin. The samples were 

characterized using different types of spectroscopic and analytical methods. The 

effect of surface modification on the nanotube morphology and dispersion status was 

then evaluated. The mechanisms responsible for the improvement of toughness in 

polymer grafted MWCNT/epoxy composites is discussed. 

 

In Chapter 5, polymer grafted GOs are prepared, and used as a modifier for 

epoxy resin. The enhancement in mechanical performance and fracture resistance of 

epoxy composites with different loadings of GO and polymer grafted GOs is 

described in this chapter. The effect of chemical modification on the dispersion and 

interfacial interaction in the resulting composites is also reported. 

 

Chapter 6 highlights the correlation between the shape of the titania 

nanostructures on the mechanical performance and fracture resistance of their epoxy 
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composites. TiO2(B) nanowires were prepared using hydrothermal method and 

characterized. A comparative study of the mechanical, thermal and visco-elastic 

performance of epoxy nanocomposites prepared from TiO2 nanoparticle and 

nanowires are reported. The fracture mechanism involved in reinforcement and the 

effect of particle shape on these mechanisms are discussed in detail. 

 

Chapter 7 summarizes the conclusions drawn from this research and offers 

recommendations for future scope of the work 
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CHAPTER 2 

 

CURE KINETICS OF NOVEL POSS-CTBN 

NETWORK SYSTEM 

 

 

In this study, glycidyl polyhedral oligomeric silsesquioxane (POSS) was used as a 

crosslinking agent to prepare a new organic–inorganic hybrid material from 

carboxyl terminated poly(acrylonitrile-co-butadiene) (CTBN). The structure of the 

reacted material was characterized by Fourier Transform Infrared Spectroscopy 

(FTIR). Differential Scanning Calorimetry (DSC) at different heating rates in the 

presence and absence of catalyst, triphenyl phosphine (TPP), was conducted to 

investigate the cure kinetics. Different kinetic models were used to analyze the kinetic 

parameters. We investigated the dependence of activation energy of the curing of 

CTBN using Glycidyl POSS on factors such as extent of conversion, heating rate and 

catalyst. The activation energy of gelation was estimated by rheology and DSC 

analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this chapter has been published in Journal of Thermal Analysis and 

Calorimetry, (2016), Vol.123: 1479-1489 
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2.1. Introduction 

 

Nitrile rubber, a copolymer of acrylonitrile and butadiene is a synthetic rubber 

with good chemical resistance, hot air aging resistance, mechanical performance, 

abrasion resistance etc. (Liu et al., 2011a). The usual way of crosslinking such 

polymers is by a reaction of the unsaturation by sulfur or peroxide. This often poses 

problems of loss of rubbery character and toughness. Another possibility for 

crosslinking is by a reaction of the end groups. For instance, carboxyl end groups 

offer possibility for crosslinking by reaction with polyepoxide (Varghese et al., 

1989). In fact, carboxyl terminated poly (acrylonitrile-co-butadiene) (CTBN) is 

conventionally used as a toughener in epoxy by making use of the carboxyl-epoxy 

reaction (Wang et al., 2012). The incorporation of polyhedral oligomeric 

silsesquioxane (POSS) into the polymer offers the opportunity to enhance the 

mechanical, thermal, oxidative, dielectric properties and reductions in flammability of 

polymer system (Kuo and Chang, 2011; Lee et al., 2006). However, only a limited 

number of studies have been reported for the use of POSS as crosslinker in the nitrile 

rubber. Very recently, Liu et al (2012) studied the cure kinetics, dielectric and 

viscoelastic properties of hydrogenated carboxylated nitrile rubber-POSS composites. 

Octa-functional POSS can react with carboxyl group of CTBN to get a highly 

crosslinked network system. The performance of rubber depends on the curing 

condition opted for the reaction. An optimal curing process depends on understanding 

the accurate kinetic modeling of the curing process. This modeling includes 

determination of the mechanism, measurement of the reaction orders, and activation 

energies of the reaction. The cure kinetics of CTBN rubber and POSS are not yet 

clearly understood, and an accurate model of an optimal curing process has yet to be 

clearly established. To date, no detailed study has been reported on modeling the 

curing of the CTBN rubber using POSS. In this work, a new organic–inorganic 

hybrid material by a reaction of CTBN with glycidyl POSS is reported. The curing 

kinetics is studied by model free kinetic methods. 
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 2.2. Theoretical background 

 

The kinetics of the reaction is usually described by the following rate Eq. 

(Brown et al., 1980; Murias et al., 2015; Tripathi et al., 2015) 
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                                                 (2.1) 

 

where α is the conversion, t is time, A is the pre-exponential factor, E is the activation 

energy, T is the absolute temperature, R is the gas constant (8.3145 JK-1mol-1), and f 

(α) is the differential conversion function. 

 

When a sample is heated at a constant rate, 𝛽 = d𝑇 d𝑡⁄ , Eq. (2.1) is rewritten 

as 
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The integral kinetic methods are based on the following integral form of the 

Eq. (2.1) (Vyazovkin and Wight, 1997) 
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  is the temperature integral. 

 

Several kinetic models have previously been proposed to adequately describe 

the cure behavior of thermosets. Kinetic parameters can be obtained by both model 
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fitting and isoconversional methods. For non-isothermal experiments, model fitting 

method involves fitting different models to α–T curves and simultaneously 

determining Ea and A (Janković, 2008). The Model free kinetic methods do not 

assume any kinetic models in data analysis.  Instead, they assume that the activation 

energy during cure only depends on conversion. The basic assumption of these 

methods is that the reaction rate at constant conversion is only a function of the 

temperature (Ozawa, 1992). 

 

The Friedman isoconversional differential method (Friedman, 1969) is 

derived by taking the logarithms of Eq. (2.1) 
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where Eα and Tα are the activation energy and temperature at different conversions 

respectively. The linear plots between ln(d / d )t   and 1/ T  make it possible to 

determine the values Eα and  ln ( )A f  at different conversions. 

 

According to the Kissinger method (Kissinger, 1957), the activation energy 

can be obtained from the maximum reaction rate where 𝑑𝛼2 d𝑡2⁄  is zero under a 

constant heating rate condition. Kissinger method uses Coats Redfern approximation 

of the temperature integral which leads to 
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                                         (2.5) 

 

where Tp is the peak exotherm temperature. Thus, for α = const., the plot 
2ln( / )pT  

versus 1/ pT should be a straight line whose slope can be used to evaluate the 

activation energy. 
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The isoconversional integral method suggested independently by Flynn and 

Wall (Flynn and Wall, 1966) and Ozawa (Ozawa, 1992) uses Doyle’s approximation 

for the temperature integral which leads to the Eq. 
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                            (2.6) 

 

Thus, for α = const., the plot log β versus (1/Tα), obtained from thermograms 

recorded at several heating rates, should be a straight line whose slope can be used to 

evaluate the activation energy. 

 

Vyazovkin (Vyazovkin, 2001) developed an enhanced isoconversional 

method that allows evaluation of Eα as a function of the extent of reaction (α) 
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where n is the number of heating rates,  , iI E T t    the exponential integral p(x) 

that results from heating rate βi while  , jI E T t 
    is the exponential integral from 

heating rate βj and it can be given by 
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The above integral can be solved by using trapezoidal rule. The activation 

energy at a given extend of conversion is the value that minimizes φ in the above 

equation.  
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In this work, the above mentioned methods were used for calculation of the 

kinetic parameters of the reaction between POSS and CTBN. The main objective of 

this study is investigating the dependence of activation energy of the curing of CTBN 

using Glycidyl POSS on factors such as extent of conversion, heating rate and 

catalyst. Also, in this study we have evaluated activation energy of gelation by 

rheology and DSC analyses. 

 

2.3. Experimental 

 

2.3.1. Materials 

 

CTBN (average Mn~3800 gmol-1, acrylonitrile 8-12 wt%, 1.9 carboxyl groups 

per molecule, and glass transition −66 °C) was obtained from Aldrich India. 

Triphenyl phosphine (TPP) was purchased from Aldrich India and glycidyl POSS 

(molecular mass 1378 gmol-1) was supplied by Hybrid Plastics USA. The molecular 

structure of the materials are shown in Figure 2.1. 
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Figure 2.1: Chemical structure of (a) Glycidyl POSS (b) TPP and (c) CTBN 

 

2.3.2. Preparation of samples 

 

Samples for DSC analysis were prepared by the following method. 1 gram of 

CTBN was dissolved in 20 mL acetone and stirred for 15 minutes using magnetic 

stirrer. 90 mg of POSS and catalytic quantities of TPP with different mass percentage 

(0.1, 0.3 and 0.5 wt% with respect to CTBN) were added and stirring was continued 

for 30 minutes. Acetone was evaporated off by heating at 50 oC for 1 h and kept in 

vacuum oven for 4 h at room temperature. 

 

2.3.3. Characterization 

 

2.3.3.1. Fourier Transform Infrared Spectroscopy 

 

 The reaction between POSS and CTBN was monitored using Fourier 

Transform Infrared (FTIR) spectrometer (Spectrum 100, Perkin Elmer, USA) in the 

wavenumber ranges from 4000 to 650 cm-1 with a spectral resolution of 4 cm-1. The 

spectra were recorded using an attenuated total reflectance accessory.  

 

2.3.3.2. Differential Scanning Calorimetry 

 

Cure kinetics of the system was investigated using Differential Scanning 

Calorimetry (DSC, Q-20, TA Instruments, USA). In order to carry out the cure 

studies, dynamic DSC scans were performed in the temperature ranges from 40-350 

oC at different heating rates (2.5, 5, 10, 15 and 20 Kmin-1) in nitrogen atmosphere. 

The peak area integration and subsequent fractional conversion (α)–temperature 

calculations were done by TA Instruments Universal Analysis 2000 software.  

 

2.3.3.3. Rheological measurements 
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Rheological analysis was done using Modular Rheometer (MCR 102 Modular 

Compact Rheometer, Anton Paar, USA), using a 50 mm parallel plate. Isothermal 

measurements were done at 145, 150, 160 and 170 oC in order to study the kinetics of 

gelation.  

 

2.4. Results and Discussion 

 

2.4.1. FTIR analysis 

 

The success of the reaction between CTBN and POSS was monitored by 

FTIR. To prepare POSS-CTBN, 1 gram of CTBN was treated with 90 mg of POSS at 

150 oC for 4 h. The FTIR spectra of gycidyl POSS, CTBN and POSS-CTBN polymer 

are shown in Figure 2.2. In Figure 2.2 (a), the peaks at 910 cm-1 and 850 cm-1 are due 

to the stretching of oxirane ring in Glycidyl POSS. The peak at 1098 cm-1 is the 

characteristic of Si-O-Si stretching in Glycidyl POSS (Liu et al., 2006; Ramírez et al., 

2008). In Figure 2.2 (b), the peak at 964 cm-1 corresponds to  =C−H out of plane 

bending vibration of 1, 4 trans olefin in CTBN, peak at 1640 cm-1 is due  to C=C 

stretching and peak at 1712 cm-1  corresponds to C=O stretching of carbonyl group in 

CTBN. The peak at 2238 cm-1 can be assigned to C≡N stretching. After the POSS-

CTBN reaction, as shown in Figure 2.2 (c), it is clear that the peak at 850 cm-1 from 

the compound glycidyl POSS disappeared and peak at 1712 cm-1 of CTBN shifted to 

1738 cm-1 which corresponds to the carbonyl stretching frequency of ester from the 

composite. This implies that epoxide group of glycidyl POSS reacted with carboxyl 

group of CTBN rubber forming an ester. 
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Figure 2.2: FTIR spectra of (a) Glycidyl POSS, (b) CTBN and (c) POSS-CTBN network 

 

2.4.2. Cure kinetic analysis from DSC 

 

Representative non-isothermal DSC curves for the reaction between POSS 

and CTBN by varying the concentration of catalyst (TPP) and heating rates are given 

in Figure 2.3 (a) and 2.3 (b). The heat flow curves from non-isothermal DSC 

measurements show a single exothermic peak for all samples. The exothermic peak 

temperature (Tp) is shifted to higher temperature region with increasing heating rate. 

This is because, as the heating rate is increased, the reactant mixture has little time to 

react and hence Tp is shifted to higher temperature region. On the other hand, when 

the catalyst was added, the curing shifted to a lower temperature as observed from a 

systematic drift in Tp. TPP is used as a pre-reaction catalyst to promote the reaction 

between the epoxy group of POSS and carboxyl group of CTBN. Table 2.1 shows the 

Tp of all the samples studied by varying the concentration of the catalyst and heating 

rate. It is important to mention that an increase in Tp with increasing heating rate with 

or without catalyst was observed. On the other hand a decrease in Tp with the addition 

of catalyst irrespective of the heating rate was observed. 
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Figure 2.3: Representative DSC curves for the reaction between POSS and CTBN by (a) 

varying the heating rate with a catalytic concentration of 0.5 wt% and (b) varying catalytic 

concentration at a heating rate of 5 Kmin-1 

 

A schematic illustration of the reaction between epoxide group of glycidyl 

POSS with carboxyl group of CTBN in presence of catalyst is illustrated in Figure 

2.4. The first step of the reaction involves a nucleophilic attack of TPP on the epoxide 

which results in a ring opening reaction followed by the generation of a betaine 

complex (Konnola et al., 2015b). The betaine complex formed as a result of the first 

step, attacks the CTBN entity and deprotonates the carboxylic acid group of CTBN 

resulting in the formation of the corresponding carboxylate anion. The carboxylate 
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anion will then attack the alpha carbon atom of the phosphonium ion to form an ester 

with subsequent regeneration of TPP catalyst.  

 

 

Figure 2.4: Schematic illustration of possible reaction between epoxide group of POSS with 

carboxyl group of CTBN in presence of TPP 

 

 

 

 

 

Table 2.1: Variation of peak temperature of exotherm with catalyst concentration 

Heating 

rate (Kmin-1) 

exothermic peak temperature (Tp) (K) 

Without 

catalyst 

0.1 wt% 

TPP 

0.3 wt% 

TPP 

0.5 wt% 

TPP 

2.5  218 ± 2 177 ±1 158 ±2 149 ±1 

5  230 ±3 189 ±1  172 ± 3  160 ± 2  

10  240 ± 3  205 ±2 186 ±  0.5 178 ±3 

15  252 ±1 214 ±0.5 195 ±2 186 ±1 
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20  258 ±1 218 ±1 202 ±3 1910.5  

 

2.4.2.1. Effect of catalyst and heating rate on extent of conversion 

 

The exothermic curves obtained from the DSC dynamic measurements were 

integrated to obtain extent of conversion (α) with respect to temperature. The 

variation in α with temperature for the curing of CTBN using POSS with varying 

concentration of catalyst at a typical heating rate (5 Kmin-1) is illustrated in Figure 

2.5 (a). The α shift to the lower temperature on adding 0.1 wt% TPP to the CTBN 

matrix and this effect is more pronounced at higher concentrations of catalyst. As 

mentioned in the previous section, the catalyst promotes the reaction between the 

epoxy group of POSS and carboxyl group of CTBN and hence α shift to the lower 

temperature at higher concentrations of TPP. On the other hand, upon increasing the 

heating rate, α shifted to higher temperature for all the CTBN systems due to the 

thermal lag at higher heating rates, due to which the effective temperature required 

for the reaction between carboxyl and epoxy group attains a higher temperature on 

increasing the heating rate (Figure 2.5 (b)). 
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Figure 2.5: Variation of extent of reaction with temperature for (a) different concentration of 

catalyst at 5 Kmin-1 heating rate and (b) different heating rate in the absence of catalyst 

 

2.4.2.2. Effect of catalyst on activation energy 

 

In Kissinger method, the reciprocal peak temperature (1/ pT ) values obtained 

at different heating rates were plotted against 
2ln( / )pT  , where (β) is the heating 

rate. There is an excellent linear fit in all systems studied, indicating that the model fit 

the experimental data quite well (determination coefficients (R2) is above 0.98). The 

slope of the straight line fit of 
2ln( / )pT vs 1/ pT gives the apparent activation energy 
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(Ea) for the system (Figure 2.6). Kissinger method is based on the assumption of a 

single reaction that happens during the curing of CTBN with POSS. Thus the 

activation energy obtained in Kissinger model is an overall value representing all the 

complex reactions that occur during curing. Table 2.2 shows the kinetic parameters 

obtained from Kissinger method for POSS-CTBN system with varying concentration 

of catalyst. For uncatalyzed system, Kissinger method gives the value of Ea as 104 

kJmol-1 and the value of ln A as 23.49 min-1. By the addition of 0.1 wt% of catalyst, 

Ea decreases from 104 to 82 kJmol-1. This is a clear evidence of a catalytic effect of 

the TPP in the curing reaction of CTBN by POSS. Ea decreases further as the 

concentration of catalyst increases. Figure 2.7 shows the variation of Ea as a function 

of concentration of catalyst.  

 

Figure 2.6: Kissinger plot for POSS-CTBN system with varying amount of catalyst 
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Figure 2.7: Variation of Ea with concentration of catalyst 

 

Table 2.2 Kinetic parameters obtained using Kissinger analysis 

Catalyst 

concentration 

Ea (kJmol-1) ln A (min-1) R2 

Without catalyst 104 ±2.1 23.49 ±0.7 0.9831 ±0.005 

0.1 wt% TPP 82 ±3.2 19.83 ±0.8 0.9873 ±0.006 

0.3 wt% TPP 73 ±2.0 18.38 ±0.5 0.9907 ±0.006 

0.5 wt% TPP 69 ±0.7 17.81 ±0.2 0.9898 ±0.003 

 

2.4.2.3. Variation of activation energy with extent of conversion 

 

The dependence of the Ea on the extent of conversion is a source of additional 

kinetic information of process. If the Ea is not assumed to be constant throughout the 

curing reaction, but rather allowed to vary with the degree of cure, then the model 

free isoconversional methods are useful to track how the activation energy changes 

throughout the entire reaction. The dominant curing reaction is expected to be the 
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reaction between epoxy of POSS and carboxyl group of CTBN. Towards the end of 

the cure process, i.e., at higher temperatures, other reactions such as etherification and 

homopolymerization of epoxide groups are expected to be important. 

 

The cure reaction between POSS and CTBN without any catalyst and by the 

addition of 0.5 wt% TPP was analyzed by isoconversional methods of Friedman 

(FR), Flynn–Wall–Ozawa (FWO) and Vyazovkin (V). Figure 2.8 plots the values of 

the Ea calculated by the different isoconversional methods for different values of the 

conversion ranging from 5 to 95 %, showing Ea of both systems gradually increase 

with the extent of cure. The increase of Ea at higher conversion is due to increased 

viscosity of the medium leading to more constrains of mobility of chains and 

consequently the difficulty of reactive species to undergo reaction. Similar 

observations have been reported (Deng and Martin, 1994). The mean value of 

activation energies from isoconversional FWO method for POSS-CTBN system 

without catalyst and using 0.5 wt% TPP were 103.4 kJ mol-1 and 70.2 kJmol-1 

respectively. These values are in good agreement with the obtained value of Ea using 

by Kissinger method. The values of Ea for FWO method obtained for POSS-CTBN 

system without catalyst is comparatively lower than the values of Ea obtained for FR 

and V methods. The deviation of Ea of FWO is due to the assumption of constant 

activation energy while deriving the Eq. (2.6). This assumption introduces a 

significant systematic error for a process whose activation energy strongly varies with 

the degree of conversion (Vyazovkin and Wight, 1997; Vyazovkin and Wight, 1999). 

Such an error does not appear in the differential isoconversional FR method. The 

nonlinear V method uses integration as a part of the procedure for estimating the 

activation energy. Compared to linear integral procedures, nonlinear V method was 

found to be a very accurate method (Vyazovkin and Wight, 1999). 
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Figure 2.8: Variation of activation energy with extent of conversion for POSS CTBN system 

without catalyst and the presence of 0.5 wt% TPP. FWO: Flynn-Wall-Ozawa method, FR: 

Friedman isoconversional method, V: Vyazovkin method. 

 

2.4.2.4. Kinetic model prediction 

 

Malek (Zhang et al., 2015) method is the most reliable method for the 

determination of probable mechanism function in the kinetic model. In Malek 

method, once activation energy is determined, two characteristic functions, y(α) and 

z(α) were defined in order to find the kinetic model and the kinetic parameters. The 

shape and maximum value of these functions provides valuable information for 

determining the most suitable kinetic model (Bai et al., 2015). In non-isothermal 

conditions, the two functions can be described as follows: 
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where x represents (Ea/RT), β is the heating rate, T is the absolute temperature and 

π(x) function can be approximated using the 4th order rational expression of Senum 

and Yang (Kasemsiri et al., 2015) as shown in Eq. (2.11). 
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The y(α) and z(α) functions are normalized within the (0,1) range. These 

curves show the conversion M  for the maximum value of y(α) and p 
 for the 

maximum value of z(α). Both M  and p 
 suggest the choice of the most suitable 

kinetic model. 

 

Figure 2.9 shows the the curves of y(α) and z(α) of POSS-CTBN system 

without and by the addition of 0.5 wt% TPP catalyst. From the figure, it can be seen 

that for both systems, the values of M  and p 
 satisfy the conditions: 0 M p   

and 0.632p   , which strongly indicate that the two-parameter autocatalytic Sestak–

Berggren model (SB(m,n)) (Xiong et al., 2014) is suitable for kinetic modeling of the 

reactions in this work.  
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Figure 2.9: (a) and (b) represents y(α) and z(α) curves of POSS-CTBN system without 

catalyst and (c) and (d) represents y(α) and z(α) curves of POSS-CTBN system with 0.5 wt% 

catalyst 

 

The SB (m, n) model can be expressed by Eq. (2.12) 
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where m and n are the kinetic parameters. Substituting Eq. (2.12) in Eq. (2.1) 
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Eq. (2.13) can be transformed into the following form (Zabihi et al., 2013) 
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 (from Eq. (2.14)) as well as the 

kinetic parameter, m can be calculated from Eq. (2.15). All of the kinetic parameters 

n, m, and ln A, are listed in Table 2.3. Figure 2.10 shows the dependence of 

ln[(dα/dt)exp(Ea/RT)] on ln[(1-α)α(α
M

/1-α
M

)] at the heating rate of 20 Kmin-1 in both 

systems in the conversion range from 0.2 to 0.95 . 

 

Figure 2.10: ln[(dα/dt)exp(Ea/RT)] versus ln[(1-α)α(α
M

/1-α
M

)] at heating rate of 20 Kmin-1 in the 

conversion range from 0.2 to 0.95 
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Table 2.3 Calculated kinetic parameters 

Polymer 

system 

Heating 

rate  

(Kmin-1) 

m Average 

m 

N Average 

n 

ln A Average 

ln A 

POSS-

CTBN 

without 

catalyst 

2.5 0.099 0.096 1.140 1.043 23.270 22.978 

5 0.085 0.985 23.222 

10 0.093 1.073 22.900 

15 0.088 1.017 22.650 

20 0.111 1.002 22.847 

POSS-

CTBN 0.5 

wt% TPP 

2.5 0.044 0.059 0.836 0.656 18.210 18.292 

5 0.064 0.740 18.316 

10 0.067 0.493 18.259 

15 0.050 0.580 18.298 

20 0.070 0.633 18.375 

 

The explicit rate equations of the curing reaction can be obtained by substituting the 

calculated kinetic parameters Ea, n, m, and lnA into Eq. (2.13). 

 

The kinetic model evaluation for POSS-CTBN system without any catalyst 

and using 0.5 wt% TPP catalyst are given in Eq. (2.16) and (2.17) respectively 

 

                                9 0.096 1.043d 100319
9.796 10 exp (1 )

d
X

t RT


 

 
   

 
                  (2.16) 

 

                                 7 0.059 0.656d 70687
8.804x10 exp (1 )

dt RT


 

 
   

 
                  (2.17) 

 

To demonstrate the validity of the proposed model, a comparison has been 

made using the experimental curves and predicted curves based on the determined 

cure parameters for POSS-CTBN system without catalyst and by the addition of 0.5 



98 
 

wt% catalyst at different heating rates (Figure 2.11). From the figure, it can be clearly 

seen that the calculated DSC curve fits relatively well using the obtained model 

parameters of the cross-linking reaction. 

 

Figure 2.11: Comparison of simulated curves of SB(m,n) model to experimental curves for 

(a) POSS-CTBN system without catalyst and (b) POSS-CTBN system with 0.5 wt% catalyst 

 

2.4.3. Time of gelation from rheokinetics 

 

The gel point is one of the most important kinetic characteristics of curing. As 

the cure reaction proceeds, the molecular mass increases and several chains link 

together into networks of infinite molecular mass. This sudden and irreversible 

transformation from a viscous liquid to an elastic gel is defined as gelation point; and 
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the time at which occurs, at a given isothermal cure temperature, is the gelation time 

(Fernandez et al., 2001; NEZ et al., 1997). The critical gel is an isoconversion 

property of any given thermosetting system and will occur at the same conversion 

regardless of cure temperature if the polymerization proceeds with a single 

mechanism. Gelation time was determined by the intersection of storage modulus 

(G’) and loss modulus (G”) where the material began to develop mechanical 

properties characteristics of the elastic solids (Auad et al., 2006; Zlatanic and Dunjic, 

1999). Times of gelation (tgel) for curing of CTBN with POSS at different isothermal 

temperatures were measured (Figure 2.12). The time of gelation decreases on 

increasing the isothermal temperature. 1/tgel is indicative of the rate of gelation. 

Activation energy of gelation can be determined by plotting the ln(1/tgel) against 1/T 

(Figure 2.13) (Kumar et al., 2006). The slope of the plot gives –Ea/R. For POSS-

CTBN system without catalyst, the activation energy of gelation calculated from 

rheological measurement is 111.5 kJmol-1. 

 

 

Figure 2.12: Variation of storage and loss moduli with time for POSS-CTBN system without 

catalyst at (a) 145 oC (b) 150  oC (c) 160  oC and (d) 170 oC 
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By knowing the extent of reaction from Flory’s theory, it is possible to 

compare the Ea of gelation obtained from rheological studies and thermal studies. 

According to the classical statistical theory of gelation developed by Flory (Flory, 

1953), the gel point is characterized by the appearance in the reactive system of a 

macromolecule with infinitely large molecular mass. Based on this theory, this 

phenomenon occurs for a determined extent of reaction, which can be expressed as 

 

                                               

1/2

1

( 1)( 1)
gel

e cf f r


 
  

  
                                     (2.18) 

 

where χgel is the extent of reaction at gelation point, fe and fc are the epoxy and 

carboxyl functionalities, respectively, and r is the carboxyl/epoxy stoichiometric 

ratio. 

 

From Flory’s theory, χgel for the system is found to be 0.39. The activation 

energy of curing of CTBN with POSS near conversion of 0.4 (Figure 2.8) according 

to Vyazovkin model is 108 kJmol-1, which is reasonably in good agreement with 

activation energy of gelation predicted from rheological analysis. Here Ea from 

Vyazovkin model is used for comparison as Vyazovkin model shows extremely low 

errors in the activation energy (Janković, 2008; Vyazovkin and Wight, 1999). 
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Figure 2.13: Plot of ln(1/tgel) vs 1/T for curing of POSS-CTBN system without catalyst with 

different isothermal temperature 

 

2.5. Conclusions 

 

A new organic–inorganic hybrid material was prepared by cross linking 

CTBN with glycidyl POSS. FTIR confirms the successful reaction between carboxyl 

group of CTBN and epoxide group of POSS. The differential scanning calorimetry 

(DSC) at different heating rates was conducted to investigate the curing kinetics. 

Isoconversional kinetic models using differential scanning calorimetry showed an 

increase in activation energy with an increase in extent of conversion which is due to 

a restriction in mobility of reactants as the system tends to be more viscous. The 

activation energy obtained from FWO method is found to be less than that from FR 

and V method because of the difference in approximation used while deriving the 

model equation. There is a kinetic evidence for a catalytic effect of TPP on the curing 

reaction of the CTBN by POSS. Activation energy is found to decrease as the 

concentration of the catalyst increased from 0.1 to 0.5 wt%. A two-parameter (m, n) 

autocatalytic model (Sestak-Berggren equation) was found to be the most adequate to 

describe the cure kinetics of the studied POSS-CTBN systems. Evidently, the kinetic 
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models of the curing reactions of the both systems are in good agreement with non-

isothermal DSC data. The activation energy of gelation obtained from rheological 

studies is comparable with activation energy obtained from DSC study in league with 

Flory’s theory of gelation. 
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CHAPTER 3 

 

DEVELOPMENT OF POSS-CTBN/EPOXY HYBRID 

NANOCOMPOSITES 

 

  

This study focuses on the preparation of a novel hybrid epoxy nanocomposite with 

glycidyl POSS as nanofiller, CTBN as modifying agent and DGEBA as matrix 

polymer. The reaction between DGEBA, CTBN and glycidyl POSS was carefully 

monitored and interpreted by using FTIR and DSC. The mechanical properties such 

as tensile strength and fracture toughness were also carefully examined. The fracture 

toughness increases for CTBN/epoxy, POSS/epoxy and POSS-CTBN/epoxy hybrid 

systems with respect to neat epoxy, but for hybrid composites toughening capability 

of soft rubber particles is lost by the presence of POSS. High resolution scanning 

electron micrographs (HRSEM) of fractured surfaces were examined to understand 

the toughening mechanism. The viscoelastic properties of CTBN/epoxy, POSS/epoxy 

and POSS-CTBN/epoxy hybrid systems were analyzed using dynamic mechanical 

analysis. Finally TGA studies were employed to evaluate the thermal stability of 

prepared blends and composites. 

 

 

 

 

 

 

 

 

 

 

The results of this chapter have been published in Polymer Composites, (2015). 

DOI: 10.1002/pc.23390 
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3.1. Introduction 

 

In the last few decades, much attention has been given to improve the thermal 

and mechanical properties of epoxy resins, especially by making them tough. 

Enhancing the toughness of epoxy resins by addition of a second polymer such as an 

elastomeric or a thermoplastic modifier has been widely reported (Chikhi et al., 2002; 

Guild and Kinloch, 1995; Ozturk et al., 2001; Ratna, 2001). The rubber-modified 

epoxies exhibit significant improvement in fracture toughness but considerable 

reduction in mechanical properties and glass transition temperature (Tg) (Karger-

Kocsis and Friedrich, 1993). Recently, many researchers have shown that the 

incorporation of nano fillers in the epoxy matrix can improve the mechanical 

properties of the resultant composites. Due to the extremely small particle size, the 

interactions between nano-fillers and matrix are not fully understood, though many 

interesting and useful results have been published to date to identify the toughening 

potential of nanotube (Deng et al., 2008), nanoclay (Miyagawa and Drzal, 2004), 

nano-silica (Kinloch et al., 2003) and nano-aluminum (Zunjarrao and Singh, 2006) in 

brittle epoxy resins. 

 

POSS can be considered as a nano form of silica. The inner inorganic silicon 

and oxygen core, surrounded by organic substituents renders high reactivity and 

compatibility to POSS molecules which make them a preferred additive for altering 

the properties of a variety of polymer matrices.  Since POSS is having a hollow 

inorganic core, it can act as stress concentrators and this property can be utilized for 

improving the fracture toughness of the nanocomposite. A few works have reported 

the use of POSS as a toughening agent (Kim et al., 2003; Mishra and Singh, 2013). 

Mishra and Singh (2013) studied the fracture toughness behavior of POSS in both 

room temperature and cryogenic condition. Modification of POSS with a toughening 

polymer can impart a positive effect on the fracture toughness behavior of epoxy 

nanocomposite. Better improvement in toughness is expected by the presence of this 
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third phase in the epoxy matrix system. The idea of using these hybrid composite 

systems with nanofillers and rubber has already been explored in the literature and it 

has been demonstrated that improved composite performance can be achieved by 

combining the advantages of each of the additives. Lee et al. (2010) used CTBN with 

nano clay to improve the toughness and mechanical strength of bisphenol A type 

epoxy.  The effects of incorporating MWCNTs at low weight percent on the tensile 

behavior and thermal conductivity properties of a DGEBA type epoxy toughened 

with rubber particles have been investigated by Balakrishnan et al. (2011). Asif et al. 

(2010) studied the effect of PES and processing techniques on phase morphology, 

surface morphology, fracture toughness, barrier properties and thermomechanical 

properties of epoxy clay ternary nanocomposites. Loh et al. (2010) studied the effect 

of particle size of nanosilica on the fracture behavior of rubber modified epoxy 

system. Jyotishkumar et al. (2013) used ABS as a modifier for DGEBA type epoxy 

resin, and the modified epoxy resin was used as a matrix for making MWCNTs 

reinforced composites for better mechanical and thermal properties. 

 

 In this work, we prepared hybrid epoxy nanocomposites using CTBN as 

modifier, glycidyl POSS as nanofiller and DDS as curing agent (a high-performance 

hardener). Though a few works have been reported with the incorporation of CTBN, 

POSS and DDS independently or in combination with other materials in the epoxy 

matrix, none of them has utilized the combination of modifier, curing agent and 

nanofiller and hence our effort is to bridge the gap in the relevant literature. We 

examined the viscoelastic behavior, thermal stability, mechanical performance and 

fracture toughness of the hybrid nanocomposites. We have also carried out a 

comparison of the properties of these hybrid systems with POSS/epoxy 

nanocomposites and CTBN/epoxy blends. 
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3.2. Materials and Method 

 

3.2.1. Materials 

 

Diglicidyl ether of bisphenol A (DGEBA) (Lapox ARL-135) and hardener 4, 

4’ diamino diphenyl sulfone (Lapox K10) were purchased from Atul India Pvt Ltd. 

The toughening polymer CTBN (average Mn ~3,800, acrylonitrile, 8-12 wt%, 

1.9 carboxyl groups per molecule, Tg −66 °C) and triphenylphosphine (P(C6H5)3 were 

obtained from Aldrich, India  and Glicidyl POSS mixture (molecular weight 1378 

g/mol) was supplied by Hybrid Plastics USA. The molecular structures of the 

materials used are shown in Figure 3.1.  

 

 

Figure 3.1: Chemical structure of (a) digycidyl ether of bisphenol A, (b) carboxyl terminated 

poly(acrylonitrile-co-butadiene) (c) diamino diphenyl sulfone and (d) glycidyl POSS 
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3.2.2. Characterization 

 

3.2.2.1. Scanning electron microscopy (SEM) 

 

The morphology of fractured surface of the samples was analyzed using 

scanning electron microscope (SEM, FEI Quanta FEG200). Prior to analysis, the 

sample is sputter coated with gold to make it conducting surface. 

 

3.2.2.2. Mechanical measurements 

 

Tensile tests were performed with dumbbell shaped specimens using an 

Instron model 5900 tensile tester at a crosshead speed of 1 mm/min as per ASTM 

standard D638. The results are the average of at least five measurements. Fracture 

toughness of the sample was measured using UTM (Instron 5900, Instron, USA) at a 

crosshead speed of 10mm/min (as per ASTM standard D5045). Single edge notch 

specimens of 46 x 6 x 3 mm3 (span length = 24 mm) were used to measure the 

fracture toughness of the epoxy nanocomposites. A notch of 2.7 mm was made at one 

edge of the specimen. A natural crack was made by pressing a fresh razor blade into 

the notch. The fracture toughness was expressed as stress intensity factor (KIC) 

calculated using equation 
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and L is the load at crack initiation, B is the specimen thickness, W is the specimen 

width, a is the crack length and x = a /W. 

 

3.2.2.3. Dynamic mechanical analyzer (DMA) 

 

Dynamic Mechanic Analysis (DMA) was performed on a DMA Q800, 

operating in the single cantilever mode at an oscillation frequency of 1 Hz. Data was 

collected from room temperature to 250 oC at a scanning rate of 2 oC/min. The 

sample specimens were cut into rectangular bars measuring 20 x 5 x 2 mm3. 

 

3.2.2.4. Thermogravimetric analyzer (TGA) 

 

Thermal stability of nanocomposites was analyzed using a thermogravimetric 

analyzer (Q-50, TA Instruments, USA). The samples were heated from ambient to 

800 oC at a ramp rate of 10 oC/ min. 

 

3.2.3. Preparation of blends and composites 

 

For the preparation of POSS-CTBN/epoxy hybrid nanocomposite, 2.5 phr 

glycidyl POSS, 5 phr CTBN and DGEBA were pre reacted for 4 hours at 120 oC 

using a pinch of triphenylphosphine (TPP) as catalyst. Stoichiometric amount of 

curing agent (DDS) was added, mixed and degassed for 5 minutes. The resulting 

mixture was poured into a preheated teflon mould and cured for 4 hours at 180 oC. 

Post curing was done at 200 oC for an hour. CTBN/epoxy blends with various 

compositions were prepared by mixing CTBN (2, 5, 10 and 15 phr) in the epoxy resin 

for 4 hours at 120 oC in presence of TPP catalyst. Stoichiometric amount of curing 

agent (DDS) was added and cured using the same cure schedule as mentioned above. 

For the preparation of POSS/epoxy nanocomposites, the required amounts of POSS 

(1, 2.5, 5 and 10 phr) was dissolved in a mixture of THF and DGEBA and sonicated 

for 30 minutes. THF was evaporated off by heating at 80 oC for 1 hour. The trace 
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amounts of solvent were removed by keeping the mixture in vacuum oven. It was 

then added to molten hardener and stirred for 10 minutes. Same cure schedule as 

described above was followed for the preparation of the POSS nanocomposite. 

 

3.3. Results and Discussion 

 

3.3.1. Characterization using FTIR analysis 

 

The FTIR spectra of DGEBA-POSS-CTBN hybrid network (before and after 

reaction) are shown in Figure 3.2. The peak at 1098 cm-1 is characteristic of the Si-O-

Si stretching in glycidyl POSS. The peak at 964 cm-1 corresponds to  =C−H out of 

plane bending vibration of 1, 4 trans olefin in CTBN, peak at 1640 cm-1 is due  to 

C=C stretching and peak at 1712 cm-1  corresponds to C=O stretching of carbonyl 

group in CTBN. The peak at 2238 cm-1 can be assigned to C≡N stretching. After the 

reaction, it can be seen that the intensity of peak at 840 cm-1 corresponding to C-H 

stretching of oxirane rings in POSS and DGEBA has reduced significantly (shown in 

circle) and peak of CTBN at 1712 cm-1 has shifted to 1740 cm-1 (shown as dotted 

line). The appearance of a peak at 1740 cm-1 corresponds to the carbonyl stretching 

frequency of ester of the composite. This implies that the epoxide groups of glycidyl 

POSS and DGEBA have reacted with carboxyl group of CTBN rubber in forming an 

ester. 
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Figure 3.2: FTIR spectra of the reaction between POSS, CTBN and DGEBA 

                                

The mechanism of catalytic action of TPP in the reaction was discussed in 

detail in chapter 2. The proposed mechanism clearly reveals the nature of the reaction 

occurring during the synthesis of the nanocomposite leading to the formation of a 

convoluted network structure as illustrated in Figure 3.3 which paves way for the 

explanation of all the interesting properties exhibited by the novel in-situ epoxy 

nanocomposite system. 

 

 

Figure 3.3: Schematic illustration showing the network formation during the pre-reaction 

between POSS, CTBN and DGEBA 
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3.3.2. Characterization using DSC analysis 

 

DSC analysis confirmed the reaction between DGEBA, CTBN and Glycidyl 

POSS. DSC curves of reaction between equivalent quantities of DGEBA and CTBN, 

POSS and CTBN and half equivalence of DGEBA and POSS together with CTBN 

are given in Figure 3.4. The presence of a single sharp exothermic peak in all the 

three cases clearly substantiates that the reaction of the epoxy groups of both DGEBA 

and POSS occurs within similar temperature range.  
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Figure 3.4: DSC curves showing the cure reaction of (a) DGEBA and CTBN (b) POSS and 

CTBN and (c) DGEBA, POSS and CTBN 

 

3.3.3. Tensile strength of epoxy blends and composites 

 

The changes in tensile strength for the prepared blends and composites are 

shown in Figure 3.5 and 3.6. The tensile strength decreases with increasing CTBN 

content. This decrease in tensile strength is due to the increase in the relative amount 

of dissolved rubber in the epoxy phase as the rubber content increases (Tripathi and 
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Srivastava, 2007). The decrease in tensile strength for CTBN/epoxy blends can also 

be attributed to the stiffness of the modified epoxy network. The addition of rubber 

decreases stiffness of the epoxy network due to the lowering of crosslink density. The 

addition of POSS particles in neat epoxy slightly reduced their tensile strength, and a 

higher loading led to a larger drop in strength (Figure 3.5). Highly crosslinked 

network formed by the octa-functional POSS will tend to create internal stress in the 

matrix which results in the premature failure of the matrix on loading. For POSS-

CTBN/epoxy hybrid nanocomposite, further loss of tensile strength could be due to 

the internal stresses induced by the different cure speeds between the bulk epoxy, 

CTBN/epoxy, CTBN/POSS and POSS/epoxy reactions (Zilg et al., 2000).  

 

 

Figure 3.5: Tensile strength of neat epoxy, POSS/epoxy nanocomposite and CTBN/epoxy 

blends at various compositions 
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Figure 3.6: Comparison on tensile strength of neat epoxy, phr POSS/epoxy nanocomposite, 5 

phr CTBN/epoxy blend and POSS-CTBN/epoxy hybrid nanocomposite 

 

3.3.4. Fracture toughness of the epoxy blends and composites 

 

The fracture toughness values of blends and nanocomposites are expressed in 

terms of the stress intensity factor (KIC), are shown in Figure 3.7 and 3.8. Fracture 

toughness of the blends are found to be higher compared to neat epoxy resin due to 

the incorporation of CTBN, which is reported widely (Konnola et al., 2015b; Tripathi 

and Srivastava, 2007; Zilg et al., 2000). A maximum increase of around 62% in KIC 

for rubber content of 5 phr was observed with respect to the neat crosslinked epoxy 

system (Figure 3.7). No further increase was found on increasing the loading of 

rubber. This might be attributed to the bigger size of rubber particles at higher 

concentrations (Thomas et al., 2008). It is important to mention that the fracture 

toughness is also improved remarkably by the inclusion of POSS into epoxy matrix. 

Addition of 2.5 phr POSS gives the maximum toughness for the system (59% 

increase). A decrease in KIC was observed on further loading which might be due to 

the agglomeration of POSS nanoparticles.  However, the modification of POSS with 

CTBN gave only 38 % improvement compared to neat epoxy (Figure 3.8).  This is 
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due to the occurrence of high crosslink density created by octa-functional POSS 

particles near rubber particles which might have reduced the toughening capability of 

soft rubber particles. 

 

 

Figure 3.7: Fracture toughness of neat epoxy, POSS/epoxy nanocomposite and CTBN/epoxy 

blend at various compositions 

 

Figure 3.8: Comparison on fracture toughness of neat epoxy, 2.5 phr POSS/epoxy 

nanocomposite, 5 phr CTBN/epoxy blend and POSS-CTBN/epoxy hybrid nanocomposite 
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3.3.5. Fracture surface morphology by SEM analysis 

 

The HRSEM micrographs of the samples taken after the KIC fracture test are 

shown in Figure 3.9. The neat epoxy shows a smooth glassy fracture surface with 

cracks in different planes, which is an indicative of the brittleness of the sample, with 

no plastic deformation. The fracture surface of rubber/epoxy blends are rougher 

indicating massive shear deformation (Figure 3.9 (b) and (c)). CTBN/epoxy blends 

reveals matrix droplet morphology, with rubber particles dispersed in the epoxy 

matrix. From the micrographs, the particle size increases with increase in rubber 

content due to coalescence process. The domain size of 5 phr CTBN/epoxy blend is 8 

μm and it increases to 15 μm for 10 phr CTBN/ epoxy system. As observed in the 

previous session, the fracture toughness first increases and a maximum of 1.20 ± 0.07 

MPa.m1/2 was observed for 5 phr CTBN/epoxy blends. This means that, the optimum 

particle size is 8 μm for 5 phr CTBN/epoxy blends.  The larger particles are very easy 

to cavitate or get debonded from the epoxy matrix and hence results in reduced 

toughness for 15 phr CTBN/epoxy blends. (Tian et al., 2011). 

 

                 From the SEM micrographs, the particles remains intact, reveals good 

adhesion between the epoxy phase and CTBN phase, hence effective stress transfer 

between the epoxy matrix and rubber particles is possible. The dispersed rubber 

particles have white ring marks around it. The white ring mark is because the rubber 

particles act as stress concentrators upon the application of external load. This will 

lead to the formation of rubber cavitations (Yee and Pearson, 1986) and plastic 

deformation of the matrix surrounding the rubber particles. The formation of cavities 

in the rubber particles is regarded as one of the most important energy dissipating 

mechanism for rubber toughened epoxies (Zhang et al., 2014). Cavitations of CTBN 

particles can absorb energy and hence increases the fracture toughness by lowering 

the local yield stress and provokes extensive shear yielding. The cracks propagate 

through rubber particles, promoting stress transfer between the epoxy matrix and 

CTBN particles. The micrographs also reveal some other interesting observations (1) 
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the cracks are deviated from the original plane due to the rubber particles resulting in 

an increased surface area of the crack, which also increase the toughness, (2) cracks 

are pinned by the rubber particles and hence prevent the crack growing to a 

catastrophic size, (3) rubber particles are able to bridge the cracks and hence prevent 

the crack growth, (4) restriction of crack propagation by rubber domains. The 

increase in toughness is due to the combined effect of all these phenomena acting 

simultaneously on the polymer blend matrix during the applied load. 

 

 

Figure 3.9: FESEM images of fracture surface of (a) neat epoxy (b) 5 phr CTBN/epoxy (c) 10 

phr CTBN/epoxy blend and (d) 2.5 phr POSS/epoxy nanocomposite 

 

Figure 3.9 (d) shows the SEM micrograph of 2.5 phr POSS/epoxy system. 

With the addition of POSS particles, the crack propagation is accompanied by 

numerous crack steps, which are indicative of the localized crack deflection. The high 
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degree of roughness on the fractured surface also indicates the deviation of crack 

from its original plane, resulting in an increased surface area of the crack, which may 

also lead to an increase in the toughness. FESEM image of fracture surface of POSS-

CTBN/epoxy hybrid nanocomposite is shown in Figure 3.10. The micrograph shows 

some interesting features (1) the rubber particles become different from the smooth 

quasisphere usually observed in the rubber/epoxy systems, due to the high crosslink 

density created by octa-functional POSS particles near rubber particles, (2) the rubber 

particle size decreases from 8 μm to 3 μm which means POSS prevent the 

coalescence of the CTBN phase. The occurrence of high crosslink density created by 

octa-functional POSS particles near rubber particles which might have reduced the 

toughening capability of soft rubber particles, causes decrease in toughness of the 

hybrid composites. It is important to mention that, the rubber particle size formed in 

the hybrid composite is less than the optimum size; this may also contribute to the 

reduction in toughness. 

 

 

Figure 3.10: FESEM images of fracture surface of POSS-CTBN/epoxy hybrid 

nanocomposite at different magnifications 
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3.3.6. Dynamic mechanical analysis 

 

Dynamic mechanical analysis helps to study the relaxation behavior and to 

detect the thermal transitions as well as the changes in storage modulus, loss modulus 

and tan delta by varying the temperature. This method provides information on the 

phase separation and the mechanical behavior of a polymer. Dynamic mechanical 

storage modulus versus temperature of the neat epoxy and representative modified 

networks containing different loadings of POSS are depicted in the Figure 3.11 (a). 

Neat crosslinked epoxy shows only one inflection point at the glass transition 

temperature (Tg) of the epoxy. But the crosslinked POSS/epoxy composites shows 

two inflection points, one at 60 oC, which is due to some sites with lower cross-link 

density in the epoxy network and the other at the glass transition temperature of the 

cross-linked epoxy system (at around 200 oC). The storage modulus (G’) decreases 

with an increase in temperature. The storage modulus values at glassy region and 

rubbery region are tabulated in Table 3.1. The storage modulus of the POSS/epoxy 

composites is less than that of the unmodified epoxy network in the glassy region. 

The G' value of neat epoxy and 10 phr POSS at 30oC, are 1995 and 1827 MPa 

respectively. The G' value in the glassy region decreases with increasing amount of 

POSS. On the other hand, the storage modulus of the composites in the rubbery 

region is higher than neat epoxy. The G' value of neat epoxy and 10 POSS at 230 oC, 

are 24.75 and 36.93 MPa respectively. The G' value in the rubbery region increases 

with increasing amount of POSS. In POSS/epoxy composites there exists lower 

cross-link density sites in the epoxy network, especially at higher POSS content 

hence the decrease in the storage modulus in the glassy region. However, at the same 

time the Tg increases from 208.6 to 214.3 oC and the modulus increase from 24.75 

and 36.93 MPa in the rubber state for 10 phr POSS/epoxy composite, clearly 

indicates there are sites with higher crosslink density in POSS/epoxy composites than 

neat epoxy. That means that the DMA profile confirms the existence lower and 

higher crosslink density sites in the POSS/epoxy nanocomposites. Figure 3.11 (b) 

shows the storage modulus profile of rubber modified epoxy matrix. Storage modulus 
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decreases as amount of CTBN rubber increases in the epoxy matrix. The inclusion of 

a soft rubber particle into the epoxy system reduces the stiffness of epoxy matrix 

thereby reducing the storage modulus.   

 

Figure 3.11: Storage modulus versus temperature plot for (a) POSS/epoxy nanocomposites 

(b) CTBN/epoxy blends (c) neat epoxy, 2.5 phr POSS/epoxy nanocomposite, 5 phr 

CTBN/epoxy blend and POSS-CTBN/epoxy hybrid nanocomposite 
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Table 3.1. Values of storage modulus (G’) at rubbery and glassy region and Tg for the 

prepared blends and composites 

POSS 

content 

(phr) 

CTBN 

content 

Storage 

modulus 

(G') at 30 

oC(MPa) 

Storage 

modulus (G') 

at 230 oC 

(MPa) 

Tg 

(oC) 

Constrained 

region (Cr) 

0 0 1995 24.75 208.6 - 

1 0 1992 28.02 210.2 0.0183 

2.5 0 1926 27.99 212.0 0.0187 

5 0 1973 29.93 212.6 0.0303 

10 0 1827 36.93 214.3 0.0642 

0 2 1888 24.28 204.6 - 

0 5 1831 22.37 193.2 - 

0 10 1777 16.49 188.1 - 

0 15 1522 10.93 176.2 - 

2.5 5 1929 24.55 206.2 - 

 

The tan δ curves for neat epoxy system and for the POSS modified epoxy 

composites are given in the Figure 3.12 (a). The tan δ peak represents the Tg of the 

epoxy phase, which increases with the addition of POSS and is maximum for 10 phr 

POSS modified epoxy system. The decrease in the height of the tan δ peak of 

POSS/epoxy nanocomposites is associated with changes in the cross-link density (Li 

et al., 2001). The addition of the POSS to the epoxy resin increases the cross-link 

density and hence increases the Tg and lowers the segmental mobility at the Tg; hence 

the peak height decreases. Moreover, the presence of inorganic cages inside the 

epoxy matrix may hinder the chain mobility of the polymer molecules which 

generates a constrained polymer around the POSS, which results in an increase in the 

glass transition temperature. The presence of CTBN decreases the Tg of the epoxy 

phase, this is also reflected in the epoxy transition peak from the tan δ profile (Figure 
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3.12 (b)). This may be attributed to the lowering of cross-linking density of the 

modified samples. During the curing of epoxy resin, phase separated rubber domains 

will come in between the reaction sites, thus hindering the cross-linking reaction. 

This, in turn, reduces the cross-linking density of the cured systems. The lowering of 

cross-linking density is also due to the dilution effect imparted by the CTBN 

molecules (Thomas et al., 2007).  A comparison of storage modulus versus 

temperature and tan delta versus temperature of neat, 5 phr CTBN/epoxy blend, 2.5 

phr POSS/epoxy and POSS-CTBN/epoxy hybrid nanocomposite are given in Figure 

3.11 (c) and 3.12 (c). Modification of POSS with rubber does not have any profound 

effect on the viscoelastic properties of POSS/epoxy nanocomposite. 
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Figure 3.12:  Tan delta versus temperature plot for (a) POSS/epoxy nanocomposites (b) 

CTBN/epoxy blends, (c) neat epoxy, 2.5 phr POSS/epoxy nanocomposite, 5 phr 

CTBN/epoxy blend and POSS-CTBN/epoxy hybrid nanocomposite 
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The height depression in the tan δ peak indicates that there is a reduction in 

the amount of mobile polymer chains during the glass transition; therefore the height 

depression in tan delta peak was used to determine the amount of constrained region 

in epoxy phase in POSS/epoxy nanocomposites with different POSS content.  In 

polymer nanocomposites, the nanoparticles may interact with the polymer chains 

thereby limiting the mobility of surrounding polymer chains and hence the formation 

of constrained regions around the nanofiller with higher Tg (Liang, 2010; Rao and 

Pochan, 2007). The height depression in the tan δ peak and the increase in Tg is 

considerable for the POSS/epoxy system. The constrained region in each sample can 

be estimated from the height of the tan δ peak. 

 

For linear viscoelastic behavior, the relationship among the energy loss 

fraction of the polymer nanocomposite W and tan δ is given by the following 

equation (Kojima et al., 1993; Varghese et al., 1999). 

 

                                                              

tan

tan 1
W








                                            (3.3) 

 

The energy loss fraction W at the tan δ peak is expressed by the dynamic 

viscoelastic data in the form. 
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                                        (3.4) 

 

where Cr is the volume fraction of the constrained region, Wo and Co denote 

the energy fraction loss and volume fraction of the constrained region of neat epoxy. 

This equation can be rearranged as follows 
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                                 (3.5) 
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Co is taken to be 0 (totally amorphous phase in epoxy). The height of the tan δ 

peak is used to calculate W according to Eq. (3.3). The calculated constrained region 

is given in the Table 3.1. 

 

Among the POSS/epoxy nanocomposites, 10 phr POSS/epoxy has the highest 

fraction of constrained region. This means that the maximum interaction between the 

POSS and epoxy polymer chains is with 10 phr modified POSS. Figure 3.13 shows 

schematic of POSS nanoparticles covered by a layer of immobilized polymer chains. 

 

 

Figure 3.13: Sketch of POSS nanoparticles covered by a layer of immobilized polymer chains 

 

3.3.7. Thermal analysis by TGA 

 

Thermal degradation behavior of the blend and composite systems are shown 

in Figure 3.14. The decomposition of all the systems studied, starts at around 320 oC. 

For better understanding of the thermal stability of the blend and composite, the 

weight percentage at different temperatures were taken and are given in Table 3.2. 

The average weight loss of around 1-2 % up to 300 oC is due to the release of 

moisture if any. On the other hand, the weight loss above 320 oC is related to the 

decomposition of the polymer.  From the thermogram, it is clear that the initial 

decomposition temperature (Ti) for all the composites remain the same indicating that 

the thermal stability of cured epoxy system was not much affected by the addition of 

CTBN and POSS. Improvement in char residue from 420-600 oC is observed by the 

Mobile polymer phase 

Rigid polymer phase 

POSS 



125 
 

addition of POSS which is due to the presence of inorganic core of POSS. To 

conclude, the modification of POSS with CTBN did not alter the thermal stability of 

the nanocomposite. 

 

Figure 3.14: TGA curves of neat, 2.5 phr POSS, 5 phr CTBN and POSS-CTBN/epoxy hybrid 

nanocomposite 

 

Table 3.2. TGA data of epoxy composites at different temperatures 

Temperature 

(°C) 

% residue 

Neat 2.5 POSS 5 CTBN Hybrid 

100 99.3 99.3 99.4 99.3 

200 99.1 99.1 99.3 99.2 

300 98.4 98.3 98.4 98.2 

400 41.43 41.2 42.7 44.29 

500 20.48 25.0 19.9 23.6 

600 16.4 19.3 16.5 19.2 

700 9.1 8.5 9.9 10.1 

800 2.5 2.0 3.9 3.0 
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3.4. Conclusions 

 

 A novel in-situ hybrid network of DGEBA with glycidyl POSS and CTBN 

rubber was prepared. The reaction process was carefully monitored and characterized 

using FTIR and DSC techniques. A comparative study of the properties of the 

synthesized novel in-situ hybrid nanocomposite was done with POSS/epoxy 

nanocomposites and CTBN/epoxy blends. The reduction in crosslink density of 

epoxy network caused by the presence of rubber and POSS resulted in a decrease in 

tensile strength and storage modulus. DMA profile confirmed the existence of lower 

and higher crosslink density sites in the POSS/epoxy composites and hybrid 

nanocomposites. A quantitative analysis of constrained region in POSS/epoxy and 

hybrid epoxy network was done and found that 10 phr POSS/epoxy has the highest 

fraction of constrained region and hence better interaction with the matrix. 

Modification of POSS with rubber does not have any profound effect on the visco-

elastic properties of POSS/epoxy nanocomposite. Fracture toughness measurement 

showed 59 % improvement in KIC for 2.5 phr POSS/epoxy composites as compared 

to neat epoxy, whereas only 38 % improvement was observed for hybrid 

nanocomposite. The nature of the fracture surface was studied using FESEM and 

elucidated the micro-deformation mechanisms occurring at the crack tip that dissipate 

energy to produce the resulting toughening effect. The decrease in toughness for the 

hybrid nanocomposites observed is due to the occurrence of high crosslink density 

created by octa-functional POSS particles near rubber particles which might have 

reduced the rubber particle size and this in turn, causes the toughening capability of 

soft rubber particles. The thermal stability of cured epoxy network was not affected 

by the addition of CTBN, POSS or the chemically modified filler. 
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CHAPTER 4 

 

TOUGHENED EPOXY NANOCOMPOSITES BASED 

ON POLYMER GRAFTED MULTI-WALLED 

CARBON NANOTUBES 

 

 

The challenges for developing multi-walled carbon nanotube (MWCNT)/epoxy 

composite with enhanced properties are the dispersion of carbon nanotubes (CNTs) 

and strengthening the interfacial interaction of CNTs with epoxy matrix. We 

addressed these issues by doing a novel chemical modification of nanotubes with 

CTBN and PES.  Surface modification was characterized by XPS, Raman and TGA 

analysis. The effect of surface modification on the nanotube morphology and 

dispersion status was then evaluated by the TOM, SEM and TEM observations. The 

tensile tests were performed on the nanocomposites with different amounts of 

nanotubes. The Halpin–Tsai model was used to study the mechanical behavior. 

Change in the values of glass transition temperature and storage moduli were 

determined using dynamic mechanical analysis. 

 

 

 

 

 

 

 

 

 

 

Part of this chapter has been published in Polymer for Advanced Technologies, 

(2016), Vol.27: 82-89 and RSC Advances, (2016), Vol.6: 23887-23899 
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4.1. Introduction 

 

Owing to its outstanding thermo-mechanical and multifunctional properties, 

carbon nanotubes (CNTs) are used as reinforcing fillers to fabricate polymer 

composites. It has been shown that the inclusion of only a small amount of CNTs can 

significantly improve the functional and mechanical properties of polymer 

composites (George et al., 2015; Gong et al., 2015; Kuang and Huang, 2015; Kumar 

et al., 2015). These properties result from the high aspect ratio, low density, 

exceptional strength and high surface area to volume ratio of the CNTs (Thostenson 

et al., 2001). But the thermo-mechanical properties of the CNT/polymer 

nanocomposites were observed to be lower than the theoretical calculations (Coleman 

et al., 2006; Montazeri et al., 2010). It is attributed to the intrinsic van der Waals 

force of attraction and high aspect ratio nature of the CNTs due to which they exist in 

the form of bundles and ropes. Moreover, the weak interfacial bonding between 

CNTs and polymer matrices may limit the load transfer. A homogeneous dispersion 

of the CNTs in the polymer matrix is an essential parameter to obtain uniform 

properties and efficient load transfer during mechanical loading. Surface modification 

of carbon nanotubes seems to be the most effective way to overcome these problems 

(Gojny and Schulte, 2004; Sun et al., 2008; Yang et al., 2009). There are two main 

methods for the surface functionalisation of CNTs. One is the noncovalent attachment 

of molecules and the second is covalent attachment of functional groups to the walls 

of the carbon nanotubes (Spitalsky et al., 2010; Tasis et al., 2006). The noncovalent 

functionalisation involves the adsorption or wrapping of functional molecules on the 

surface of CNTs. But the lack of chemical bonding results in poor interfacial 

interaction between CNTs and the polymer matrix, which in turn results in reduction 

of the effective reinforcement of CNTs. The covalent attachment of functional groups 

to the surface of nanotubes offers the opportunity for chemical interactions with the 

epoxy systems and improve the efficiency of load transfer. These functional groups 

attached could be small molecules or polymer chain (Bahr and Tour, 2001; Datsyuk 
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et al., 2008; Gónzalez-Dominguez et al., 2011; Yoonessi et al., 2014). Polymer 

functionalized CNTs have attracted more attention due to the presence of multiple 

anchor units for surface attachment as well as effective compatibility between the 

functionalised CNTs and the hosting polymer matrix. There are some previous works 

demonstrating the grafting of a variety of polymers on the surface of nanotubes. 

Hayashida et al. (2015) covalently anchored poly(methyl methacrylate) (PMMA)-

grafted multi-walled CNTs, and then dispersed into additional PMMA matrix, 

yielding highly insulated PMMA–CNT composites. In the work of Ilcíková et al. 

(2014) multi-walled carbon nanotubes (MWCNT) has been covalently modified by 

short polystyrene chains to improve their dispersion in polystyrene-b-polyisoprene-b-

polystyrene (SIS) thermoplastic elastomer and prevent deterioration of its elastic 

properties after incorporation of the MWCNTs. Daugaard et al. (2014) prepared 

Poly(lauryl acrylate) and poly(stearyl acrylate) grafted multi-walled carbon nanotubes 

and tested in PP composites to elucidate their efficiency for compatibilization. Diez-

Pascual et al. (2010) described the grafting of a hydroxylated poly(ether ether ketone) 

(HPEEK) derivative onto the surface of acid-treated single-walled carbon nanotubes 

(SWCNTs). The HPEEK-grafted SWCNTs has been used as fillers to prepare PEEK 

nanocomposites with enhanced performance. 

 

Recently, the incorporation of CNTs into epoxy matrix is gaining significant 

interest in the structural composite application, where strength, stiffness, durability, 

lightweight, design, and process flexibility are required such as in aerospace and 

automobile industry (Jakubinek et al., 2015). The inherent brittle nature of the epoxy 

matrix can be improved by the presence of nanotube in the matrix (Jyotishkumar et 

al., 2013; Martinez-Rubi et al., 2011). However, a better improvement in toughness 

and mechanical strength can be expected if the CNTs are previously functionalized 

with reactive liquid rubbers which consist of multiple functional groups. Besides 

homogeneous dispersion, the chemical modification of the CNTs with reactive liquid 

rubbers can create a soft interface between CNTs and polymer which can result in a 

better load transfer from matrix to filler. CTBN is a liquid rubber whereas hydroxyl 
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terminated poly(ether sulfone) PES is an engineering thermoplastic. Both these 

polymers are conventionally used as tougheners in epoxy system. The 

functionalisation of these polymers to MWCNTs ensures a uniform coating of 

polymer on the CNT surface and offers the opportunity to enhance both the 

mechanical and toughening properties of the epoxy system.  

 

This work discusses the benefits of polymer functionalisation of MWCNTs 

using CTBN and PES and its use as filler to epoxy so as to develop improved matrix 

material with the aim of attaining higher fracture energy without compromising the 

mechanical and thermal properties of the epoxy resin. The specific objective of this 

study is to examine the influence of grafting CTBN and hydroxyl terminated PES on 

MWCNTs and hence to examine its influence on the morphology, mechanical, 

thermal and viscoelastic properties of the polymer grafted MWCNT/epoxy system. 

 

4.2. Materials and Methods 

 

4.2.1. Materials 

 

DGEBA (Lapox ARL-135) and hardener DDS (Lapox K10) were purchased 

from Atul India Pvt Ltd, Gujarat.  MWCNT (Nanocyl 3100) was procured from 

Nanocyl, Belgium. It was synthesized by chemical vapor deposition and had an 

average diameter 9.5 nm, average length 1.5 micron and purity of > 95 %.  CTBN 

(MW-3600 g/mol),2-(2-chloroethoxy)ethanol, sodium azide, Thionyl chloride 

(SOCl2), Dicyclohexylcarbodiimide (DCC),4-(Dimethylamino)pyridine (DMAP), N-

Methyl-2-pyrollidone (NMP), and N,N-Dimethylformamide (DMF, 99.5 %)were 

purchased from Sigma-Aldrich, Bangalore, India. The engineering thermoplastic PES 

was obtained from Vikram Sarabhai Space Centre, Thiruvananthapuram.  All the 

chemicals were used as received without further purification. 
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4.2.2. Chemical modifications on carbon nanotubes 

 

4.2.2.1. Synthesis of 2-(2-azidoethoxy)ethanol 

 

2-(2-azidoethoxy)ethanol was synthesized from 2-(2-chloroethoxy)ethanol 

using a procedure similar to the one developed by Matyjaszewski et al. (2005). In a 

typical experiment,2-(2-chloroethoxy)ethanol (124.5 g, 1 mol) and sodium azide (130 

g, 2 eq.) were added to 1000 mL water in a 2 L two-necked round-bottom flask 

equipped with mechanical stirrer. Subsequently, the mixture was stirred at 75 °C for 

96 h. After cooling to room temperature, the mixture was extracted with diethyl ether 

(5 × 100 mL). The organic mixture was dried over magnesium sulfate overnight and 

concentrated on a rotary evaporator. The obtained residues were distilled under 

reduced pressure to give colorless oil in 78 % yield. 1H NMR (500 MHz; CDCl3): δ 

2.69 (b, 1 H), 3.40 (t, 2 H, J = 4.9 Hz), 3.57-3.60 (m, 2 H), 3.65-3.69 (m, 2 H), 

3.70~3.75 (m, 2 H). 13C NMR (125 MHz; CDCl3): δ 50.7, 61.7, 70.0, 72.5. MALDI-

TOF/TOF MS (M)+ 131.22. 

 

4.2.2.2. Preparation of MWCNT-g-CTBN 

 

For the preparation of CTBN grafted MWCNTs (MWCNT-g-CTBN), 

hydroxyl functionalisation of MWCNTs was carried out. Hydroxyl functionalized 

nanotubes (MWCNT-OH) was prepared via the addition of nitrene formed by 

thermolysis of 2-(2-azidoethoxy)ethanol to strained double bonds of MWCNTs 

(Zhang et al., 2008). A 100 mg portion of MWCNTs were dispersed in 15 mL of 

NMP in an R.B flask by ultrasonication for 2 h to give a homogeneous suspension. 

The functionalization was performed by the addition 5 g of 2-(2-azidoethoxy) ethanol 

at room temperature and the mixture was heated at 160 °C for 18 h in a nitrogen 

atmosphere. After cooling to room temperature, the mixture was filtered through a 

0.22-μm Teflon membrane and washed multiple times with acetone (100 mL) and 

distilled water (100 mL) to completely remove the unreacted 2-(2-
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azidoethoxy)ethanol. After being dried under vacuum at 60 oC for overnight, the 

functionalized MWCNTs containing hydroxyl groups were obtained (108 mg). 

 

For the preparation of MWCNT-g-CTBN, 500 mg of MWCNT-OH was 

dispersed in 125 mL of anhydrous dimethylformamide (DMF) by sonication for 30 

minutes. The MWCNT-OH solution was added to a two-necked flask containing a 5 

gram solution of CTBN in 125 mL of DMF. Subsequently, a solution of DCC (20.6 

g, 100 mmol) and DMAP (1.2 g, 10 mmol) in DMF (250 mL) was added under 

nitrogen and the reaction was allowed to proceed at 40 oC for 68 h. The resulting 

product was filtered, washed with methanol, and dried under vacuum at 60°C for 24 h 

to get MWCNT-g-CTBN (645 mg). Schematic of the preparation of MWCNT-g-

CTBN from pristine MWCNTs is given in Figure 4.1. 

 

 

Figure 4.1: Schematic showing the preparation of (a) 2-(2-azidoethoxy)ethanol and (b) 

MWCNT-g-CTBN from pristine MWCNTs 

 

4.2.2.3. Preparation of the MWCNT-g-PES 

 

The nanotube was first oxidized with nitric acid to attach carboxylic acid 

groups on their surface. The carboxylation procedure was done using existing 
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procedure reported elsewhere (Datsyuk et al., 2008). Typically, 300-mg portion of 

pristine nanotubes was added to 25 mL of 70% concentrated nitric acid. The mixture 

was refluxed at 90oC for 6 hours. Then, the mixture was diluted five times its original 

volume with distilled water, and then filtered through a PTFE filter (0.45-μm pore 

size). It was washed with excess of water until no residual acid was present. 

 

PES grafted MWCNTs (MWCNT-g-PES) was prepared by the following 

procedure. Carboxylated MWCNTs (100mg) were dispersed in anhydrous DMF (25 

mL) using an ultrasound bath for 30 minutes. Subsequently, they were treated with 

excess SOCl2 (30 mL)  for 18 h under reflux and the residual SOCl2 was removed by 

distillation under reduced pressure to yield the acyl-chloride-functionalized 

MWCNTs. Hydroxyl terminated PES (1 g) was dissolved in DMF (65 mL) and 2 mL 

pyridine was added. The chloroacylated nanotubes were then added to the polymer 

solution and the reaction was allowed to continue for 4 days at 60oC under nitrogen 

flow and mechanical stirring to yield MWCNT-g-PES. After cooling to room 

temperature, the resulting compound was filtered through a PTFE membrane (0.45 

μm pore size) and washed thoroughly with DMF to remove excess PES and then with 

distilled water. Then it was rinsed with distilled ethanol and dried under vacuum at 

100oC for 2 days. Schematic of the preparation of MWCNT-g-PES from pristine 

MWCNTs is given in Figure 4.2. 

 

 

Figure 4.2: Schematic showing the preparation of MWCNT-g-PES from pristine MWCNTs 
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4.2.3. Preparation of unmodified and modified MWCNT/epoxy 

nanocomposites 

 

MWCNT/epoxy nanocomposites containing different compositions of 

nanotube were prepared as follows. Epoxy resin was sonicated with required amount 

nanotubes in acetone for 30 minutes. Acetone was evaporated off by heating at 90 oC 

for 2 hours. This MWCNT/epoxy nanosuspension was mixed with molten hardener in 

the 100:35 ratio and degassed for 5 minutes in a vacuum oven. The mixture was then 

transferred into pre heated mold and cured at 180 oC for 4 h. Post curing was done at 

200 oC for 1 h. Flow chart of the preparation of MWCNT/epoxy composite is shown 

in Figure 4.3. 

 

 

Figure 4.3: Flow chart of the preparation MWCNT/epoxy composites 

 

 



135 
 

4.2.4. Characterization 

 

Fourier transform infrared spectroscopy (FTIR) analysis was carried out using 

a Perkin Elmer System series 100 spectrophotometer in a frequency range of 4000–

500 cm-1 with a spectral resolution of 4 cm-1. Rheological analysis was done using 

modular rheometer (MCR102, Anton Paar, USA), using a 50 mm parallel plate 

assembly at room temperature. The morphology of a fractured surface of the sample 

was analyzed using Scanning electron microscope (SEM, FEI Quanta FEG200). The 

investigation of viscoelastic properties was performed using dynamic mechanical 

analyzer (DMA 800, Perkin Elmer, USA). Rectangular specimens of 20 x 5 x 2 mm3 

were used for the analysis. The analysis was done in single cantilever mode at a 

frequency of 1 Hz, from ambient to 250 oC and at a heating rate of 2 oC/min. Thermal 

stability of nanocomposites was analyzed using a thermogravimetric analyzer (Q-50, 

TA Instruments, USA). The samples were heated from ambient to 800 oC at a ramp 

rate of 10 oC/ min. The tensile strength of the sample was measured using universal 

testing machine (Instron 5984, Instron, USA) at a crosshead speed of 1mm/min (as 

per ASTM standard D638). Fracture toughness of the specimens was determined 

according to ASTM D 5045-99. Single edge notch specimens of 46 × 6 × 3mm3 (span 

length =24 mm) were used to measure the fracture toughness of the epoxy 

nanocomposites. 

 

4.2.4.1. Nuclear magnetic resonance spectroscopy (NMR) 

 

NMR spectra of 2-(2-azidoethoxy)ethanol dissolved in CDCl3 were recorded 

on a Bruker AVANCE II-500 spectrometer. The spectra were internally referenced to 

a tetramethylsilane (TMS) standard. 
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4.2.4.2. X-ray photoelectron spectroscopy (XPS) 

 

XPS was carried out with a Kratos Axis Ultra DLD spectrometer, using Al Kα 

excitation radiation. 

 

4.2.4.3. Raman spectroscopy 

 

Raman spectra were recorded from 100 to 3000 cm-1 on a Raman 

spectrometer (INVIA, England) with a 514 nm argon ion laser. 

 

4.2.4.4. High resolution transmission electron microscopy (HRTEM) 

 

The high-resolution transmission electron microscopy (HRTEM) was 

conducted using JEOL JEM-2100 with an acceleration voltage of 200 kV being 

equipped with an EDX spectrometer. Sliced thin sections of MWCNT/epoxy 

composites with a thickness of about 60-80 nm, prepared by ultra-microtomy, were 

used to take the TEM images of the composites. 

 

4.2.4.5. Transmission optical microscopy (TOM) 

 

Optical microscopy analysis was carried out with Leica DM1000 LED (Leica 

Microsystems, Germany) in transmitted light configuration. The analysis was done on 

a small droplet of the epoxy suspension placed on a microscope glass. 
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4.3. Results and Discussion 

 

4.3.1. Characterization of 2-(2-azidoethoxy)ethanol 

 

Figure 4.4 shows the FTIR spectra of (a) 2-(2-chloroethoxy)ethanol and (b) 2-

(2-azidoethoxy)ethanol. 2-(2-chloroethoxy)ethanol shows a characteristic absorption 

peak of C-Cl at around 745 cm-1. Apart from this, a broad band centered around 3400 

cm-1, referred to the stretching of OH groups, as well as peaks at 2870 and 2930 cm-1, 

attributed to the C–H stretching vibrations were also observed. The peak at 1121 cm-1 

of chloroethoxyethanol is due to the C-O stretching. In the FTIR spectrum of 2-(2-

azidoethoxy)ethanol, the disappearance of the C-Cl stretch after the reaction with 

sodium azide and the appearance of the characteristic absorption of azido groups at 

ca. 2094 cm-1 indicates that most of the chloride groups have been substituted with 

azide groups. Furthermore, a band appears at 1284 cm-1 referring to the C–N 

stretching vibration. 

 

 

Figure 4.4: FTIR spectra of (a) 2-(2-chloroethoxy)ethanol and (b) 2-(2-azidoethoxy)ethanol 
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4.3.2. Characterization of grafting of CTBN and PES on MWCNTs 

 

4.3.2.1. XPS analysis 

 

XPS was employed to evaluate the chemical bonds formed on the surface of 

nanotube before and after its functionalization with CTBN and PES. Figure 4.5 and 

4.6 shows the survey data of the pristine and chemically modified nanotube samples. 

Pristine MWCNTs exhibit a strong peak at 285 eV due to C 1s and a peak of very low 

intensity at 532 eV due to O1s from the defects of nanotube. After functionalization 

with CTBN, a significant increase in the O1s peak is observed. A new peak at 400 eV 

is observed (N1s) for MWCNT-OH and MWCNT-g-CTBN. In additional to this, two 

new peaks are observed at 164 eV and 232 eV are observed for MWCNT-g-PES 

which corresponds to the S2p and S1s respectively. This increased intensity of 

elements is originated from the presence of organic moieties which confirmed the 

success of the modification. The higher resolution data of C1s area of the CNTs, 

MWCNT-OH and MWCNT-g-CTBN are shown in Figure 4.7 (a), 4.7 (b), and 4.7 (c) 

respectively. For pristine MWCNT, the main peak at 284.5 eV is attributed to the sp2 

hybridized graphite-like carbon atoms (C=C), a peak at 285.1 eV corresponds to sp3 

hybridized carbon atoms arising from defects on the nanotube structure (C-C), a peak 

at 286.2 eV related to carbon–oxygen single bonds in alcohols, phenols and ethers 

(C–O), a peak at 288.9 eV attributed to carbon–oxygen double bonds in carboxylic 

acids, carboxylic anhydrides and esters (O-C=O) and finally a peak at 291.6 eV, the 

typical position of the π–π* shake-up satellite peak from the sp2-hybridised carbon 

atoms (Datsyuk et al., 2008; Kolacyak et al., 2011; Lee et al., 2011). In the C1s 

spectra of the MWCNT-OH, the peak intensity of hydroxyl groups is much higher 

than that in pristine MWCNT, indicating the reaction has occurred between nanotube 

and the organic moiety. The disappearance of π–π* shake-up transition can be 

ascribed to the increased disruption of the π-electron system, indicating a significant 

change in the electronic structure of the CNT sidewalls. In the case of C1s high 

resolution spectrum of MWCNT-g-CTBN, the significant intensity increment of the 
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band at 288.9 eV (corresponds to O-C=O groups) suggests the covalent grafting of 

MWCNT with CTBN. Deconvolution of the N 1s spectrum shown in Figure 4.7d 

displays two contributions with binding energies of 399.6 eV and 401 eV, 

respectively. The former is ascribed to the C≡N from the polymer, while the latter is 

due to C-N, suggesting the successful covalent functionalization of MWCNT by 

CTBN (Górka et al., 2013). Figure 4.8 (b) shows the high resolution C1s spectra of 

MWCNT-g-PES which showed an increase in the intensity of peak at 285.1 eV due 

to the presence of C-S bond. 

 

Figure 4.5: XPS survey spectra of (a) pristine MWCNTs, (b) MWCNT-OH and (c) 

MWCNT-g-CTBN 

 

Figure 4.6: XPS survey spectra of (a) pristine MWCNTs, (b) MWCNT-COOH and (c) 

MWCNT-g-PES 
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Figure 4.7: High resolution C1s spectra of (a) pristine MWCNTs, (b) MWCNT-OH and (c) 

MWCNT-g-CTBN; (d) High resolution N1s spectra of MWCNT-g-CTBN. 

 

Figure 4.8: High resolution C1s spectra of (a) MWCNT-COOH and (b) MWCNT-g-PES 
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4.3.2.2. Raman spectroscopy 

 

Because of its high sensitivity to the structural change, Raman spectroscopy is 

commonly used to characterize the structural and electronic properties of carbon-

based materials. Raman spectroscopy of three different MWCNTs is shown in the 

Figure 4.9. Raman spectrum of the carbon nanotube is usually characterized by three 

main features. The band at around 1572 cm-1 is from the in-plane vibrations of sp2-

hybridized graphitic carbon, and hence is called the tangential or G-band. Defects and 

functional groups on the walls or ends of the CNTs, or amorphous carbon give rise to 

the so-called disorder (D) band corresponding to sp3-carbon, which is located around 

1340 cm-1. The D’ band which is a weak shoulder of the G-band at higher frequencies 

is also a double resonance feature induced by disorder and defects (Datsyuk et al., 

2008). The intensity area ratio of the D to G bands, ID/IG, can serve as a standard to 

measure the defects of CNTs. The bigger the ratio, the greater is the defect which in 

turn indicates the presence of more groups on the surface of MWCNTs. The values of 

ID/IG for MWNT-OH (1.87), MWCNT-g-CTBN (1.89), MWCNT-COOH (1.82) and 

MWCNT-g-PES (1.86) are greater than that of pristine MWNTs (1.60), which 

indicate the increase of defects in MWCNTs due to the chemical functionalization. 

The sequential functionalization of polymer functionalized nanotubes did not result in 

the obvious increase in the D-band intensity, which likely because the polymer was 

not directly linked on the carbons of CNTs. 
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Figure 4.9: Raman spectra of pristine and functionalized multi-walled carbon nanotubes 

 

4.3.2.3. Thermogravimetric analysis 

 

Figure 4.10 shows representative TGA thermograms under nitrogen 

atmosphere of the pristine MWCNT, MWCNT-OH and MWCNT-g-CTBN. Due to 

the differences in the thermal stability of the carbon nanotube structure and the 

polymer moieties, by TGA analysis it is possible to gain a reliable estimation of the 

relative amount of introduced functionalities. The pristine MWCNTs are thermally 

stable up to about 550 oC. For the MWCNT-OH, however, a slight decrease in weight 

was observed at approximately 200 oC, corresponding to decomposition of organic 

groups. In the case of MWCNT-g-CTBN, the weight-loss region from 250 °C to 450 

°C, has a weight loss of 50 wt % that is caused by the pyrolysis of the CTBN 

polymer. With the weight loss of the pure CTBN below 500 oC as a reference, the 

concentration of CTBN in MWCNT-g-CTBN was estimated as 38 %. Figure 4.11 

shows representative TGA thermograms of the pristine MWCNT, MWCNT-COOH 

and MWCNT-g-PES. The carboxylated nanotubes degrade faster than the pristine 

nanotubes due to the presence of more ‘kink’ structures from the carboxylation of the 

backbone. The PES grafted MWCNTs shows TGA pattern similar to that of the PES. 
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Major decomposition due to the graft occurs at the temperature of 550 oC. 60 % 

weight loss was observed for the polymer alone in the TGA analysis. Based on these 

mass loss data, the concentration of PES in MWCNT-g-PES was estimated as 58 % 

(mass loss is 35 %). 
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Figure 4.10: TGA of CTBN, pristine MWCNTs, MWCNT-OH and MWCNT-g-CTBN 
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Figure 4.11: TGA of PES, pristine MWCNTs, MWCNT-COOH and MWCNT-g-PES 
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4.3.2.4. TEM analysis 

 

The microstructures of pristine MWCNTs, MWCNT-g-CTBN and MWCNT-

g-PES were further characterized by HRTEM. Figure 4.12 (a) is the image of the 

pristine MWCNTs, in which the tube surface is relatively smooth and clean. The 

TEM microphotograph of polymer functionalized nanotubes shows that the surface of 

MWCNT is fully enwrapped with the amorphous polymer which is quite continuous 

all along the CNTs (Figure 4.12 (b) and (c)), implying that the covalent attachment of 

polymers had been achieved. The thickness of the wrapped polymer layer for 

MWCNT-g-CTBN is about 10 to 20 nm whereas for MWCNT-g-PES, the thickness 

is around 6-12 nm. 

 

 

Figure 4.12: TEM images of (a) pristine MWCNTs and (b) MWCNT-g-CTBN and (c) 

MWCNT-g-PES 

 

4.3.3. Dispersion behavior of epoxy nanosuspension and composites 

 

4.3.3.1. Transmission Optical Microscopy (TOM) 

 

TOM observation of dispersion level of CNTs in epoxy is useful to examine 

changes in dispersion state and interfacial bonding affected by the surface 

modification. TOM observations of the epoxy suspensions revealed the presence of 

MWCNTs aggregates. There were some zones with very high local MWCNT 
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concentrations, as shown in Figure 4.13. In fact, the pristine MWCNT samples were 

very viscous, and the homogenization process was difficult. The agglomerates that 

result from the existence of strong van der Waals interactions between individual 

tubes together with large aspect ratio of CNTs is due to which nanotubes exists as a 

highly entangled network. By contrast, after the surface functionalization with 

polymer molecules, the dispersion of polymer functionalized nanotubes becomes 

relatively better although some small agglomerates are still observed. The reason for 

the differences in the MWCNT dispersion between both pristine and polymer 

functionalized nanotubes was the uncoiling of nanotubes during functionalisation and 

enhanced interfacial interaction between the nanotube and resin. The 

functionalisation seems to be favorable for the dispersion for the MWCNT in epoxy 

matrix. 

 

 

Figure 4.13: TOM images of epoxy nanosuspensions containing (a) 0.2 wt% pristine 

MWCNTs, (b) 0.2 wt% MWCNT-g-CTBN, (c) 0.2 wt% MWCNT-g-PES(d) 0.4 wt% pristine 

MWCNTs (e) 0.4 wt% MWCNT-g-CTBN and (f) 0.4 wt% MWCNT-g-PES. Insets show 

high magnification images 
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4.3.3.2. Rheology 

 

The rheological properties of the MWCNT/epoxy dispersions play a crucial 

role in the processing and mechanical features of epoxy nanocomposites. Plots of 

viscosity vs shear rate of the pure epoxy, the pristine-MWCNT/epoxy composites, 

and the surface modified MWCNT/ epoxy composites are shown in Figure 4.14 to 

demonstrate the significance of viscosity build up and shear thinning in the epoxy 

nanosuspension system. The addition of pristine MWCNTs to epoxy resulted in an 

abrupt increase in viscosity at low shear rates. The pristine-MWCNTs were 

composed of bundles of nanotubes which are highly entangled. These nanotubes exist 

as many aggregates of different sizes in the epoxy resin. The aggregates would be 

obstacles to uniform dispersion of the MWNTs and were hardly broken into 

individual tubes in the epoxy resin. The dispersion and homogenization was very 

difficult. The viscosity of polymer functionalized MWCNT epoxy suspension is 

observed to be much lower than that of MWCNT/epoxy suspension at low shear 

rates. This arises from a better dispersion of functionalized MWNTs within the epoxy 

resin suspensions. At high shear rates, both nano-fillers show good dispersion due to 

disentanglement of nanotubes at very high shear forces. 
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Figure 4.14: Variation of viscosity with shear rate for epoxy nano suspension of pristine 

MWCNTs, MWCNT-g-CTBN and MWCNT-g-PES 
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The epoxy composites filled with the poorly dispersed CNTs exhibit stronger 

non-Newtonian behavior than ones with the well dispersed CNTs. The shear thinning 

effects of the suspensions were quantified by calculating the pseudo-plasticity index 

n. The shear dependency of the viscosity of solutions is usually given by the power 

law (Devasia et al., 2005). 

 

                                                             

n 
                                                 (4.1) 

 

Experimental data were fitted by the power law equation for different epoxy 

nano suspension systems. A typical plot between shear rate (log γ) and shear stress 

(log τ) is presented in Figure 4.15 for epoxy resin, pristine MWCNT/epoxy 

nanosuspension and polymer functionalized MWCNT/epoxy nanosuspensions. The 

slope of the plots of shear rate (log γ) vs shear stress (log τ) provided the pseudo 

plasticity index (n). Usually, n is in the range of 0 to 1. At n=1, the equation reduces 

to the constitutive equation of a Newtonian fluid. When n<1, shear thinning behavior 

is observed. The lower the n value, the more pronounced is the shear thinning 

behavior. As seen from data in Table 4.1, the pseudo-plasticity index n of the solution 

decreases by the addition of CNTs. On adding pristine CNTs, the n value shows an 

abrupt decrease. After chemical modification of CNTs, shear thinning behaviour is 

observed but it is less pronounced; in other words, after chemical modification of 

CNTs, the extent of Newtonian plateau is greater than with the pristine CNT epoxy 

suspension. 
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Table 4.1: Rheological data of MWCNT/epoxy nanosuspensions 

Sample code Viscosity at shear 

rate of 1 s-1 (Pa.s) 

Flow index (n) 

Epoxy resin 4.07 0.99 

0.2 wt% pristine MWCNT 17.6 0.73 

0.2 wt% MWCNT-g-CTBN 10.3 0.84 

0.2 wt% MWCNT-g-PES 6.98 0.98 

0.4 wt% pristine MWCNT 174 0.62 

0.4 wt% MWCNT-g-CTBN 34.7 0.73 

0.4 wt% MWCNT-g-PES 26.7 0.78 
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Figure 4.15: Variation of shear stress with shear rate for epoxy nano suspensions of pristine 

MWCNTs, MWCNT-g-CTBN and MWCNT-g-PES 
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4.3.3.3. TEM micrographs of epoxy composites 

 

To analyze the state of the dispersion of the filler in the polymer matrix of 

composite, TEM micrographs were taken for the epoxy composites prepared by the 

addition of 0.2 wt% of pristine and surface modified nanotubes (Figure 4.16). In the 

pristine MWCNT/epoxy composite, agglomerates of MWCNTs were observed. On 

the other hand, a significant improvement in the dispersion was observed by the 

grafting of CTBN and PES with MWCNTs. 

 

Figure 4.16: TEM images of epoxy nanocomposites containing (a) 0.2 wt% pristine 

MWCNTs (b) 0.2 wt% MWCNT-g-CTBN and (c) 0.2wt% MWCNT-g-PES 

 

4.3.4. Tensile strength of epoxy composites 

 

There is a significant interest to greatly improve the mechanical properties of 

epoxy-composites for aerospace and automobile applications. The tensile properties 

of the composites as a function of nanotube concentrations are plotted in Figure 4.17 

and also summarized in Table 4.2. Representative tensile stress versus strain curves 

are shown in Figure 4.17 (a). The tensile strength of nanocomposites increased 

initially with increasing the nanotube content and attained the maximum value at the 

0.2 wt% nanotube content corresponding to an increase of 11% compared with the 

pure epoxy. The decreased tensile strengths beyond 0.2 wt% might be probably due 

to the aggregation of the nanotube which can result in the stresses concentrating at the 

aggregation points. By comparison, the composites containing the polymer 
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functionalized MWCNTs exhibit higher strength and modulus values than the pristine 

MWCNTs over the whole filler contents studied. Functionalisation of nanotubes 

resulted in better dispersibility, leading to reduction in agglomeration of nanotubes.  

For epoxy composite with 0.3wt% MWCNT-g-CTBN, the tensile modulus and 

strength increased by 17% (2.21 ± 0.02GPa) and 25% (85.4 ± 3.1 MPa), respectively. 

Similarly, the tensile strength and modulus of MWCNT-g-PES/epoxy composite is 

also higher than the neat epoxy. Compared to neat epoxy, tensile modulus of 

MWCNT-g-PES/epoxy composite is increased by 16% at filler loading of 0.3 wt%, 

whereas tensile strength is increased by 26% at a filler loading of 0.2 wt%. This can 

be attributed due to the soft layer of polymer grafted on MWCNTs ensuring a better 

interfacial interaction enabling efficient load transfer to the nanotube. In order to 

compare the experimental modulus of composites with theoretical value, a modified 

Halpin-Tsai model was used. The predicted modulus of the MWCNT/epoxy 

composite using modified Halpin-Tsai equation given by (Sun et al., 2008), 
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where E, Em and Ef are moduli of composite, matrix and carbon nanotube, 

respectively; υf is the volume fraction of the filler, φ is the shape factor which is equal 

to twice the aspect ratio of the filler. 
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Figure 4.17: (a) Representative stress-strain curves (b) tensile strength and (c) tensile 

modulus of epoxy nanocomposites containing pristine MWCNTs, MWCNT-g-CTBN and 

MWCNT-g-PES. 

 

Figure 4.17 (c) shows a comparison of the variation in theoretical and 

experimental tensile modulus values of composites with weight fraction of 

MWCNTs. It is found that the results obtained from the modified Halpin–Tsai 

equation on Young’s moduli fit successfully the experimental ones at low 

concentration and the predicted values are slightly higher than the experimental ones 

for some compositions of MWCNT/epoxy composites. The discrepancy is caused by 

the aggregation of MWCNTs. However, the experimental tensile modulus of the 

MWCNT-g-CTBN/epoxy and MWCNT-g-PES/epoxy composites are found to be 

comparable to the modulus predicted using the Halpin-Tsai modeling. It means that a 

high reinforcing effectiveness is achieved by introduction of polymer functionalized 

nanotube as reinforcement. In this case, more homogeneous dispersion and a better 
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interface between the nanotubes and the epoxy matrix resulted in better mechanical 

properties. In the MWCNT-g-CTBN/epoxy composites, terminal carboxyl groups of 

CTBN react with epoxy matrix during curing reactions, which provide interfacial 

adhesion for load transfer between epoxy and nanotubes, and therefore, mechanical 

properties of the composites are enhanced. In the case of MWCNT-g-PES/epoxy 

composite, the soft layer of thermoplastic polymer grafted on nanotube enhances the 

interfacial adhesion through hydrogen bonding interaction between hydroxyl group of 

epoxy matrix and sulfonyl group of PES. Another reason for the observed behavior is 

the presence of voids which are developed during the mixing of hardener with the 

MWCNT/epoxy-suspension via stirring. The high viscosity disabled degassing of the 

nanocomposite samples with voids remaining in the matrix. 

 

Table 4.2: Fracture toughness and tensile properties of epoxy nanocomposites 

SI 

No 

Sample code KIC 

(MPa.m1/2) 

Tensile 

strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

1 Neat epoxy 0.74 ± 0.08 68.4 ± 1.7 1.89 ± 0.04 5.66 ± 0.63 

2 0.1 wt% pristine MWCNT 1.14 ± 0.07 69.4 ± 3.0 1.92 ± 0.02 6.01 ± 0.88 

3 0.2 wt% pristine MWCNT 1.35 ± 0.11 76.1 ± 2.8 1.98 ± 0.01 6.53 ± 1.07 

4 0.3 wt% pristine MWCNT 1.15 ± 0.01 71.6 ± 1.8 2.01 ± 0.03 6.09 ± 0.99 

5 0.4 wt% pristine MWCNT 1.12 ± 0.05 68.4 ± 3.7 1.93 ± 0.03 5.75 ± 0.41 

6 0.1 wt% MWCNT-g-CTBN 1.39 ± 0.08 74.1 ± 4.1 1.96 ± 0.02 6.12 ± 0.11 

7 0.2 wt% MWCNT-g-CTBN 1.47 ± 0.01 79.9 ± 2.6 2.05 ± 0.03 7.05 ± 0.40 

8 0.3 wt% MWCNT-g-CTBN 1.62 ± 0.06 85.4 ± 3.1 2.21 ± 0.02 6.76 ± 0.31 

9 0.4 wt% MWCNT-g-CTBN 1.24 ± 0.07 76.5 ± 2.5 2.07 ± 0.03 6.96 ± 0.88 

10 0.1 wt% MWCNT-g-PES 1.28 ± 0.17 80.8 ± 2.1 1.99 ± 0.01 6.21 ± 0.87 

11 0.2 wt% MWCNT-g-PES 1.50 ± 0.11 86.2 ± 3.6 2.14 ± 0.02 6.98 ± 0.56 

12 0.3 wt% MWCNT-g-PES 1.67 ± 0.11 83.5 ± 4.0 2.19 ± 0.03 6.57 ± 0.21 

13 0.4 wt% MWCNT-g-PES 1.19 ± 0.17 76.2 ± 5.1 2.11 ± 0.03 6.02 ± 1.02 
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4.3.5. Fracture toughness of epoxy composites 

 

Fracture toughness (KIC) values of neat epoxy, pristine MWCNT, MWCNT-

g-CTBN and MWCNT-g-PES epoxy nanocomposites are given in Table 4.2. The 

addition of nanotubes into the epoxy matrix resulted in an improvement in fracture 

toughness (Figure 4.18). Neat epoxy showed the fracture toughness of 0.74 ± 0.8 

MPa.m1/2, which increased up to 1.35 ± 0.11 MPa.m1/2 (82% improvement) by adding 

0.2 wt% pristine MWCNTs. Composites with MWCNT-g-CTBN improved the 

fracture toughness of epoxy significantly, achieving an 117% improvement at 0.3 

wt% filler loading. The composite prepared by PES grafted nanotube showed the 

maximum improvement in fracture toughness (125% improvement compared to neat 

epoxy for 0.3 wt% MWNCT-g-PES). This is followed by a decrease in the value of 

KIC at higher MWCNT concentrations due to the presence of agglomerates and 

defects. 

 

Figure 4.18: Fracture toughness of epoxy nanocomposites containing pristine MWCNTs, 

MWCNT-g-CTBN and MWCNT-g-PES. 
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The toughening mechanisms can be understood by observing the 

representative HRSEM images of the fracture surface of the neat epoxy and 

MWCNTs/epoxy composite with 0.3 wt% MWCNTs resulting from the fracture 

testing of the samples. Neat epoxy resin as shown in Figure 4.19 (a) exhibits a 

relatively smooth fracture surface, which indicates a typical fractography feature of 

brittle fracture behavior, thus revealing low fracture toughness of the neat epoxy. 

Compared to the case of neat epoxy, the fracture surfaces of the nanocomposites 

show considerably different fractographic features. The rough surface of the 

composites containing MWCNTs as seen in the Figure 4.19 (b) is most likely the 

result of crack deflection produced by the interaction of nanofillers and the epoxy 

matrix. Well dispersed nanotubes with proper adhesion to the epoxy could resist 

crack propagation and lead to crack deflection. Apart from crack deflection, pullout 

of nanotubes, debonding of MWCNTs and bridging mechanism also plays a 

significant role in improving the fracture toughness of composites. At higher 

magnification, some pulled out CNTs can be observed on the fracture surface (see 

Figure 4.19 (d) and (f)) in the polymer functionalized MWCNT/epoxy composites. 
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Figure 4.19: FESEM images of fractured surface of sample: (a) neat epoxy (b) 0.3 wt% 

pristine MWCNT/epoxy (c) 0.3 wt% MWCNT-g-CTBN/epoxy (d) 0.3 wt% MWCNT-g-

CTBN/epoxy at high magnification (e) 0.3 wt% MWCNT-g-PES/epoxy and (f) 0.3 wt% 

MWCNT-g-PES/epoxy at high magnification 

 

4.3.6. Dynamic mechanical analysis of epoxy composites 

 

The effect of surface MWCNT functionalization on the viscoelastic 

performance of nanocomposites was investigated by DMA analysis by comparing the 
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storage modulus, and tan δ values with those of neat epoxy. The Figure 4.20 and 4.21 

shows the storage modulus (G’) and tan δ obtained by DMA in a range between 30 

and 250 oC for neat epoxy and composites prepared by the addition of 0.3 wt% 

polymer functionalized MWCNTs. Addition of pristine nanotubes into epoxy resulted 

in an improvement in the storage modulus. In the glassy state, an improvement of 9% 

from 1995 MPa to 2178 MPa in the storage modulus is observed at 30 oC by the 

addition of 0.3 wt% pristine MWCNTs to epoxy matrix. The epoxy nanocomposite 

with MWCNT-g-CTBN nanofiller shows an enhanced storage modulus compared 

with pure epoxy resin and pristine MWCNT/epoxy nanocomposite with the same 

filler content. At 30 oC, the storage modulus of the epoxy nanocomposite with 0.3 

wt% MWCNT-g-CTBN is 2417 MPa, which is around 21% larger than that of neat 

epoxy resin (1995 MPa). The storage modulus in the rubbery region is also 

significantly increased for MWCNT-g-CTBN/epoxy, which is believed to be due to 

improved dispersion and the strong interfacial adhesion with epoxy which ensures an 

efficient load transfer at the interface. Although an improvement in storage modulus 

was observed for composite of PES grafted nanotube compared to neat epoxy, there 

is no significant change in the modulus by comparison with composite prepared by 

pristine nanotube.  A reduction in Tg was observed by the addition of pristine 

nanotubes. The lowered Tg of MWCNT/epoxy composite is possibly due to either 

lower crosslink density of epoxy or poor adhesion between MWCNTs and epoxy, or 

both. After adding the MWCNT-g-CTBN, CTBN grafting provides carboxylic acid 

groups that can react with the oxirane rings of epoxy resin to form a strong bonding 

between matrix and MWCNTs, leading to a higher cross-linking density of the 

composites. This results in a confinement of the filler-matrix interface and reduce the 

chain mobility (Konnola et al., 2015a; Konnola et al., 2015b). As a result, the 

increase of Tg occurs. Similarly, an improvement in Tg was observed for MWCNT-g-

PES/epoxy composite when compared with composites prepared from pristine 

MWCNTs. 
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Figure 4.20: Storage modulus curves for pristine MWCNT, MWCNT-g-CTBN and 

MWCNT-g-PES epoxy composites 
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Figure 4.21: Tan delta versus temperature curves for pristine MWCNT, MWCNT-g-CTBN 

and MWCNT-g-PES epoxy composites 
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4.3.7. TGA of epoxy composites 

 

Thermal stability of the epoxy composites was traced using TGA. The thermal 

stability of epoxy composites with 0.3 wt% loading of pristine MWCNTs and 

polymer functionalized MWCNTs were compared with neat epoxy system in Figure 

4.22. The thermal stability of epoxy matrix was not affected by the addition of 

nanotubes. As shown in the figure, the main weight loss for the composites takes 

place at around 320 oC, which is attributed to the degradation of the epoxy network. 

This means that all the composites prepared are very stable and show little 

degradation below 320 oC and therefore can be used for many high-temperature 

applications. 
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Figure 4.22: TGA curves of epoxy nanocomposites 

 

4.4. Conclusions 

 

In this work, CTBN and PES grafted MWCNTs have been proposed as an 

innovative filler for the preparation of epoxy nanocomposites with enhanced 
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thermomechanical properties The functionalized nanotubes were characterized by 

FTIR, Raman spectroscopy, TEM and TGA. The studies reveal the grafting of 

polymers on MWCNTs. Incorporation of polymer grafted MWCNTs in epoxy matrix 

composites imparted tremendous improvement in fracture toughness and tensile 

strength when compared to pristine MWCNT/epoxy composites It has been possible 

to obtain an improvement of ~117% in fracture toughness and 25% improvement in 

tensile strength in the CTBN functionalized MWCNT based epoxy composites with 

only 0.3 wt% loading. PES grafted MWCNT/epoxy nanocomposite also induces a 

significant increase in both tensile strength (26%) and fracture toughness (125%) of 

the epoxy matrix at a filler loading of 0.3 wt%. The improvement in fracture 

toughness is attributed to the better dispersion of the MWCNTs in epoxy matrix aided 

by the polymer graft that has better miscibility with epoxy which in turn influences 

the crack path deflection.  Dynamic mechanical studies show an increase in the 

storage modulus for the nanocomposite prepared using polymer grafted MWCNTs 

compared to neat epoxy system. The obtained results can be considered as beneficial 

in the manufacture of components with higher strength-to-weight ratios for such uses 

as windmill blades or aircraft components. 
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CHAPTER 5 

 

TOUGHENED EPOXY NANOCOMPOSIES BASED 

ON POLYMER GRAFTED GRAPHITE OXIDE 

 

 

This work is focused on the chemical modification of graphite oxide (GOs) with two 

types of liquid rubbers, in an attempt to achieve high dispersion and enhanced 

interaction in an epoxy matrix and hence to prepare composites with improved 

thermo-mechanical properties. Polymer grafted GOs were characterized using FTIR, 

XPS, Raman spectroscopy, TGA and TEM. Epoxy nanocomposites using the modified 

fillers were prepared. The fracture toughness of the systems were examined and 

compared with GO/epoxy nanocomposite. Field emission scanning electron 

micrographs (FESEM) of fractured surfaces were examined to understand the 

toughening mechanism. Considerable improvement in toughness as well as 

mechanical strength were observed by the modification of GOs with polymers. The 

enhancement in properties were attributed to the better interfacial interaction 

between filler and matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this chapter has been published in RSC Advances, (2015), Vol.5: 61775-

61786 
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5.1. Introduction 

 

Due to unique mechanical properties such as high strength and stiffness and 

aspect ratio, graphite oxide (GO) have many potential applications especially in the 

field of advanced composites. The major problem associated with GO based polymer 

nanocomposites is the poor dispersion of the GO in the polymer matrix. Generally 

nanoparticles have a tendency for agglomeration because of the weak van der Waals 

force of attraction. In fact, GO has a strong tendency of aggregation inside epoxy 

matrix which limits the equal distribution of load into matrix. Chemical modifications 

of GO sheets are an effective way to improve interfacial interaction between the GO 

sheets and the epoxy matrix, which in turn leads to better filler dispersion, and 

enhanced mechanical performance in the nanocomposites (Cano et al., 2013; Dreyer 

et al., 2010; Sengupta et al., 2011; Song et al., 2013). Naebe et al. (2014) 

functionalized thermally reduced graphene nanoplatelets via Bingel reaction to 

evaluate the effect of functionalization on the dispersion status and interface in the 

graphene/epoxy composites. A good improvement in fracture toughness was 

observed in the work. In an another study, Park et al. (2015) investigated the 

toughening behavior of epoxy nanocomposites using amine terminated 

poly(acrylonitrile-co-butadiene) functionalized GO as reinforcing filler and they 

found a significant improvement in toughness at very small filler loadings. Similarly, 

Guan et al. (2014) introduced amine groups of polyetheramine (PEA) with different 

molecular lengths onto the GO surface, and studied sheet/matrix interfacial 

interaction between filler and epoxy matrix to understand the influence of different 

interphase structures on the mechanical properties of resulting nanocomposites. Wang 

et al. (2014) synthesized polyphosphamide (PPA) and covalently grafted it onto the 

surface of graphene nanosheets (GNSs). These modified sheets were incorporated 

into epoxy resins (EPs) to obtain a novel flame retardant nanocomposite. Tang and 

coworkers (Tang, 2014) were able to achieve an electrical conductivity of nearly 11 

orders of magnitude higher than that of neat epoxy by the addition of 2.7 vol% of 
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polyetheramine functionalized GOs. The above studies reveal the potential behind the 

chemical modification of GO sheets for the improvements in properties at low filler 

loading, provides opportunity to produce cost effective high performance epoxy 

graphene composites. 

 

Grafting of GO sheets with polymer can create a soft interface between filler 

and matrix which can result in a better load transfer from matrix to filler. To date, no 

systematic study of grafting liquid rubbers onto GO to improve the compatibility and 

performance in the epoxy composites is available in the literature. In this work, 

CTBN and polyethylenimine (PEI) were grafted onto GO and used as a modifier for 

epoxy resin. We investigated thermal, viscoelastic and mechanical performance of 

polymer grafted GO modified epoxy nanocomposites and thereby evaluated the effect 

of chemical modification on the dispersion and interfacial interaction in the resulting 

composites. 

 

5.2. Materials and Methods 

 

5.2.1. Materials 

 

Graphite was supplied by Anthracite industries, USA, concentrated sulphuric 

acid (H2SO4, 98%), concentrated hydrochloric acid (HCl, 35 %), potassium 

permanganate (KMnO4), hydrogen peroxide (H2O2, 30%) and acetone were 

purchased from Merck India Pvt Ltd, Bangalore India. The polymer matrix used in 

the present study was epoxy resin Lapox ARL-135 based on DGEBA (epoxy 

equivalent 187 g/eq) and diaminodiphenyl sulfone (DDS) hardener under the 

commercial name Lapox K10 and was purchased from Atul India private limited, 

Gujarat. Dimethyl formamide (DMF) purchased from Spectrochem, India. 

Triphenylphosphine (TPP, 99% MW-262.92 g/mol), PEI and CTBN purchased from 
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Sigma Aldrich, Bangalore, India. All the chemicals were used as received without 

further purification. 

 

5.2.2. Polymer grafting on graphite oxide 

 

5.2.2.1. Preparation of GO 

 

The graphite was first exfoliated to form GO using the improved method 

reported by Tour group (Marcano et al., 2010). In a typical process a 9:1 mixture of 

concentrated H2SO4/H3PO4 (360:40 mL) was added to a mixture of expandable 

graphite (3.0 g, 1 wt equiv) and KMnO4 (18.0 g, 6 wt equiv). The reactants were 

heated to 50 oC and stirred for 12 h. The mixture was cooled to room temperature and 

it was kept in an ice bath. To this solution, 400 mL deionised water was added 

dropwise with stirring for 30 minutes.  30% H2O2 was slowly added into the mixture 

until the solution turned bright yellow. The resulting yellowish brown mixture was 

centrifuged and the solid material was then washed in succession with 200 mL of 

water, 200 mL of 30% HCl and 200 mL of ethanol. After this multiple wash, it was 

coagulated with 200 mL of ether. The solid GOs obtained after the evaporation of 

ether, was vacuum-dried overnight at room temperature.  

 

5.2.2.2. Preparation of GCTBN 

 

For the preparation of CTBN grafted GO (GCTBN), 500 mg of GOs was 

sonicated in DMF for 30 minutes. In a separate beaker, 2 g CTBN in 20 ml DMF 

solution was sonicated for 30 minutes and this solution was added to GO solution 

with mechanical stirring. 0.50 wt % TPP was added and the solution was heated at 

125 oC for 36 h. The suspension was filtered and washed with DMF followed by 

acetone. The black powder obtained was dried well and powdered. A schematic 

illustration of the reaction is given in Figure 5.1. 
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Figure 5.1: Schematic showing the preparation of GO and GCTBN 

 

5.2.2.3. Preparation of GOPEI 

 

For the preparation of PEI grafted GO (GOPEI), 500 mg of graphite oxide 

was sonicated in DMF for 30 minutes. In a separate beaker, 3g PEI in 20 ml DMF 

solution sonicated for 30 minutes and this solution was added to graphite oxide 

solution and the solution was heated at 500 C for 72h. The suspension was filtered, 

washed with DMF followed by acetone. The black powder obtained is dried well in 

an air oven. A schematic illustration of the reaction is given in Figure 5.2. 

 

 

Figure 5.2: Schematic showing the preparation of GO and GOPEI 

 

5.2.3. Preparation of GO/epoxy nanocomposites 

 

Epoxy composites with different GO loadings were prepared by the following 

procedure. Required amounts of GOs (0.2, 0.4, 0.6 and 0.8 wt% with respect to 
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DGEBA) was initially dissolved in a mixture of acetone by sonication for 15 minutes 

and mixed the solution with DGEBA. The solution was again sonicated for 15 

minutes to obtain a black suspension. Acetone was evaporated off by heating at 50 oC 

for 1 h. The trace amount of solvent was removed by keeping in a vacuum oven. It 

was then added to molten hardener (35 g/100 g DGEBA), stirred for 10 minutes and 

degassed for 10 minutes until there was no trace of trapped bubbles. The mixture was 

poured into a preheated mould and cured for 4 h at 180 oC. Post curing was done at 

200 oC for an hour. The same procedure was followed for the preparation of modified 

GO/epoxy composite. The preparation process of epoxy composites filled with GOs 

is shown in Figure 5.3. 

 

Figure 5.3: Schematic illustration of the preparation process of epoxy nanocomposites 
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5.2.4. Characterization 

 

Fourier transform infrared spectroscopy (FT-IR) analysis was carried out 

using a Perkin Elmer System series 100 spectrophotometer in a frequency range of 

4000–500 cm-1 with a spectral resolution of 4 cm-1 to identify the functionalization of 

GO. XPS was carried out with a Kratos Axis Ultra DLD spectrometer, using Al Kα 

excitation radiation. The high-resolution transmission electron microscopy (HRTEM) 

was conducted using JEOL JEM-2100 with an acceleration voltage of 200 kV being 

equipped with an EDX spectrometer. Sliced thin sections of GO/epoxy composites 

with a thickness of about 60-80 nm, prepared by ultramicrotomy, were used to take 

the TEM images of the composites. Raman spectra were recorded from 100 to 3000 

cm-1 on a Raman spectrometer (INVIA, England) with a 514 nm argon ion laser. 

Thermal stability of nanocomposites was analyzed using a Thermogravimetric 

analyzer (Q-50, TA Instruments, USA). The samples were heated from ambient to 

800 oC at a ramp rate of 10o C/ min. Rheological analysis was done using Modular 

Rheometer (MCR102, Anton Paar, USA), using a 50 mm parallel plate assembly at 

room temperature. Optical microscopy analysis was carried out with Leica DM1000 

LED (Leica Microsystems, Germany) in transmitted light configuration. Dynamic 

Mechanic Analysis (DMA) was performed on a DMA 8000, operating in the single 

cantilever mode at an oscillation frequency of 1 Hz. Data was collected from room 

temperature to 250 oC at a scanning rate of 2 oC/min. The sample specimens were cut 

into rectangular bars measuring 50 mm x 5 mm x 2 mm. The fracture surfaces of the 

samples were investigated using field emission SEM (FE SEM, FEI Quanta FEG200) 

at an accelerating voltage of 20 kV, and the fracture surfaces were coated with a 

conductive layer of gold. Tensile tests were performed with dumbbell shaped 

specimens using an Instron model 5900 tensile tester at a crosshead speed of 1 

mm/min as per ASTM standard D638. The results are the average of at least five 

measurements. Fracture toughness of the sample was measured using UTM (Instron 

5900, Instron, USA) at a crosshead speed of 10mm/min (as per ASTM standard 



168 
 

D5045). Single edge notch specimens of 46 mm x 6 mm x 3 mm (span length = 24 

mm) were used to measure the fracture toughness of the epoxy nanocomposites. 

 

5.2.4.1. X-Ray Diffraction 

 

 The crystal phase of the samples was measured using X-ray diffractometry 

(PANalytical 3 kW X’pert PRO X-ray diffractometer) using Cu Kα (k= 1.5406 Å) 

radiation source operating at a voltage of 45 kV and 300 mA of electric current. The 

scanning was taken from 5 to 80o (2h). 

 

5.3. Results and Discussion 

 

5.3.1. Characterization of grafting of CTBN and PEI on GOs 

 

5.3.1.1. FTIR spectroscopy 

 

The FTIR spectra of GO, GCTBN and GOPEI were recorded to obtain 

information about the structural changes originated during the grafting process 

(Figure 5.4). The characteristic absorption bands of GOs in the FTIR spectrum were 

observed  at 1721 cm-1, 1055 cm-1, 1587 cm-1 and 3446 cm-1 corresponding to the 

C=O stretching vibrations from carbonyl and carboxylic groups,  C–O–C stretching 

from epoxy groups, C=C in aromatic ring and –O−H stretching frequency of 

hydroxyl groups respectively (Guan et al., 2014). After the grafting with CTBN, the 

FTIR spectrum of GO is significantly changed, with the appearance of new and more 

intense peaks. The new characteristic peaks at 965 cm-1, 2236 cm-1 and 2920 cm-1 

appearing in the FTIR spectrum of GCTBN, corresponds to the =C−H out of plane 

bending vibration of 1, 4 trans olefin in CTBN, stretching vibration of C≡N and the 

stretching vibration of =C−H, respectively (Tripathi and Srivastava, 2007)24. 

Furthermore, the intensity of peak at 1055 cm-1 corresponding to C–O–C of epoxy 
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groups is reduced drastically in the spectrum of GCTBN and the peak corresponding 

to C=O stretching vibration is broadened (1713-1743 cm-1), indicating the formation 

of O=C−O ester bond due to the chemical reaction of CTBN to GO surface via 

nucleophilic substitution reaction between the carboxyl groups of CTBN and the 

epoxy groups of GO. For GOPEI, new peaks were observed at 1643, 2923 and 3422 

cm-1 which corresponds to IR stretching frequencies of C=O in amide, C-H and N-H 

respectively. All these results confirm the successful modification of CTBN with GO.  
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Figure 5.4: FTIR spectra of GO, GCTBN and GOPEI 

 

5.3.1.2. XPS spectroscopy 

 

Analysis of the XPS spectra provides clear evidence of the fact that the GOs 

were chemically modified. The XPS survey spectra of GO, GCTBN and GOPEI is 

given in Figure 5.5. Compared with GO, the survey of GCTBN and GOPEI shows 

the presence of N1s, indicating the chemical grafting of polymer chains onto the 

surface of the GO sheets. The higher resolution C1s spectra of (b) GO, (c) GCTBN 

and (d) N1s spectra of GCTBN are shown in Figure 5.6. The C1s core level spectra of 

GOs shows peaks at 284.8 eV (C -C/C=C), 285.9 eV (C -OH), 287.1 eV (C -O -



170 
 

C/epoxide group), 288.0 eV (C =O), and 289.2 eV (O -C =O), respectively (Ma et al., 

2013; Ren et al., 2014). Although the C1s XPS spectrum of the GCTBN (Figure 5.6 

(b)) also exhibits the same oxygen functionalities, their peak intensities are much 

smaller than those in GO indicating partial reduction of GO during the reaction with 

CTBN. In addition, the area of the peak at 287.1 eV is decreased drastically in the 

C1s spectrum of GCTBN (Figure 5.6 (b)) indicating that the reaction has happened 

between the epoxide group of GO and carboxyl groups present in CTBN. An 

additional peak at 286.4 eV in the C1s high resolution and peak at 399.7 eV in the 

N1s spectra is arising from the C≡N group in CTBN (Górka et al., 2013). High 

resolution C1s and N1s core spectra of GOPEI also shows the presence of new peaks 

at 286.4 eV and 400 eV which corresponds to amide and amine groups present in 

GOPEI (Figure 5.7 (a) and (b)). These above mentioned XPS results further 

demonstrates that GO is successfully functionalized by CTBN and PEI molecules, 

which is in agreement with FTIR results. 

 

Figure 5.5: XPS survey spectra of (a) GO, (b) GCTBN and (c) GOPEI 
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Figure 5.6: High resolution C1s spectra of (a) GO, (b) GCTBN and (c) N1s spectra of 

GCTBN 

 

 

Figure 5.7: (a) High resolution C1s XPS spectra of GOPEI and (b) N1s spectra of GOPEI 
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5.3.1.3. Raman spectroscopy 

 

The Raman spectra of graphite, graphite oxide GCTBN and GOPEI are shown 

in Figure 5.8. Graphite is usually characterized by two main features, the G band at 

1593 cm-1 resulting from first order scattering of the in plane vibration of E2g photon 

of sp2 carbon atoms of graphitic lattice and the D band at 1375 cm-1 arising from a 

breathing mode of κ-point photons of A1g symmetry (Tang et al., 2014). 

Quantification of the intensity ratio of the D band to G band (i.e., ID/IG) reveals the 

extent of defects created by the chemical treatment. The ID/IG ratio of graphite is very 

small (0.05). After the oxidation, the two bands broaden and shift to high frequency 

accompanied by an increased ID/IG value (2.12), indicating the distortion of the bonds 

and destruction of symmetry due to the reduction in size of the in plane sp2 domains 

caused by the extensive oxidation. However, the G peak of the GCTBN and GOPEI 

shifts from 1601 to near 1596 cm−1 and 1595 cm-1 respectively, getting close to that 

of natural graphite (1593 cm−1) implying restoration of the graphitic sp2 network (Liu 

et al., 2013). Compared to the as-produced GO, GCTBN and GOPEI sheets show 

slight increase in the ID/IG values (from 2.12 to 2.34 and 2.31 respectively), which 

further confirms the formation of covalent bonds between the GO and the polymer 

molecules. 

 

Figure 5.8: Raman spectra of (a) graphite, (b) GO, (c) GCTBN and (d) GOPEI 
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5.3.1.4. XRD Analysis 

 

Figure 5.9 represents the XRD pattern of graphite, GO, GCTBN and GOPEI. 

Graphite show a characteristic diffraction peak at 26.5o representing the (002) 

reflection peak corresponding to an interlayer distance of 0.34 nm (Jiang et al., 2014). 

After the oxidation of graphite, GO shows a diffraction peak at lower diffraction 

angle at 11.63o degree indicating the increase of interlayer spacing due to presence of 

oxygen functional group at the surfaces and edges as a result of vigorous oxidation 

process. XRD pattern of GCTBN and GOPEI shows a weak and broad peak from 11-

40 centered at 20.5o and 22.8o respectively, indicating the disappearance of the long-

term ordering graphitic structure and the crystalline organization of sheets were 

affected by the presence of polymers. 

 

Figure 5.9: XRD of (a) graphite, (b) GCTBN, (c) GO and (d) GOPEI 
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5.3.1.5. TGA Analysis 

 

Thermal gravimetric curves of graphite, GO, GCTBN and GOPEI are shown 

in Figure 5.10. From the figure, it is understood that GO is highly unstable and has an 

initial mass loss around 5 %, below 100 oC due to the evaporation of absorbed water 

(Park et al., 2011; Stankovich et al., 2007), and the major weight loss of 40 % around 

100–300 oC is ascribed to the pyrolysis of the labile oxygen-containing functional 

groups, yielding CO, CO2 and steam (Paredes et al., 2008). The percent weight of GO 

further decreased up to 800 oC due to the degradation of carbon backbone. The 

functionalization and reduction of GO improves the thermal stability of the 

reinforcing filler. This is evident from the fact that for GCTBN, a decomposition of 

only 4.4 % is observed in the temperature region of 100-300 oC. TGA curve of 

GCTBN shows a major decomposition of 67 % in the temperature range of 300-500 

oC which could be attributed to the decomposition of CTBN polymer chains that were 

grafted on the GO sheets. Similarly, GO PEI also exhibits a much higher thermal 

stability with a mass loss of 10.2 % at 200 oC. The decomposition at around 300 oC in 

GO-PEI is ascribed to the decomposition of PEI polymer chains that grafted on 

graphene sheets.The color change from brown to black and the reduction in 

intensities of oxygen functional groups in FTIR, XPS and TGA curves indicates the 

partial reduction of GO after the polymer grafting. This phenomenon of reduction of 

GOs during functionalization is observed elsewhere (Qian et al., 2014; Tang et al., 

2014; Wang et al., 2012; Yuan et al., 2014). 
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Figure 5.10: TGA curves of GO, GCTBN, GOPEI, CTBN and PEI 

 

5.3.1.6. TEM Analysis 

 

The morphology and structure of GO, GCTBN and GOPEI were determined 

by TEM analysis. The TEM image of the prepared GO sheets shows a thin sheet-like 

two-dimensional structure with a diameter of several micrometers. GO sheets contain 

a lot of wrinkles due to the presence of epoxy and hydroxyl functional groups within 

the graphene sheets (Sengupta et al., 2011). After the polymer functionalization, 

GCTBN and GOPEI sheets exhibited a rougher and thicker structure and a thin 

polymer layer seems to be observed surrounding the sheets, as shown in Figure 5.11, 

suggesting the successful grafting of polymers on GO. 
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Figure 5.11: TEM images of (a) GO (b) GCTBN and (c) GOPEI 

 

5.3.2. Dispersion behavior of nanosuspensions and composites 

 

5.3.2.1. Transmission Optical Microscopy (TOM) 

 

TOM micrographs reveal the dispersion of (a) 0.4 wt% GO, (b) 0.4 wt% 

GCTBN, (c) 0.4 wt% GOPEI, (d) 0.8 wt% GO, (e) 0.8 wt% GCTBN and (f) 0.8 wt% 

GOPEI in epoxy suspension before curing. TOM micrographs reveal the efficiency of 

chemical modification in the effective dispersion of GO. Figure 5.12 (a) represents 

the TOM images of epoxy nano suspension by the addition of 0.4 wt% GO at 

different magnifications. Small clusters of GO sheets can be seen at higher 

magnification. This is due to the presence of high functional group density of GO 

which results in Van der Waals interaction between sheets. The tendency of 

agglomeration is more at higher concentration of GO and in fact big clusters of GO is 

visible in Figure 5.12 (b). It can be seen that, after surface modification, the particles 

are uniformly distributed and show no noticeable degree of agglomeration (Figure 

5.12 (c)-(f)).  
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Figure 5.12: TOM images of epoxy nanosuspensions containing (a) 0.4 wt% GO, (b) 0.4 wt% 

GCTBN, (c) 0.4 wt% GOPEI (d) 0.8 wt% GO (e) 0.8 wt% GCTBN and (f) 0.8 wt% GOPEI. 

Insets show high magnification images 

 

5.3.2.2. Rheology 

 

Figure 5.13 shows the variation of viscosity of GO/epoxy and polymer grafted 

GO/epoxy nanosuspension with respect to shear rate. Neat epoxy resin showed a near 

Newtonian behavior whereas addition of GO resulted in a pseudo plastic behavior 

(viscosity decreases as shear rate increases). For GO/epoxy suspension, a drastic 

increase in viscosity was observed with increasing GO loading. On the other hand, 

the viscosity of polymer grafted GO/epoxy suspension is much lower than that of 

GO/epoxy suspension at low shear rates. This point towards the non-homogenous 

dispersion of GO in epoxy matrix due to the presence of high functional group 

density. 
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Figure 5.13: Variation of viscosity with shear rate for epoxy nano suspensions of GO, 

GCTBN and GOPEI 

 

A typical plot between shear rate (log γ) and shear stress (log τ) is presented in 

Figure 5.14 for epoxy resin, GO/epoxy and polymer grafted GO/epoxy 

nanosuspensions. The slope of the plots of shear rate (log γ) vs shear stress (log τ) 

provided the pseudo plasticity index (n). As seen from data in Table 5.1, the pseudo-

plasticity index n of the solution decreases by the addition of GOs. On adding pristine 

GOs, the n value shows an abrupt decrease. After chemical modification of GOs, 

shear thinning behaviour is observed but it is less pronounced; in other words, after 

chemical modification of GOs, the extent of Newtonian plateau is greater than with 

the GO epoxy suspension. 
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Figure 5.14: Variation of shear stress with shear rate for epoxy nano suspensions of GO, 

GCTBN and GOPEI 

 

Table 5.1: Rheological data of GO/epoxy nanosuspensions 

Sample code Viscosity at shear rate 

1 s-1 (Pa.s) 

Flow index (n) 

Epoxy resin 4.07 0.99 

0.4 wt% GO/epoxy 51.7 0.69 

0.4 wt% GCTBN/epoxy 14.0 0.90 

0.4 wt% GOPEI/epoxy 19.7 0.85 

0.8 wt% GO/epoxy 325.0 0.52 

0.8 wt% GCTBN/epoxy 19.8 0.86 

0.8 wt% GOPEI/epoxy 69.8 0.67 

 

5.3.2.3. TEM micrographs of epoxy composites 

 

TEM images of GO/epoxy GCTBN/epoxy and GOPEI/epoxy composites are 

shown in Figure 5.15. In the GO/epoxy composite, agglomerates of GO sheets with 
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over a few microns in lateral size were observed. On the other hand, a significant 

improvement in exfoliation and dispersion was observed by the grafting of polymers 

on GO. 

 

 

Figure 5.15: TEM images of epoxy nanocomposites containing (a) 0.6 wt% GO (b) 0.6 wt% 

GCTBN and (c) 0.6 wt% GOPEI 

 

5.3.3. Tensile strength of epoxy composites 

 

The tensile properties for neat epoxy and its composites with different filler 

loadings of GOs, GCTBN and GOPEI are summarized in Figure 5.16 and 

corresponding values are given in Table 5.2. From the Table, the addition of GOs 

improved the tensile properties. The tensile strength increases to a maximum of 

around 22% by the addition of 0.4 wt% GOs. Similarly, the tensile modulus and 

elongation at break shows a maximum increase of ≈16% and ≈ 36% respectively with 

the addition of 0.6 wt% GOs. The increase in tensile modulus represent the improved 

stiffness, on the other hand the increase in elongation at break represent the improved 

ductility. This means that the modification of epoxy with small amount of GOs (0.4 

to 0.6 wt% of GOs) is an ideal way to improve the properties of epoxy systems. In 

fact this improvement in properties make the GO based composites attractive for 

many industrial applications. 
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Figure 5.16: (a) Representative stress-strain curves (b) tensile strength and (c) tensile 

modulus of epoxy nanocomposites 

 

Table 5.2: Fracture toughness and tensile properties of epoxy nanocomposites 

SI 

No 

Sample code KIC 

(MPa.m1/2) 

Tensile 

strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

1 Neat epoxy 0.74 ± 0.02 68.4 ± 1.7 1.89 ± 0.04 5.66 ± 0.63 

2 0.2 wt% GO 0.91 ± 0.10 75 ± 3.6 1.92 ± 0.11 6.01 ± 0.88 

3 0.4 wt% GO 1.46 ± 0.03 83.7 ± 6.8 2.05 ± 0.09 7.23 ± 1.45 

4 0.6 wt% GO 1.21 ± 0.10 76.1 ± 3.9 2.19 ± 0.09 7.69 ± 0.99 

5 0.8 wt% GO 0.98 ± 0.02 72.9 ± 3.8 1.97 ± 0.10 5.58 ± 0.67 

6 0.2 wt% GCTBN 1.09 ± 0.09 78.6 ± 3.6 2.15 ± 0.07 8.27 ± 0.11 

7 0.4 wt% GCTBN 1.58 ± 0.06 86.4 ± 2.4 2.28 ± 0.08 6.05 ± 0.40 
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8 0.6 wt% GCTBN 1.69 ± 0.07 91.4 ± 4.5 2.36 ± 0.10 6.23 ± 1.27 

9 0.8 wt% GCTBN 0.90 ± 0.03 83.8 ± 4.4 2.13 ± 0.07 6.96 ± 0.88 

10 0.2 wt% GOPEI 1.29 ± 0.02 77.9 ± 3.0 2.13 ± 0.09 7.12 ± 0.65 

11 0.4 wt% GOPEI 1.65 ± 0.02 84.9 ± 4.8 2.16 ± 0.11 6.98 ± 0.47 

12 0.6 wt% GOPEI 1.98 ± 0.07 88.7 ± 4.7 2.38 ± 0.07 6.47 ± 1.12 

13 0.8 wt% GOPEI 1.55 ± 0.08 79.3 ± 3.6 2.11 ± 0.07 6.01 ± 0.87 

 

The composites containing the polymer grafted GOs exhibit better tensile 

strength, and modulus values than their GO counterparts. For epoxy composite with 

0.6 wt% GCTBN, the tensile modulus, and strength increased by ≈ 25% (2.36± 0.16 

GPa), and ≈ 34% (91.4 ± 4.3 MPa) respectively with respect to neat epoxy system. 

Similarly for GOPEI/epoxy composites, an improvement of 26 and 30 % in tensile 

modulus and strength were observed. The experimental tensile modulus of the 

GCTBN/epoxy and GOPEI/epoxy composites are found to be comparable to the 

modulus predicted using the modified Halpin-Tsai modeling. From these results, it is 

clear that the reinforcing capability of polymer grafted GOs were better than that of 

GOs. The mechanical properties of the epoxy nanocomposites depend on the proper 

dispersion of fillers in the polymer matrix along with a good interaction between the 

reinforcement and the polymer. After grafting of GO with liquid rubbers, the fine 

dispersion and exfoliation of GCTBN and GOPEI sheets as well as the strong 

interfacial interaction between GO and epoxy due to the presence of soft polymer at 

the interface, favors proper stress transfer between the matrix and reinforcing filler 

and thus result in a significant enhancement in the tensile properties. This is 

schematically represented in Figure 5.17. 

 

 



183 
 

 

Figure 5.17: Schematic showing the interface between the epoxy matrix and polymer grafted 

GO filler 

 

5.3.4. Fracture toughness of epoxy composites 

 

Fracture toughness (KIC) values of neat epoxy, GO, GCTBN and GOPEI 

epoxy nanocomposites are given in Table 5.2. Addition of GO and polymer grafted 

GOs into the epoxy matrix resulted in an improvement in fracture toughness (Figure 

5.18). By the addition of 0.4 wt% GOs, KIC increased from 0.74 ± 0.02 MPa.m1/2 to 

1.46 ± 0.03 MPa.m1/2 an increase of ≈ 97% improvement. This is followed by a 

decrease in the value of KIC at higher GO concentrations due to the presence of 

agglomerates and defects. GCTBN/epoxy composites shows higher fracture 

toughness values than GO/epoxy nanocomposites with highest fracture toughness of 

1.69 ± 0.07 MPam1/2 with an improvement of 128% compared to neat epoxy. It is 

interesting to notice that composite prepared by PEI grafted GO showed the 

maximum improvement in fracture toughness (166% improvement compared to neat 

epoxy) at a composition of 0.6 wt%. The functionalization of the GOs with PEI used 

in these composites created amino groups on the surface of filler which resulted in 

stronger bonding interactions with the epoxy matrix material and promoted improved 

dispersion of the particles, both of which contributed to improved fracture toughness. 
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Figure 5.18: Fracture toughness of epoxy nanocomposites containing GO, GCTBN and 

GOPEI 

 

To evaluate the dispersion and interfacial behavior of the composites, the 

fracture surface obtained after the fracture toughness test was evaluated using 

HRSEM (Figure 5.19 and 5.20). Fracture surface of neat epoxy shows smooth mirror 

like pattern which suggests poor absorption of energy during crack propagation 

which results in brittle fracture. Considerable difference is noticed between the failure 

surface of neat epoxy and that of GO/epoxy composite system. The fracture surfaces 

of the composites became very rough with the inclusion of GOs. These changes are 

attributed to the crack deflection and pinning created by the addition of the rigid GO 

sheets. The total fracture surface area of the system is increased as a result of 

incorporation of GOs resulting in greater energy absorption as compared to that of the 

unfilled polymer. The SEM image of the epoxy composites containing higher loading 

of GOs show non-uniform dispersion due to aggregated GOs. Aggregates of GO with 

size of several microns were observed at the surface of 0.8 wt% GO modified epoxy 

composite (shown as red circle in Figure 5.20). This indicates the breakdown of 

filler/matrix interface or in other words represents poor interactions between matrix 

and particle (Parameswaranpillai et al., 2013). Such aggregates of GO sheets and 

poor filler/matrix interface would cause stress concentrations during the fracture 
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process. These stress concentrations may facilitate failure during the fracture test. The 

fracture surface of polymer grafted GO/epoxy composite reveals a different surface 

morphology, and is relatively coarser than the composites containing GO. The 

rougher surfaces signify much more energy absorption. Moreover, SEM micrographs 

reveal no sheet pull out, which means that graphene surface is fully wet by the epoxy 

matrix. This indicates that the sheet/matrix interfacial bonding is effectively 

improved after doing the grafting with liquid rubbers (Naebe et al., 2014). Since 

functionalized GOs produced a stronger interface with the matrix than GO, polymer 

grafted GOs were able to carry a higher level of loading upon fracture, as indicated 

by the excellent fracture features. As in the case of GO/epoxy composites, a higher 

loading of functionalized GOs in the system resulted in the agglomeration of sheets 

resulting in a decrease in the KIC values 

 

 

Figure 5.19: FESEM images of fractured surface of sample: (a) neat epoxy (b) 0.6 wt% GO 

(c) 0.6 wt% GCTBN and (d) 0.6 wt% GOPEI 
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Figure 5.20: FESEM image of fractured surface of epoxy composite containing 0.8 wt% GO 

 

5.3.5. Dynamic mechanical analysis 

 

DMA was carried out to understand the viscoelastic behavior over a wide 

range of temperatures for neat epoxy, GO/epoxy and polymer grafted GO/epoxy. 

Figure 5.21 shows a comparison of the G′ of neat epoxy and epoxy with 0.6 wt% of 

GOs and polymer grafted GOs in the temperature range 30 – 250 oC. The storage 

modulus of neat epoxy system was improved significantly with the incorporation of 

GO sheets. The storage modulus at the glassy region and rubber region are given in 

Table 5.3. From the table, the storage modulus of neat epoxy at 30 oC is 1995 MPa, 

while that of GO, GCTBN and GOPEI epoxy composites are 2319, 2476 and 2561 

MPa respectively. These values were ≈ 16, 24 and 28 % higher than those obtained 

for the neat epoxy system. The increased stiffness is due to the high modulus of 

graphene platelets dispersed in the epoxy matrix. It can be noticed that the storage 

modulus is maximum for polymer grafted GO/epoxy composites. This is due to the 

strong interfacial interaction between the filler and matrix after chemical modification 

with rubber, which reduces the mobility of the local matrix around the sheets. All the 

composites show two inflection points, one at 60 oC, due to lower cross-link density 
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sites in the epoxy network and the other at the glass transition temperature (Tg) of the 

cross-linked epoxy system at around 200 oC. 
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Figure 5.21: Storage modulus versus temperature curves for neat epoxy, 0.6 wt% GO, 0.6 

wt% GCTBN and 0.6 wt% GOPEI modified epoxy nanocomposites 

 

Table 5.3: Values of storage modulus (G’) at rubbery and glassy region and Tg for the 

prepared epoxy composites 

Sample code G' at 30 

oC (MPa) 

G' at 245 

oC 

(MPa) 

Tg 

(oC) 

Interaction 

parameter 

(B) 

Constrained 

region (Cr) 

Neat epoxy 1995 24.75 208.5 -- 0 

0.6 wt% GO/ epoxy 2319 31.89 214.5 0.022 0.0040 

0.6 wt% GCTBN/ 

epoxy 

2476 34.72 225 0.062 0.0114 

0.6 wt% GOPEI/ 

epoxy 

2561 35.36 214.2 0.111 0.0202 
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Figure 5.22 shows the temperature dependence of tan δ of cured neat epoxy 

and its GO composites. The tan δ is the ratio of G'' to G' and the peaks of tan δ are 

often used to determine the Tg of the material. The obtained Tg for the composites are 

shown in Table 5.3. The Tg of epoxy composites increased with the addition of GO, 

from 208.5 oC in the case of pristine resin to 214.5 oC for the 0.6 wt% GO/epoxy 

composite, with an increase of 7 oC. On the other hand, the GCTBN/epoxy composite 

shows the highest Tg (~225 oC), with a remarkable increase of 16.5 oC. This increase 

in Tg is due to the hindered polymer chain mobility near the filler/matrix interface or 

surrounding the filler due to chemical bonding. 
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Figure 5.22: Tan delta versus temperature curves for neat epoxy, 0.6 wt% GO, 0.6 wt% 

GCTBN and 0.6 wt% GOPEI modified epoxy nanocomposite 

 

The height depression in the tan δ peak indicates a reduction in the amount of 

mobile polymer chains during the glass transition; therefore the height loss in tan δ 

peak can be used to determine the volume fraction of the constrained region (polymer 

chains immobilized by the GO platelets) in epoxy phase in the epoxy 

nanocomposites. The height depression in the tan δ peak and the increase in Tg is 

considerably significant for the GO/epoxy and polymer grafted GO/epoxy system. 

The volume fraction of the constrained region in each sample can be estimated from 
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the height of the tan δ peak. In GO/epoxy composites, the GOs have high surface to 

volume ratio and hence epoxy chains get attached to the GO surface thereby limiting 

the mobility of the surrounding polymer chains and hence leads to the formation of 

constrained regions around the nano filler with higher Tg. Among the epoxy 

nanocomposites, the GOPEI/epoxy system exhibits the highest fraction of constrained 

region. For the GOPEI modified epoxy blends, the sheet/matrix interfacial bonding is 

effectively improved and therefore more epoxy chains get attached with the GO 

surface leading to the formation of a higher fraction of constrained regions with 

highest Tg and height depression in the tan δ peak. 

 

The interfacial interaction between the polymer grafted GOs and epoxy matrix 

can also be calculated from tan δ profile (Ziegel and Romanov, 1973). The 

relationship between tan δ of the polymer nanocomposites and neat polymer can be 

evaluated by the following equation. 

 

                                                     
 

tan
tan

1 1.5

m

B


 

 
                                                 (5.1) 

 

where tan δ and tan δm are the loss tangent of polymer nanocomposite and neat 

polymer, respectively; ϕ and B represents the volume fraction of the fillers and an 

interaction parameter respectively. The positive value of B indicates good interaction 

between the fillers and polymer matrix (Zeng et al., 2014).  

 

The calculated interaction parameter (B) for GO/epoxy, GCTBN/epoxy and 

GOPEI/epoxy nanocomposites is given in table 5.3. As mentioned above, the positive 

value of B indicates good interaction between the fillers and polymer matrix. Please 

note that the interaction parameter for functionalized GO/epoxy nanocomposites is 

much higher when compared with GO/epoxy system. This is due to the strong 

interfacial interaction between the filler and matrix after chemical modification with 
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rubber, which reduces the mobility of the local matrix around the sheets, which led to 

better modulus and Tg. 

 

5.3.6. TGA of epoxy composites 

 

Thermal stability of the epoxy composites was traced using TGA. The thermal 

stability of epoxy composites with 0.6 wt% loading of GO and functionalized GOs 

were compared with neat epoxy system in Figure 5.23. The thermal stability of epoxy 

matrix was not affected by the addition of GO. As shown in the figure, the main 

weight loss for the composites takes place at around 320 oC, which is attributed to the 

degradation of epoxy network. This means that all the composites prepared are very 

stable and show little degradation below 320 oC and therefore can be used for many 

high temperature applications.  
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Figure 5.23: TGA and DTG curves of epoxy nanocomposites 

 

5.4. Conclusions 

 

Polymer grafted GOs were successfully synthesized. Partial reduction of GO 

was observed during functionalisation with CTBN and PEI. The prepared GO and 
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polymer grafted GOs were characterized by FTIR, XPS, Raman spectroscopy, XRD, 

TEM, TOM and TGA. The studies reveal the grafting of polymers with GO. The 

thermo-mechanical properties were carefully analyzed using UTM, DMA and TGA. 

The fracture surface was carefully characterized by SEM. The mechanical properties 

of the epoxy system show an excellent improvement by the addition of polymer 

grafted GOs. The surface morphology reveals improved interfacial bonding between 

the filler/matrix. Therefore, polymer grafted GO/epoxy composites are able to carry 

higher level of loading during fracture. The viscoelastic properties also show drastic 

improvement in modulus and Tg. This improvement in Tg is due to the hindered 

polymer chain mobility near the filler/matrix interface. The improvement in modulus 

and Tg was further confirmed by the quantitative analysis of the constrained region. 

Furthermore, the TGA studies reveal good thermal stability and depicts that the 

decomposition temperatures of epoxy composites are above 320 oC. In addition, it 

can be concluded that polymer grafted GOs can be effectively utilized to improve 

significantly the thermo-mechanical properties of epoxy composites. 
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CHAPTER 6 

 

FABRICATION AND CHARACTERISATION OF 

TiO2-NANOWIRE BASED EPOXY 

NANOCOMPOSITES 

 

 

TiO2-derived nanowires were prepared by a simple hydrothermal synthesis using 

commercial TiO2 powder (Aeroxide P25) as starting material. This experimental 

study was intended to compare the properties of epoxy composites prepared with 

TiO2(B)-NWs to that with commercial TiO2 nanoparticles. Differences in the 

mechanical, thermal, and morphological properties of composites prepared with 

these two materials at different filler loadings were studied. The mechanism that 

paved way to the enhancement in the fracture toughness of the TiO2(B)-NW/epoxy 

nanocomposites was evaluated. 

 

 

 

 

 

 

 

 

 

 

 

 

The results of this chapter have been communicated for publication in Composite 

Part B: Engineering 
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6.1. Introduction 

 

Many ways to toughen epoxies have been discussed extensively in the 

literature, including the use of liquid rubbers (Chikhi et al., 2002; Puglia et al., 2013), 

thermoplastic (Jyotishkumar et al., 2012; Kim, Chiba and Inoue, 1995) and inorganic 

particles (Lim et al., 2010; Ragosta et al., 2005), etc. The incorporation of inorganic 

particulate fillers has also proved to be an effective way of improving the mechanical 

properties, such as modulus and strength of resin (Adachi et al., 2008). Nano-

reinforcements, as opposed to traditional reinforcements, have been shown to 

improve mechanical and thermal properties at much lower filler loadings (Hsieh et 

al., 2010; Park et al., 2015; Yang et al., 2009). Due to their extremely high specific 

surface area, the nanoparticles exhibit high interfacial interactions between the 

particles and the polymer matrix that primarily leads towards the achievement of 

novel properties in materials. 

 

Filler geometry of a composite plays a crucial role in determining the 

mechanical performance of the composites. Effect of particles size and shape on the 

mechanical properties of composites have been discussed by several authors. 

Hassanabadi and Rodrigue (2014) investigated the effect of particle characteristics 

such as size and shape on the reinforcing efficiency of different nanofillers (CaCO3, 

talc, nano-crystalline cellulose (NCC), multi-walled nanotube and clay) in ethylene 

vinyl acetate composites. Suraiti et al. (2011) measured flexural properties of nano-

sized silver nanoparticle/epoxy nanocomposites and compared them with those of 

composites with micron sized silver flakes. The correlation between the shape and 

size of the ceria nanostructures and the mechanical performance of their epoxy 

composites was investigated by He et al. (2011). Their results demonstrate that epoxy 

resins made with high aspect ratio ceria nanorods show the highest impact strength, 

up to 17.27 kJ/m2, which is about four times that of the neat epoxy resin. Alishahi et 

al. (2013) studied the effect of shape of carbon nanofillers on the mechanical 



195 
 

properties of epoxy nanocomposites. It is noteworthy that while nano diamond and 

fibrous (carbon nanotube and nanofiber) particles provided better tensile properties, 

platelet (graphene oxide) nano reinforcements lead to a considerable increase in the 

fracture toughness of the composites. A few researchers have investigated the effect 

of aspect ratio of carbon nano tubes on the properties of nanocomposites and it has 

been found that they can have a substantial effect on both the mechanical and 

electrical properties. For instance, the effect of aspect ratio of nanotubes on the 

mechanical properties of nanocomposites was investigated by Martone et al. (2011). 

Interestingly it was noticed that composites with high aspect ratio MWNTs present 

higher modulus than those with low aspect ratio MWCNTs at identical filler loading 

levels. Moreover, the impact behavior of polypropylene (PP) filled with MWCNTs of 

different lengths was studied by Zhang and Zhang (2007) and they concluded that the 

longer MWCNTs exhibited higher toughening efficiency than the shorter ones. 

 

TiO2 is extensively used in industry as an additive in plastics, catalysts and 

catalyst supports, photochemical degradation of toxic chemicals, and so on. 

Therefore, TiO2/epoxy nanocomposites do have wide applications, particularly in 

organic photovoltaics, fire retardant composites, and so on (Bittmann et al., 2011; 

Carballeira and Haupert, 2010; Hamming et al., 2009; Wu et al., 2011). TiO2 has not 

received much attention as a filler for the enhancement of mechanical performance of 

polymers. Only a few reports are concerned about the effect of volume fraction and 

size of TiO2 particle on the mechanical performance of epoxy composites in the 

literature (Al-Turaif, 2010). TiO2(B)-NWs offer promising advantages towards the 

improvement of mechanical properties in polymer composites because of their wire 

structure and high aspect ratio which makes them impart better stress transfer from 

TiO2 to the matrix during loading. The larger surface area of TiO2(B)-NWs increases 

the contact area with the polymer matrix maximizing the stress transfer from the 

polymer to the nanowires. Thus, TiO2(B)-NW/epoxy composite can be expected to 

exhibit better reinforcement than nano TiO2 powder in polymer composites, due to its 

high aspect ratio and higher contact surface area. 
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It is significant to determine the influence of shape on the properties of the 

composites made with TiO2. Many previous works have been focused on size, 

distribution of filler and volume fraction of filler, to the best of author’s knowledge, 

not much of an experimental comparison has been made on the effect of shape of 

TiO2 nanoparticle on the mechanical properties of nanocomposites. The main 

objective of this chapter is to analyse the mechanical performance and fracture 

resistance of epoxy-based nanocomposites reinforced with TiO2 of two different 

shapes including nanowires and nanoparticles. The fracture mechanisms involved in 

nano-reinforcement and the effect of particle shape on these mechanisms are 

discussed in detail. 

 

6.2. Materials and Methods 

 

6.2.1. Materials 

 

TiO2 (Aeroxide P25) was purchased from Sigma Aldrich, Bangalore, India. 

Sodium hydroxide (NaOH) and hydrochloric acid was purchased from Spectrochem, 

India. The polymer matrix used in the present study was epoxy resin Lapox ARL-135 

DGEBA (epoxy equivalent 187 g/eq) and DDS hardener under the commercial name 

Lapox K10 and was purchased from Atul India private limited, Gujarat. All the 

chemicals were used as received without further purification. 

 

6.2.2. Preparation of TiO2(B)-NWs 

 

TiO2-derived nanowires (TiO2(B)-NWs) were synthesized by the 

hydrothermal treatment using commercial TiO2 powder (Aeroxide P25) as starting 

material. In a typical preparation procedure (Armstrong et al., 2004), 150 mg TiO2 

white powders were placed into a Teflon-lined autoclave of 25 mL capacity. Then, 
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the autoclave was filled with 10 M solution of NaOH up to 80% of the total volume, 

sealed into a stainless steel tank and maintained at 200 oC for 24 h. It was cooled 

down to room temperature and the obtained sample was sequentially washed with 0.1 

M HCl aqueous solution (250 mL) followed by distilled water until pH becomes 

neutral. It was subsequently dried at 70 oC for 12 h in a vacuum oven. Titanate 

nanowires, obtained by the above-mentioned method, were heated in an air 

atmosphere at 400 oC for 4 h to obtain TiO2(B)-NWs. 

 

6.2.3. Preparation of TiO2/epoxy nanocomposites 

 

Epoxy composites with different loadings of TiO2 were prepared by the 

following procedure. Required amounts of TiO2 (0.2, 0.4, 0.6 and 0.8 wt% with 

respect to DGEBA) was initially dispersed in a mixture of acetone by sonication for 

15 min and then mixed with DGEBA and sonicated again for 15 min to obtain a 

white suspension. Acetone was evaporated off by heating at 90 oC for 2 h. The trace 

amount of solvent was then removed by keeping in a vacuum oven. It was then added 

to molten hardener (35 g/100 g DGEBA) and stirred for 10 minutes. It was degassed 

for 5 min until there was no sign of trapped bubbles. The mixture was poured into a 

preheated mould and cured for 4 h at 180 oC. Post curing was done at 200 oC for an 

hour. The same procedure was followed for the preparation of TiO2(B)-NW/epoxy 

composite. The flow chart of the preparation of epoxy composites filled with TiO2 is 

shown in Figure 6.1. 
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Figure 6.1: Flow chart of the preparation of TiO2/epoxy nanocomposites 

 

6.2.4. Characterization 

 

The morphology of TiO2(B)-NWs as well as the fracture surfaces of the 

composite samples were investigated using field emission SEM (FE SEM, FEI 

Quanta FEG200) at an accelerating voltage of 20 kV, and the fracture surfaces were 

coated with a conductive layer of gold. The phase identification of the nanowire 

samples was conducted with powder X-ray diffraction (XRD) using using X-ray 

diffractometry (PANalytical 3 kW X’pert PRO X-ray diffractometer) using Cu Ka 

(k= 1.5406 Å) radiation source operating at a voltage of 45 kV and 300 mA of 

electric current. The data was collected for scattering angles (2θ) ranging from 5 to 

70o (2h). The high-resolution transmission electron microscopy (HRTEM) of the 

samples was performed using JEOL JEM-2100 equipped with an EDX spectrometer 

with an acceleration voltage of 200 kV. Sliced thin sections of TiO2/epoxy 
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composites with a thickness of about 60-80 nm, prepared by ultra-microtomy, were 

used to take the TEM images of the composites. Dynamic Mechanic Analysis (DMA) 

was performed on a DMA Q800, operating in the single cantilever mode at an 

oscillation frequency of 1 Hz. Data was collected from room temperature to 250 oC at 

a scanning rate of 2 oC/min. The sample specimens were cut into rectangular bars 

measuring 50 x 5 x 2 mm3. Tensile tests were performed with dumbbell shaped 

specimens using an Instron model 5969 tensile tester at a crosshead speed of 1 

mm/min as per ASTM standard D638. The results are the average of at least five 

measurements. Fracture toughness of the sample was measured using UTM (Instron 

5969, Instron, USA) at a crosshead speed of 10 mm/min (as per ASTM standard 

D5045). Single edge notch specimens of 46 × 6 × 3 mm3 (span length =24 mm) were 

used to measure the fracture toughness of the epoxy nanocomposites.  

 

6.3. Results and Discussion 

 

6.3.1. Characterization of TiO2(B)-NWs 

 

6.3.1.1. SEM Analysis 

 

The morphologies of both TiO2 nanoparticle and TiO2(B)-NWs were 

characterized by scanning electron microscopy, as shown in Figure 6.2. Figure 6.2 (a) 

shows the HRSEM images of the commercial TiO2 nano particles. Although 

commercial P-25 TiO2 powder is known to be very fine with a particle size of 25–30 

nm (information provided by the manufacturer), SEM analysis of nano TiO2 particles 

shows particles with clumped distributions. After the hydrothermal treatment 

followed by heating at 400 oC, the as-synthesized TiO2(B)-NWs exhibit wire-like 

morphology with typical lengths in the range of 3 microns to more than 5 microns 

and diameter of 50 to 80 nm (Figure 6.2 (b)). 
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Figure 6.2: HRSEM image of (a) TiO2 nanoparticle and (b) TiO2(B)-NWs 

 

6.3.1.2. XRD Analysis 

 

The XRD patterns of TiO2 precursor (Degussa P-25) and the synthesized 

nanowires are shown in Figure 6.3. The XRD pattern of nanowire obtained after 

hydrothermal treatment and HCl washing showed a close resemblance to the reported 

literature (Kolen'ko et al., 2006; Yoshida et al., 2005), indicating hydrogen titanate 

nanowire structure. After the heat-treatment at a temperature of 400 oC, the nanowires 

were dehydrated and re-crystallized into the metastable form of TiO2(B)-NWs 

(Armstrong et al., 2004; Tsai and Teng, 2006). At 400 °C, all the peaks shown in the 

XRD spectrum can be indexed to TiO2(B) phase and is in good agreement with 

published data (Armstrong et al., 2005; Kolen'ko et al., 2006; Li et al., 2011), 

indicating that the titanate nanowires are converted into TiO2(B)-NWs. 
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Figure 6.3: XRD image of (a) TiO2 nanoparticles, (b) hydrogen titanate NWs and (c) 

TiO2(B)-NWs 

 

6.3.2. Dispersion behavior of epoxy nanosuspension and composites 

 

6.3.2.1. Transmission Optical Microscopy (TOM) 

 

Optical microscopy images can be used effectively to characterize the state of 

aggregation at the micrometer scale. Optical micrographs at different magnification 

levels for the dispersion of (a) 0.6 wt% TiO2 and (b) 0.6 wt% TiO2(B)-NWs in epoxy 

suspension before curing are presented in Figure 6.4. As revealed in Figure 6.4 (a), 

the TiO2 particles show many agglomerates in the epoxy matrix, which are indicated 

by the red circles. This is due to the presence of hydroxyl group density on the 

surface of TiO2 which results in Van der Waals interaction between the particles. On 

the contrary, it can be seen that in TiO2(B)-NW/epoxy suspension (Figure 6.4 (b)), 

the nanowires are uniformly distributed and  the dispersion of TiO2(B)-NWs in epoxy 

is relatively better. 
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Figure 6.4: TOM images of epoxy nano suspensions containing (a) 0.6 wt% TiO2 and (b) 0.6 

wt% TiO2(B)-NWs. Insets show high magnification images 

 

6.3.2.2. Rheology 

 

Figure 6.5 shows the variation of viscosity of TiO2/epoxy and TiO2(B)-

NW/epoxy nano suspension with respect to shear rate. All the systems showed a near 

Newtonian behavior. In the case of TiO2/epoxy suspension, no drastic increase in 

viscosity was observed with increasing TiO2 loading. On the other hand, the viscosity 

of TiO2(B)-NW/epoxy suspension is lower than that of TiO2/epoxy suspension at low 

shear rates. This point towards the homogenous dispersion of TiO2(B)-NWs in the 

epoxy matrix as observed in TOM images. 
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Figure 6.5: Variation of viscosity with shear rate for epoxy nano suspensions of TiO2 and 

TiO2(B)-NWs 

 

6.3.3. Characterization of Epoxy Composites 

 

6.3.3.1. TEM micrographs 

 

TEM images of TiO2 modified epoxy and TiO2(B)-NW/epoxy composites are 

shown in Figure 6.6. In TiO2 modified epoxy composite, agglomerates of TiO2 with 

over a few microns in lateral size were observed. The micrograph of TiO2(B)-

NW/epoxy composite shows the existence of individual TiO2(B)-NWs embedded in 

the epoxy matrix. A significant improvement in the dispersion was observed by using 

TiO2 (B)-NWs as fillers instead of nanopowder. 
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Figure 6.6: TEM image of epoxy nanocomposites containing (a) 0.6 wt% TiO2 and (b) 0.6 

wt% TiO2(B)-NWs 

 

6.3.3.2. Tensile strength of epoxy nanocomposites 

 

The mechanical properties of the epoxy nanocomposites depend on the 

volume fraction and aspect ratio of the filler, dispersion of fillers in the polymer 

matrix and interaction between the filler and the polymers. Effects of the addition of 

TiO2 and TiO2(B)-NWs  as fillers on the tensile strengths of the resultant composites 

are illustrated in Figure 6.7 and also summarized in Table 6.1. Representative tensile 

stress versus strain curves are shown in Figure 6.7 (c). TiO2/epoxy composites show 

limited increases in tensile properties. For epoxy composites with 0.6 wt% TiO2, the 

tensile modulus and strength increased by 7% (2.02 ± 0.02 GPa) and 13% (77.3 ± 2.6 

MPa), respectively. It was clear that the reinforcing capability of TiO2(B)-NWs was 

much higher than that of TiO2 for all concentrations. The highest increase in tensile 

modulus is 16% (from 1.89 ± 0.03 to 2.20 ± 0.01 GPa) at TiO2(B)-NW loading of 

0.60 wt%. The highest increase in tensile strength is 26% (from 68.4 ± 1.7 to 85.2 ± 

3.4 MPa) at TiO2(B)-NW loading of 0.6 wt%. Nevertheless, the tensile strength 

decreases with further increase of TiO2(B)-NW loading. The decreased tensile 

strength is probably due to the aggregation of the TiO2(B)-NWs which can result in 

the concentration of stress at the aggregation points. High aspect ratios, i.e., large 

surface areas per volume, can lead to higher levels of stress transferability since this 
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phenomenon is governed by shear mechanisms between matrix and fiber/filler at the 

interphase, hence increasing the tensile modulus of the composite system (Figure 

6.8). This result confirms that the interface is actually allowing the stress to be 

transferred from the matrix to the reinforcing agent. 

 

 

Figure 6.7: (a) Representative stress-strain curves (b) tensile strength and (c) tensile modulus 

of epoxy nanocomposites containing TiO2 nanoparticles and TiO2(B)-NWs 
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Figure 6.8: Schematic showing the interaction between reinforcing fillers and the epoxy 

matrix 

 

Table 6.1: Fracture toughness and tensile properties of TiO2/epoxy nanocomposites 

SI 

No 

Sample code KIC 

(MPa.m1/2) 

Tensile 

strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

1 Neat epoxy 0.74 ± 0.08 68.4 ± 1.7 1.89 ± 0.03 5.66 ± 0.63 

2 0.2 wt% TiO2 0.88 ± 0.06 70.4 ± 1.7 1.91 ± 0.01 6.24 ± 0.3 

3 0.4 wt% TiO2 0.96 ± 0.11 75.0 ± 1.2 2.04 ± 0.02 5.7 ± 0.45 

4 0.6 wt% TiO2 1.03 ± 0.01 77.3 ± 2.6 2.02 ± 0.02 5.55 ± 0.67 

5 0.8 wt% TiO2 0.93 ± 0.01 73.5 ± 1.1 1.98 ± 0.02 5.24 ± 0.63 

6 0.2 wt% TiO2(B)-

NW 

1.20 ± 0.17 72.6 ± 1.9 1.96 ± 0.02 6.69 ± 0.31 

7 0.4 wt% TiO2(B)-

NW 

1.40 ± 0.10 77.9 ± 1.6 2.17 ± 0.02 6.77 ± 0.59 

8 0.6 wt% 

TiO2(B)-NW 

1.75 ± 0.14 85.2 ± 3.4 2.20 ± 0.01 5.54 ± 0.42 

9 0.8 wt% TiO2(B)-

NW 

1.02 ± 0.09 82.2 ± 2.2 2.03 ± 0.01 6.39 ± 0.54 
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6.3.3.3. Fracture toughness of epoxy nanocomposites 

 

Fracture toughness (KIC) values of neat epoxy, TiO2, and TiO2(B)-NW/epoxy 

nanocomposites are given in Table 6.1. By the addition of 0.6 wt% TiO2, KIC 

increased from 0.74 ± 0.02 MPa.m1/2 to 1.03 ± 0.01 MPa.m1/2, an increase of around 

39% improvement.  During fracture, when the crack growth path reaches the 

nanoparticles, it deviates from its initial path and propagates along the interface area 

between the particle and the matrix. Hence, the crack propagates in a longer path and 

its extension requires higher fracture energy. This improvement in fracture toughness 

of TiO2 composite was not noteworthy when compared to epoxy composite prepared 

by 0.6 wt% TiO2(B)-NWs. The highest gains in KIC value (136% improvement 

compared to neat epoxy) are observed for the TiO2(B)-NW/epoxy composite with 0.6 

wt% TiO2(B)-NWs (Figure 6.9). Further loading of TiO2(B)-NWs did not bring about 

any further advantage. This might be attributed to the poor dispersion of TiO2(B)-

NWs at higher concentrations. The increasing trend of KIC for TiO2(B)-NW/epoxy 

composite indicates the fact that high aspect ratio fillers enhance fracture toughness 

of the nanocomposites more efficiently than their particulate counterparts. 

 

 

Figure 6.9: Fracture toughness of epoxy nanocomposites of TiO2 nanoparticles and TiO2(B)-

NWs 
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HRSEM observation was employed in order to examine the fracture surfaces 

of the nanocomposite samples. As shown in Figure 6.10 (a), the neat epoxy shows a 

smooth glassy fracture surface, which is a clear indication of the brittleness of the 

sample, with no plastic deformation. The composite containing 0.6 wt% TiO2 exhibits 

rougher fracture surface with more river-like lines (Figure 6.10 (b)). These changes 

are mainly attributed to debonding of the rigid TiO2 nanoparticles followed by 

subsequent plastic void growth of the epoxy polymer (Hsieh et al., 2010). The total 

fracture surface area of the system is increased as a result of incorporation of TiO2 

resulting in greater energy absorption as compared to that of the unfilled polymer. 

The fracture path becomes more tortuous with TiO2(B)-NW loading  and is evident 

from the change in microstructure (Figure 6.10 (c)).These changes are attributed to 

the presence of localized shear bands initiated by the stress concentrations around the 

periphery of the TiO2(B)-NWs. Apart from shear yielding, fracture mechanisms like 

crack bridging and crack deflection was also observed in the analysis (Figure 6.10 (c) 

and (d)). These mechanisms are usually observed in nanocomposites containing high 

aspect ratio fillers like carbon nanotube and graphene (Chandrasekaran et al., 2014; 

Guan et al., 2014; Prolongo et al., 2011). All these mechanisms contribute to an 

increase in the total fracture surface area resulting in greater energy absorption 

compared to the neat epoxy and TiO2/epoxy nanocomposite. A schematic of the 

possible toughening mechanisms during fracture of TiO2(B)-NW/epoxy 

nanocomposites is shown in Figure 6.11. Based upon these fratographic analyses, it 

can be suggested that interfacial properties in polymer composites are to a great 

extent affected by the shape of the reinforcing agent. 
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Figure 6.10: FESEM images of fractured surface of sample: (a) neat epoxy (b) 0.6 wt% TiO2 

(c) 0.6 wt% TiO2(B)-NWs (d) 0.6 wt% TiO2(B)-NWs at 20000 x magnification 

 

 

Figure 6.11: Schematic showing the crack propagation of TiO2(B)-NW/epoxy composite 

during fracture; (a) crack bridging, (b) crack deflection, (c) crack pinning and (d) shear 

banding 
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6.3.3.4. Dynamic mechanical analysis 

 

Dynamic mechanical analysis (DMA), is considered as a convincing approach 

to illustrate the interaction between the fillers and matrix. DMA was carried out to 

understand the viscoelastic behavior over a wide range of temperatures for neat 

epoxy, TiO2/epoxy and TiO2(B)-NW/epoxy composites. Figure 6.12 shows a 

comparison of the G′ of neat epoxy and epoxy with 0.6 wt% of TiO2 and TiO2(B)-

NWs in the temperature range 30 – 250 oC. No substantial improvement in storage 

modulus was observed by the addition of 0.6 wt% TiO2. The storage modulus at 30 

oC, as shown in Figure 6.12 (a), illustrates an increase of only 2% with addition of 0.6 

wt% TiO2 (i.e. from 1.99 to 2.04 GPa). It can be found that adding TiO2(B)-NWs into 

DGEBA systems lead to a remarkable increase in storage modulus of the composites. 

About 11% increase in G’ is observed at a concentration of 0.6 wt% TiO2(B)-NWs. 

The enhancement of storage modulus may result from TiO2(B) NW’s high aspect 

ratio, nano level distribution of TiO2(B)-NWs and its strong interaction with 

DGEBA. 
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Figure 6.12: Storage modulus versus temperature curves for neat epoxy, 0.6 wt% TiO2/epoxy 

and 0.6 wt% TiO2(B)-NW/epoxy nanocomposite 
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Figure 6.13 shows the temperature dependent tan δ of cured neat epoxy and 

its TiO2 composites. The tan δ is the ratio of G'' to G' and the tan δ peaks are often 

used to determine the Tg of the material. The obtained Tg for the composites are 

shown in Table 6.2. In this study, a significant reduction of damping (tan δ) was 

observed in the nanocomposites, together with a strong increment in Tg values. These 

changes in both Tg and damping are generally attributed to the existence of a strong 

filler-matrix interface. It is known that the Tg of a polymer composite is substantially 

related to the mobility of polymer segments or to the free volume fraction in polymer. 

The mobility of polymer chains near the nanofillers will be restricted which will 

delay the occurrence of relaxation behavior at the glass transition region, leading to 

an increase of Tg. 
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Figure 6.13: Tan delta versus temperature curves for neat epoxy, 0.6 wt% TiO2/epoxy and 0.6 

wt% TiO2(B)-NW/epoxy nanocomposite 

 

Since the height depression in tan δ peak has been correlated with the chain 

mobility, a quantitative estimation of volume fraction of the constrained regions 

(polymer chains immobilized by the TiO2) in the epoxy phase is done using the 

height of the tan δ peak (Rao and Pochan, 2007). The calculated constrained region is 

given in the Table 6.2. In nanocomposites, the presence of fillers immobilize a 
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significant amount of the polymer chains during glass transition thereby limiting the 

mobility of surrounding polymer chains and hence facilitates the formation of 

constrained regions around the nanofiller with higher Tg. Among the epoxy 

nanocomposites, TiO2(B)-NW/epoxy composite has the highest fraction of 

constrained region. In the epoxy nanocomposite, it is expected that the TiO2(B) 

nanowire having high aspect ratio and good filler/matrix interaction may produce 

more confinement to epoxy polymer than the clumped TiO2 spherical particles. 

Hence the constrained phase in TiO2(B)-NW/epoxy nanocomposite is much higher 

than that in TiO2/epoxy nanocomposite which is in turn  reflected  in the value of Cr 

(fraction of constrained region) in Table 6.2. 

 

Table 6.2: Values of storage modulus (G’) at rubbery and glassy region and Tg for the 

TiO2/epoxy composites 

Sample code G' at 30oC 

(MPa) 

G' at 

245oC 

(MPa) 

Tg (oC) Interaction 

parameter 

(B) 

Constrained 

region (Cr) 

Neat epoxy 1995 24.75 208.5  0 

0.6 wt% TiO2/ 

epoxy 

2041 27.54 214.2 0.009 0.0001 

0.6 wt% 

TiO2(B)-

NW/epoxy 

2222 25.95 215.5 0.069 0.0103 

 

For further understanding the interaction between the filler and epoxy 

polymer chains, the interface bonding strength between the TiO2(B)-NWs and epoxy 

matrix can by indirectly shown by interaction parameter B. The calculated interaction 

parameter, B for TiO2/epoxy and TiO2(B)-NW/epoxy nanocomposites is given in 

Table 6.2. The interaction parameter for TiO2(B)-NW/epoxy nanocomposites is much 

higher when compared withTiO2/epoxy system. The results indicated that the 

interfacial interaction of TiO2(B)-NW/epoxy was stronger than that of TiO2/epoxy 

because of the mechanical bonding along with the Van der Waals binding between 

TiO2(B)-NW and epoxy chains. 
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6.3.3.5. TGA of epoxy nanocomposites 

 

Thermal stability of the epoxy composites was observed using TGA. The 

thermal stability of epoxy composites with 0.6 wt% loading of TiO2 or TiO2(B)-NWs 

were compared with neat epoxy system in Figure 6.14. As shown in the figure, no 

appreciable change is observed in the initial degradation temperature and overall 

thermal stability of all composites. In the case of composites, a small improvement in 

char residue from 420-800 oC is observed due to the presence of inorganic TiO2 

fillers. 

 

 

Figure 6.14: TGA and DTG curves of TiO2/epoxy nanocomposites 

 

6.4. Conclusions 

 

TiO2(B) nanowires (TiO2(B)-NWs) were synthesized and characterized by 

XRD, and SEM and the influence of different morphologies of TiO2 nanostructures 

on the mechanical performance of epoxy nanocomposites were thoroughly 

investigated. The TiO2(B)-NWs shows the highest mechanical properties and 
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comparable thermal properties when compared to TiO2 nanoparticle. The optimum 

properties of this system are attributed to the particle shape or particle dimension that 

has been described by the aspect ratio wherein the elongated filler shows the highest 

aspect ratio hence improving the bonding between resin and filler. TiO2/epoxy 

composite showed little effect on fracture toughness, but TiO2 nanowires increased 

toughness significantly. The TiO2(B)-NWs incorporated into the epoxy matrix 

effectively disrupted the development of crack growth and prevented crack 

propagation. The viscoelastic properties also showed excellent improvement in 

modulus and Tg. This improvement in Tg is due to the hindered polymer chain 

mobility near the filler/matrix interface. The improvement in Tg was further 

confirmed by the quantitative analysis of the constrained region and interaction 

parameter B. TGA analysis indicates that the presence of TiO2 fillers had not 

deteriorated the thermal stability of the epoxy matrix. To conclude, the introduction 

of well-dispersed TiO2(B)-NWs into the epoxy matrix has paved way towards the 

improvement of the mechanical, viscoelastic and thermal performance of the 

composites which tailors them for an array of industrial as well as high-temperature 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 



215 
 

CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORK 

 

7.1. Conclusions 

 

Epoxy based composite materials are being increasingly used as structural 

components in aerospace and automobile industry due to their excellent mechanical 

properties, low-weight, and good chemical/corrosion-resistance. However, like other 

thermoset resins, the crosslinking character of epoxies lead to a highly undesirable 

property of brittleness with poor resistance to crack initiation and growth. The 

inherent brittle nature of epoxy resin necessitates toughening for many structural 

applications. To address this issue, resin formulators have developed technology that 

permits some thermosets to be toughened by the addition of a second phase. Adding 

reinforcements such as nano TiO2, nanotubes and graphene has attracted considerable 

attention as a means to enhance the toughening of epoxy resins. But generally 

nanoparticles have a tendency for agglomeration because of the weak van der Waals 

force of attraction. Surface modifications of nanofillers are an effective way to 

improve interfacial interaction between the nanofillers and the epoxy matrix, which in 

turn leads to better filler dispersion, and enhanced mechanical performance in the 

nanocomposites. This thesis investigates the influence of geometry and surface 

modification of nanofiller on the morphology, mechanical, thermal and viscoelastic 

properties of the epoxy composite system. Four nanofillers of different geometry, 

namely POSS, MWCNTs, GOs and nano TiO2 were opted for the current study. 

 

A general introduction about the preparation and applications of epoxy resins 

is given in chapter 1. A review of the toughening of epoxy with different varieties of 
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modifiers is also provided in chapter 1. Chapter 2 describes the preparation and cure 

kinetics studies of a novel organic–inorganic hybrid material by cross linking CTBN 

with glycidyl POSS. FTIR confirms the successful reaction between carboxyl group 

of CTBN and epoxide group of POSS. The cure kinetics of CTBN and Glycidyl 

POSS with and without TPP catalyst was investigated by non-isothermal DSC at 

different heating rates. The activation energy of POSS-CTBN system with TPP was 

lower than that of POSS-CTBN without catalyst system, suggesting that the TPP has 

a catalytic effect on the curing reaction. The dependence of the activation energy on 

the cure conversion was determined using different isoconversional method and the 

results showed an increase in activation energy with an increase in the extent of 

conversion which is due to a restriction in mobility of reactants as the system tends to 

be more viscous. The curing kinetics could be successfully described with the two-

parameter autocatalytic model (Sestak–Berggren equation). Fitting of calculated 

kinetic parameters (Ea, m, n, and A) with measured values obtained good agreement. 

The activation energy of gelation obtained from rheological studies is comparable 

with activation energy obtained from DSC study in league with Flory’s theory of 

gelation. 

 

The preparation of a novel hybrid epoxy nanocomposite with glycidyl POSS 

as nanofiller, CTBN as modifying agent and DGEBA as matrix polymer is described 

in chapter 3. The reaction between DGEBA, CTBN and glycidyl POSS was carefully 

monitored and interpreted by using FTIR and DSC. The fracture toughness increases 

for CTBN/epoxy, POSS/epoxy and POSS-CTBN/epoxy hybrid systems with respect 

to neat epoxy, but for hybrid composites toughening capability of soft rubber 

particles is lost by the presence of POSS. FESEM images of the fractured surfaces 

were examined to understand the toughening mechanism. For POSS-CTBN/epoxy 

hybrid composites, the size of the rubber particles dispersed in the epoxy matrix 

dramatically decreases by the addition of POSS. The viscoelastic properties of 

CTBN/epoxy, POSS/epoxy and POSS-CTBN/epoxy hybrid systems were analyzed 

using dynamic mechanical analysis. The modulus shows a complex storage modulus 
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behavior for the POSS/epoxy composites due to the existence of lower and higher 

crosslink density sites. However, the storage modulus of the epoxy phase decreases 

with the addition of soft CTBN phase. The Tg corresponding to epoxy rich phase was 

evident from the dynamic mechanical spectrum. Tg of the epoxy phase decreased 

linearly as a function of the amount of soft rubber phase. But on the other hand, Tg 

increased linearly as a function of the amount of POSS, due to its small size and good 

interaction with epoxy matrix. For hybrid systems the Tg is intermediate between the 

epoxy/rubber and POSS/epoxy systems. Finally TGA studies were employed to 

evaluate the thermal stability of the prepared blends and composites. 

 

In chapter 4, polymer grafted MWCNTs have been proposed as an innovative 

filler for the preparation of epoxy nanocomposites with enhanced thermomechanical 

properties.  The functionalized nanotubes were characterized by FTIR, Raman 

spectroscopy, TEM and TGA.  A systematic study has been conducted to investigate 

the thermo-mechanical and viscoelastic properties of epoxy nanocomposites prepared 

by the introduction of polymer functionalized nanotubes into epoxy resin. The study 

indicates that the polymer functionalisation of nanotube is a good route to achieve 

higher mechanical properties of the composites. It has been possible to obtain an 

improvement of ~117% in fracture toughness and 25 % improvement in tensile 

strength in the CTBN functionalized MWCNT based epoxy composites with only 0.3 

wt. % loading. PES grafted MWCNT-epoxy nanocomposite also induces a significant 

increase in both tensile strength (26 %) and fracture toughness (125 %) of the epoxy 

matrix. The mechanism of fracture behavior was also studied using SEM, which 

reveals that crack deflection, pullout of nanotubes, debonding of MWCNTs and 

bridging mechanism plays an important role in improving the fracture toughness of 

composites. The surface morphology reveals improved interfacial bonding between 

the filler/matrix. Therefore, polymer functionalized MWCNT/epoxy composites are 

able to carry higher level of loading during mechanical testing. The nanocomposites 

also exhibited an increase in the storage modulus and glass transition temperature 

compared to those of the neat epoxy resin. This improvement in Tg is due to the 
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hindered polymer chain mobility near the filler/matrix interface. TGA analysis 

indicates that the presence of nanotubes has not deteriorated the thermal stability of 

the epoxy matrix. 

 

In chapter 5, CTBN and PEI were grafted on to GO to prepare GCTBN and 

GOPEI in order to improve the dispersion and interfacial bonding between GO and 

epoxy resin in an epoxy/DDS system. GCTBN and GOPEI were characterized by 

FTIR, XPS, Raman spectroscopy, XRD, TEM, TOM (morphology) and TGA.  All 

these studies reveal the grafting of polymers with GO. The thermal stability of 

GCTBN was found to improve considerably. TEM micrograph of GCTBN/epoxy and 

GOPEI/epoxy reveals an excellent dispersion of fillers in epoxy matrix. Fracture 

toughness (128 %) and tensile strength (30%), improved remarkably for GCTBN 

modified epoxy matrix. Similarly, a significant improvement in fracture toughness 

(168 % improvement compared to neat epoxy) and tensile strength (34 % 

improvement compared to neat epoxy) were observed by the addition of 0.6 wt % 

GOPEI in epoxy system. SEM micrographs reveal no sheet pull out for GCTBN or 

GOPEI modified epoxy, due to the complete wetting of these fillers by the epoxy 

matrix. This confirms effective sheet/matrix interfacial bonding for polymer grafted 

GO modified epoxy matrix. Moreover, the viscoelastic properties reveal a very high 

modulus and improved Tg for the GCTBN/epoxy and GOPEI/epoxy when compared 

with the neat crosslinked epoxy. 

 

The influence of different morphologies of TiO2 nanostructures on the 

mechanical performance of epoxy nanocomposites were described in chapter 6. 

TiO2(B) nanowires (TiO2(B)-NWs) were synthesized and characterized by XRD, and 

SEM. Transmission Optical Micrograph images of TiO2(B)-NW/epoxy 

nanosuspension reveals an excellent dispersion of TiO2(B)-NWs in the epoxy matrix. 

Tensile strength (ca 26%), tensile modulus (ca 16%), and fracture toughness (ca 

136%) improved remarkably for TiO2(B)-NWs modified epoxy composites. The 

mechanism that paved way to the enhancement in the fracture toughness of the 
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TiO2(B)-NW/epoxy nanocomposites was evaluated. SEM micrographs disclose that 

the phenomena of shear yielding, crack deflection and crack bridging are responsible 

for the improved fracture toughness of TiO2(B)-NW/epoxy composite. Moreover, the 

analysis of viscoelastic properties revealed a very high modulus and improved Tg for 

the TiO2(B)-NW/epoxy composites when compared with neat epoxy owing to better 

filler/matrix interfacial interaction between TiO2(B)-NWs and epoxy matrix. This 

was further confirmed by quantitative analysis of the constrained region and by the 

evaluation of the interaction parameter B. TGA study shows that the thermal stability 

of composites are not compromised by the incorporation of TiO2 nanofillers. 

 

7.2. Future Work 

 

Increasing the fracture resistance without compromising the desirable 

processing and product characteristics remains a leading challenge in the 

development of superior thermoset plastic materials. Surface modification of 

nanofillers with polymer is found to be an excellent route to improve the thermo-

mechanical performance of epoxy nanocomposites. This work can be extended to 

modify the reinforcing nanofillers with different block copolymers (BCP) having 

better compatibility with epoxy matrix to enhance the thermo-mechanical 

performance of epoxy system. Self-assembled amphiphilic block copolymers are a 

new type of toughening agent that has been shown to greatly improve toughness 

without sacrificing other mechanical properties. It is possible to develop a high 

performance thermosetting material with combined desirable Tg, modulus and 

toughness. 

 

Many of the applications of epoxy composites especially in electronic 

industry require enhanced strength and electrical performance, which can be enabled 

by adding conductive reinforcing fillers to the epoxy composites. We propose the use 

of polymer grafted multi-walled carbon nanotubes and graphite oxide prepared by us 
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can be used as conductive nanofiller to get the required performance at low filler 

content.  

 

Because of the wide use of commercial, military and scientific electronic 

devices and communication instruments, electromagnetic interference (EMI) 

shielding of radio frequency radiation continues to be a serious concern for modern 

society. Compared with conventional metal-based EMI shielding materials, 

conducting polymer composites are lightweight, resistant to corrosion, and flexible 

and offer processing advantages. The high aspect ratio, high conductivity, good 

mechanical strength and better dispersion of polymer grafted CNTs and GOs make 

them an excellent option to create conductive composites for high-performance EMI 

shielding materials at very low filling. 

 

Our research work showed use of TiO2 nanowires as a nanofiller in epoxy 

resulted in improved mechanical properties compared to TiO2 nanoparticle. We 

propose the use of titanium carbide (TiC) nanowire instead of TiO2 nanowire in 

epoxy can result in the enhancement of both mechanical and electric properties of 

epoxy nanocomposites. 
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