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ABSTRACT 

ABSTRACT 
Thermosetting polymers such as epoxies are widely used in their bulk form for their 

favourable structural engineering properties such as; a high modulus and failure strength, 

low creep, and good performance at elevated temperatures. They are also used as the 

matrices for fibre reinforced polymers (FRPs). The main drawback of using thermosetting 

polymers however, is their brittleness. Indeed, the addition of other phases such as soft 

rubbery particles and nano-sized (20nm diameter) silica particles can improve the 

toughness, without compromising any of the other major thermo-mechanical properties 

which would render the epoxies unsuitable for engineering applications. 

The present work describes the material properties and fracture of epoxy polymers and their 

corresponding FRPs when CTBN rubber and nano-silica particles are used as toughening 

agents. Three systems were examined for this work - an amine-cured DGEBA-based, an 

amine-cured TGMDA-based, and an anhydride-cured DGEBA-based system. 

Considering the bulk epoxies, it was found that there was good dispersion of rubber 

particles in all the systems, which led to an increase in toughness (mainly because of rubber 

cavitation, plastic hole growth of the epoxy, shear yielding, and epoxy plasticisation), but a 

decrease in glass transition temperature (7^) and stiffness. Nano-silica on its own improved 

the toughness and a detailed investigation into the nano-toughening mechanisms of the 

anhydride-cured DGEBA-based system, showed that the increase in toughness occurred 

due to the debonding of the nano-silica particles and the subsequent plastic void growth in 

the epoxy around the nano-silica particles. Nano-silica on its own also improved the 

stiffness, but had no effect on the Tg. In bulk epoxy samples containing both rubber and 

nano-silica (ie. hybrids), it was found that the stiffness was improved, and the toughness 

increased (ie. a synergy between the tougheners was observed) if the nano-silica remained 

well dispersed or formed three-dimensional necklace-like chains. 

The FRPs from the amine-cured DGEBA-based system had a poor transfer of toughness 

from the bulk epoxy to the FRPs, possibly because of the poor adhesion strength between 

the fibres and the matrix. However, the other two systems showed a good transfer of 

toughness, and in these systems, it was found that hybrid FRPs had the best combination of 

both high stiffriess and high interlaminar fracture energy. 
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English Alphabet 

a crack length 

A cross sectional area of the sample in the gauge region 

B width of specimen (plate thickness) 

dp T'^ phase particle diameter 

e extension of the gauge length 

6], 62, es plane strains 

E modulus 

Ef Young's modulus 

Ec Young's modulus of composite 

E,„ Young's modulus of matrix 

F large displacement correction 

Gc critical energy required for crack growth 

Gic Mode I critical fracture energy 

Gicu Mode I critical fracture energy for unmodified epoxy polymer 

K stress intensity factor 

kE generalised Einstein coefficient 

Kc critical stress intensity factor 

Kic Mode 1 critical stress intensity factor 

11 centre of the loading pin to the midplane of the specimen 

h distance from the loading pin centre to the edge of the end block 

L specimen length 

Lo gauge length 

Ls support span 

nip plastic constraint factor 

Mc average molecular weight between cross-links 

Mf mass of fibres 

MpRp mass of the FRP laminate sample 
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N the end block correction factor 

P load 

Pic critical Mode I load 

Pc critical load 

r,0 polar coordinates 

fpa particle radius 

fy plastic zone radius 

R length of plastic zone 

Rcr rate of crosshead motion in mm/min 

S slope of the tangent 

T, glass transition temperature 

Tgc glass transition temperature of composite 

Tge glass transition temperature of pure epoxy 

Tgr glass transition temperature of rubber 

U potential energy 

Vf volume fraction 

Vmax maximum volume fraction of particles 

W aspect ratio 
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Greek Alphabet 

y surface free energy 

d displacement 

8tc crack-opening displacement 

A/ Mode I crack length correction 

AGi- increase in fracture energy due to shear yielding 

AGv increase in fracture energy due to plastic void growth 

AGy increase in fracture energy due to rubber-bridging 

y Poisson's ratio 

density of the FRP laminate sample 

Pf density of the fibres 

oi, 02, 03 plane stresses 

aij components of stress tensor 

Oy uniaxial tensile yield stress 

T overall toughening contribution 

C shape factor 
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ABBREVIATIONS 

ABBREVIATIONS 

AFM atomic force microscope 

CBT corrected beam theory 

CTBN carboxy-terminated butadiene-acrylonitrile 

DCB double cantilever beam 

DMTA dynamic mechanical thermal analysis 

DGEBA diglycidyl ether of bisphenol-A 

EEW epoxy equivalent weight 

ETBN epoxy-terminated butadiene-acrylonitrile 

FEG-SEM scanning electron microscope with a field emission gun attached 

FRP fibre reinforced polymer 

HTBN hydroxyl-terminated butadiene-acrylonitrile 

ID inter-particle distance 

LEFM linear elastic fracture mechanics 

PAN polyacrylonitrile 

PTFE polytetrafluoroethylene 

SANS small angle neutron scattering 

SENB single edge notch bend specimen 

SEM scanning electron microscope 

sPS syndiotactic polystyrene 

SiOz silica 

TEM transmission electron microscope 

TGMDA tetraglycidyl methylenedianaline 

UD uni-directional 

VARTM vacuum assisted resin transfer moulding 

VTBN vinyl-terminated butadiene-acrylonitrile 
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CHAPTER 1 

INTRODUCTION 

1 Background 
Composites have been used in different forms and in a variety of applications since the 

dawn of civilisation itself Indeed, a crude composite of tar and straw was used to join 

bricks in Babylon more than four thousand years ago [1]. 

A composite material may be defined as being made up of two or more components, 

and consisting of two or more phases [2]. Whilst this definition holds true even for 

Babylonian construction techniques, the materials used today are much more advanced. 

Epoxy polymers are widely used for the matrices of FRPs and as adhesives. When 

cured, epoxies are amorphous and highly-crosslinked (i.e. thermosetting) polymers. 

This microstructure results in many useful properties for structural engineering 

apphcations, such as a high modulus and failure strength, low creep, and good 

performance at elevated temperatures [113]. 

However, these benefits come at a price, since the structure of such thermosetting 

polymers also leads to a highly undesirable property: they are relatively brittle 

materials, with a poor resistance to crack initiation and crack growth. Nevertheless, it 

has been well estabhshed for many years that the addition of a second micro-phase of a 

dispersed rubber [3-7], or a thermoplastic polymer [8-10] into the epoxy can increase its 

toughness. The phase-separated rubber particles or thermoplastic particles are usually 

between 0.1 to 5p,m in diameter with a volume fraction of about 5-20%. Again, there is 
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a price to pay because the presence of the rubbery phase typically increases the viscosity 

of the epoxy monomer mixture and reduces the modulus of the cured epoxy polymer. 

As a result, inorganic particles have also been used, as these can increase the toughness 

and stiffness without affecting the glass transition temperature of the epoxy. In this case 

glass beads or ceramic (e.g. silica or alumina) particles with a diameter of between 4 

and 100pm are typically used [11-16]. However, these relatively large particles also 

significantly increase the viscosity of the resin, reducing the ease of processing. In 

addition, due to the relatively large size of these particles they are unsuitable for use 

with infusion processes for the production of FRPs as they are strained out due to the 

small gaps between the fibres. 

More recently, a new technology has emerged which holds promise for increasing the 

mechanical performance of such thermosetting polymers. This is via the addition of a 

nano-phase structure in the polymer, where the nano-phase consists of small rigid 

particles of silica [17-20] where all three dimensions are in the nanometre range 

(diameter of ~20nm). Due to the very small size of the silica particles and its non-

agglomeration, there is no significant increase in the viscosity of the epoxy monomer. 

The very small size of the nano-sihca particles (and the low resin viscosity) have made 

the addition of nano-silica attractive for use with infusion processes for producing 

FRPs, since the particles would not be strained out by the fibres. 

1.1 Aims and Objectives 
The overall aim of the present work is to investigate the mechanical properties and 

fracture of epoxy-based polymers and FRPs that have been modified with CTBN and 

nano-silica. The objectives can be broken down as follows: 

> To investigate the thermo-mechanical properties and fracture of different epoxy 

polymers; 

• cured with different hardeners, 

*X* modified with nano-silica particles and/or rubber. 

> To relate the thermo-mechanical properties to their microstructure. 
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^ To determine the fracture mechanisms occurring in the modified and unmodified 

bulk epoxy polymers, and in particular, to explain the fracture mechanisms 

caused by the nano-silica particles. 

> To evaluate the transfer of properties from the bulk epoxy polymers, to its use as 

a matrix in FRPs. 

> To determine the fracture mechanisms occurring in the FRPs. 

1.2 Thesis Outline 
The structure of the thesis is organised as follows: 

> Chapter 2 reviews literature pertaining to the subject being studied, and 

introduces the reader to the various terms that will be used in the course of the 

thesis. It discusses the fi-acture mechanics of materials, as well as the fracture 

mechanisms responsible for toughening epoxies and FRPs. 

> Chapter 3 details the materials used in this study, as well as the experimental 

methods and conditions used to obtain the results in the subsequent Chapters. 

> Chapter 4 presents and discusses the results obtained from testing an amine-

cured diglycidyl ether of bis-phenol A (DGEBA)-based system (bulk epoxy 

polymer and FRP). 

> Chapter 5 presents and discusses the results obtained from testing an amine-

cured tetraglycidyl methylene dianiline (TGMDA)-based system (bulk epoxy 

polymer and FRP). 

> Chapter 6 presents and discusses the results obtained from testing an anhydride-

cured DGEBA-based system (bulk epoxy polymer and FRP). 
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> Chapter 7 compares and contrasts the results of the three bulk epoxy-based 

systems that were investigated. It also details the possible rubber and nano-silica 

toughening mechanisms observed. 

> Chapter 8 compares and contrasts the results of the FRPs of the three epoxy-

based systems that were investigated. It also details possible FRP toughening 

mechanisms observed. 

> Chapter 9 states the conclusions of the research and recommends future work to 

add to the field of study. 
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CHAPTER 2 

LITERATURE REVIEW 

2 Introduction 
This Chapter introduces the reader to some of the terms that will be used in the rest of 

the Thesis and reviews some of the important theories and previous work carried out in 

the field. 

The reader will see the gaps in the present knowledge and progress in the subjects, and 

will therefore see the justification in carrying out these investigations to add to the field. 

The present study involves epoxies that have been toughened with rubber and rigid 

nano-silica, and their subsequent use as the matrix in fibre reinforced polymers (FRPs). 

As a result, this chapter will discuss epoxy polymers and FRPs and give a brief 

introduction to the fracture mechanics applicable to this study. It also explores various 

toughening agents used, and their toughening mechanisms in both epoxy and fibre 

composite. This will focus on the use of rubber and silica particles, as well as the 

motivation for using nano-sized silica particles. 
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2.1 Epoxy Polymers 
A polymer can be defined as a long molecule containing atoms held together by primary 

covalent bonds along the molecule [21]. The word 'polymer' describes a wide family of 

different polymeric materials with a wide range of properties and chemical structures. 

The most common way of classifying polymers is outlined in Figure 2.1.1, where they 

can be subdivided into three main categories: 

• Thermoplastics - linear or branched polymers which consist of individual long 

chain molecules. In principle, any thermoplastic can melt upon heating 

• Elastomers - lightly cross-linked polymers which contain looser three 

dimensional networks. They are often used interchangeably with the term 

'rubbers' [22,23], 

• Thermosets - rigid, highly cross-linked polymers which contain an infinite three 

dimensional network. They degrade rather than melt upon the application of heat 

Polymers 

Thermoplastics 
I 

Elastomers Thermosets 

Crystalline Amorphous 

Figure 2.1.1. Classification of polymers [22]. 

Thermoplastics can be separated into two subgroups, crystalline and amorphous. 

However, thermoplastics do not crystallise easily upon cooling to the solid state, as 

crystallisation requires substantial ordering of the highly coiled and entangled 

macromolecules present in the liquid state. Thus crystalline thermoplastics do not form 

perfectly crystalline material but instead are semi-crystalline, with both crystalline and 

amorphous regions. Nevertheless, many thermoplastics are completely amorphous and 

incapable of crystallisation [22]. Some common examples of thermoplastics are 

polyethylene and polypropylene. 

Elastomers include natural rubber, polysiloxane and acrylonitrile butadiene copolymer 

(as used in this study). They have the abihty to be deformed to quite large deformations 
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and then elastically spring back to their original form [28]. Elastomers are lightly 

crosslinked, and for natural rubber this is achieved by a non-reversible process called 

vulcanisation, which involves adding sulphur to the heated elastomer. 

Epoxy polymers are thermosets which have been widely used as adhesives, bulk 

composites and as matrices for FRPs due to the cross-linking reaction (which occurs in 

the production of thermosets) which can be used to give good adhesion to other 

materials [23]. The final products generally exhibit advantages such as excellent 

electrical insulation properties, high modulus, low shrinkage, and good moisture 

resistance [24]. 

Epoxy resins refer to a family of molecules containing more than one epoxide group 

which may lie within the body of the molecule, but is usually terminal [6]. The most 

commonly used epoxy resin is the diglycidyl ether of bisphenol-A (DGEBA), the 

chemical formula of which is shown in Figure 2.1.2. It is made from epichlorohydrin 

and the disodium salt of bisphenol-A and is one of the most common resins used in 

industrial applications. 

CH2—CHg-CHg— 

CH3 OH 

<(^(^^0—CHG-CH—CH2^ 

CHs . ,0. 
- 0 ^ 1 j)-0-CH2-CH2-CH2 

Figure 2.1.2. General formula of DGEBA resins. When n=0 the molecular weight is 
340, when n=10 the molecular weight is 3000. Commercial resins seldom have average 
molecular weights exceeding 4000 [25]. 

Another epoxy resin (used in this study) is tetraglycidyl methylenedianaline (TGMDA), 

and its chemical formula can be seen in Figure 2.1.3. This epoxy resin is used when 

operational requirements call for high service temperature and the best attainable 

mechanical properties, particularly in carbon-fibre-reinforced systems [26]. 

42 



CHAPTER 2 LITERATURE REVIEW 

A 
CH2—CH —CH2 / \ / V CHz 

CHz —CH — C H z ^ ^ \ ' CH2—CH—™2 

\ / 
Figure 2.1.3. Chemical formula of tetraglycidyl methylenedianaline (TGMDA) [27]. 

2.1.1 Curing 

The chemical chosen to react with these epoxides to cross-link the polymer is referred to 

as the curing agent (or hardener), and it typically has active hydrogen attached to 

nitrogen, oxygen, or sulphur [24]. The selection of the curing agent depends on many 

parameters and determines to a large extent, the cross-link density, glass transition 

temperature and modulus. Furthermore, some systems use several additives other than 

curing agents to improve processing properties (such as viscosity, shrinkage, curing 

temperature and storage life). Ultimately, the cure conditions (i.e. duration and 

temperature) will also affect the kinetics and extent of each of the above processes, and 

hence have a profound effect on the subsequent microstructure [29], 

The most common curing agents used with epoxy resins are based upon amines [22]. 

Primary aliphatic amines react with epoxy resins at room temperature without the 

presence of a catalyst. A number of aromatic amines also react with epoxy resins at 

room temperature and the final products have significantly higher heat distortion 

temperatures than products obtained with aliphatic amines. These room temperature 

curing adhesives are dehvered as two component pastes. 

Anhydrides are also used as curing agents with epoxy resins, and give lower exotherms 

on cure when compared with amine cured systems [25]. Moreover, some systems 

provide cured resins with very high heat distortion temperatures and with generally 

good physical, electrical and chemical properties. In this study, both amine and 

anhydride curing agents are used. 

In addition to the amine and anhydride curing agents, many other curing agents have 

been made available. These include a number of amides that contain amine groups [25]. 
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Among them are polyamides which form the basis of some domestic adhesives. One of 

the main advantages of the system is that roughly similar quantities of curing agent and 

resin are required and since this is not too critical, adequate metering can be done 

visually. Dicyandiamide is also used with epoxy resins for adhesives which is insoluble 

in common resins at room temperature but dissolves at elevated temperatures [25]. 

Hence the package of epoxy resin and dicyandiamide is available as single component 

paste or film adhesives. 

2.2 Fracture Mechanics 
For centuries, structures have been known to fail in a brittle manner. The failures have 

occurred for many reasons, including uncertainties in the loading or environment, 

defects in the materials, inadequate design, and deficiencies in construction and 

maintenance. The main difficulty in designing against fracture in high-strength 

materials is that the presence of cracks can modify the local stresses to such an extent, 

that they can propagate catastrophically through the structure [30]. Thermosetting 

polymers are very brittle, and before discussing some of the ways in which they can be 

made tougher, it is imperative to discuss some of the fracture mechanics behind how 

they fracture. 

The basic tenet of fracture mechanics theory is that the strength of most real solids is 

governed by the presence of flaws. Since the theory enables the manner in which cracks 

propagate under stress to be analysed mathematically, the application of fracture 

mechanics to crack growth in polymers has received considerable attention [31]. It has 

proven to be particularly useful for such aspects as characterising the toughness of 

epoxies and identifying the mechanisms of failure. Only by identifying the mechanisms 

of failure can methods of toughening the composites be proposed. 

The concepts of linear elastic fracture mechanics (LEFM) may strictly only be applied 

macroscopically to those materials which obey Hooke's law. However, the basic LEFM 

analyses may be applied to materials which exhibit inelastic deformations around the 

crack tip provided that such deformations are confined to the immediate vicinity of the 

crack tip [21]. Hence, the bulk of the body will still exhibit linear elastic properties. 
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The first milestone of fracture mechanics was conceived by Griffith [32] who developed 

a relationship between the flaw size and the fracture stresses. His hypothesis explained 

why the measured fracture strengths of materials were much lower than the theoretical 

values, and laid down the foundations for the later developments of fracture mechanics. 

2.2.1 Energy Balance Approach 

According to Griffith's hypothesis [32], for fracture to take place a system must meet 

the criterion such that the energy available for crack growth should be equal to, or 

exceed, the energy required to produce new crack surfaces, dJ, associated with an 

increment of crack growth, da. It may be written as: 

Equa«o„2.1 
da da 

where W is the work done by the external force and U is the available elastic energy 

stored in the bulk of the specimen and y is the surface free energy of the specimen. For a 

crack propagating in a lamina of thickness, B, the criterion becomes: 

]_ d{W U)^ Equation 2.2 
a aa 

However, Griffith's approach was too primitive for engineering applications, as it was 

only true for perfectly brittle materials. Consequently, Orowan [33] and Irwin [34] 

independently modified the Griffith theory and showed that the energy to create the new 

crack surfaces was substantially greater than the theoretical values. This is due to the 

irreversible energy dissipated during plastic deformation at the crack tip. If the energy 

dissipation around the crack tip is taken into the consideration, the criterion becomes: 

1 d{W-U) 

B da 
> G Equation 2.3 

where Gc is the critical energy required for crack growth which includes the increase of 

surface energy and the plastic energy dissipation at the crack tip. This is termed the 

fracture energy. 
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For structures exhibiting bulk linear-elastic behaviour, Equation 2.3 may be expressed 

as: 

dC 
Gg — Equation 2.4 

where Pc is the critical load at the onset of crack propagation and C is the compliance of 

the structure and is given by displacement/load (S/P) [21]. This equation is the 

foundation for many calculations of Gc since if C is determined as a function of the 

crack length, and a is determined either analytically or experimentally, then dC/da may 

be found. Thus, if Pc is measured, then the value of Gc may be deduced [21]. 

2.2.2 Stress Intensity Factor Approach 

Irwin [34] proposed an alternative method to the energy balance approach and 

introduced a new parameter called the stress intensity factor, K. This approach examines 

the stresses near the tip of a sharp crack directly and has been more useful in 

engineering practice. He modified Westergaard [35] stress functions which relate the 

local concentration of stresses at the crack tip to the applied stress, and the equation may 

be expressed as: 

(iTo-y 
fij (^) Equation 2.5 

where ay are the components of the stress tensor at a point, r and 6 are the polar 

coordinates of the point, and fij{6) is the trigonometric function. This equation for crack 

growth was based on K, and Kc is a critical value required for the crack growth (critical 

stress intensity factor) and is often referred to as the fracture toughness of the material. 

A crack in a solid may be stressed in three different modes, denoted mode I, II and III, 

as depicted in Figure 2.2.1. However, mode I loading is the most commonly 

encountered in practice (and is employed in this study), and as fracture occurs at the 

lowest energy, hence mode I is the most important when designing structures. This 

loading mode was applied to all the fracture tests performed in the current 

investigations. 
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(a) Mode I (b) Mode II (c) Mode III 

Figure 2.2.1. Modes of loading: (a) Mode I, cleavage or tensile-opening mode; (b) 
Mode II, in-plane shear mode; (c) Mode III, anti-plane shear mode [21]. 

2*2.3 Relationship between G/c and K/c 

From the above analysis, a simple relationship exists between G and K, and for a crack 

propagating in a homogenous material, under plane-strain conditions, this relationship is 

given by: 

G„ = 
V E y V E y 

^ 1 - v ^ 
K lllc 

V Y 
Equation 2.6 

where for Mode I 

for plane stress Equation 2.7 

V E Y 
K, for plane strain Equation 2.8 

where v i s the Poisson's ratio and E is the modulus [21]. Plane strain and plane stress 

conditions are defined by the thickness of the sample being tested. The minimum 

thickness required to satisfy plane strain conditions can be seen below [28], and a 

smaller thickness implies plane stress conditions; 

^ > 2 . 5 Equation 2.9 
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Where B is the specimen thickness and Oy is the uniaxial tensile yield stress. It should be 

noted that the fracture tests in this study were performed under plane strain conditions. 

It was necessary to convert the fracture toughness values to fracture energy values 

(using Equation 2.8) to compare the bulk fracture resistance to the FRP fracture 

resistance. 

2.2.4 Crack Tip Plasticity 

Under the assumption of LEFM, where plastic yielding is confined to the immediate 

vicinity of a crack tip, the size of the plastic zone at the tip can be deduced from the 

elastic stresses. According to Irwin's model [34] of the plastic zone at a crack tip (see 

Figure 2.2.2) the radius of the plastic zone, Vy, is given by 

J _ 
In 

K, 
Equation 2.10 

Where nip is the plastic constraint factor (effective yield stress/o,,). An effective crack 

length {a+ry) is used instead of the initial crack length a, and the elastic stress field 

ahead of the crack is regarded as identical to the stress distribution of a real crack of 

length a with the extent of the plastic zone 2r,,. 

2r„ 

a + fv 

Figure 2.2.2. Irwin's model of the plastic zone at crack tip [34]. 
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The plastic constraint factor, nip, is dependant upon the stress state around the crack tip. 

Knott [36] has considered the stress distribution ahead of a crack around which 

locahsed plastic yielding has occurred. Figure 2.2.3 shows the stress distribution 

obtained for plane stress (%=0) and plane strain (ei=0) conditions. Although it is only 

approximate and semi-quantitative, it is a usefiil model for illustrating the effect of 

plastic constraint. In plane stress, the plastic constraint factor has a value of unity, and 

in plane strain, the value can be assumed to be V3. Hence, from Equation 2.10, the 

expressions for the radius of the plastic zone are given by: 

\2 
5 for plane stress Equation 2.11 

And 

for plane strain Equation 2,12 

O3 = v(Oi+ O2) 

Plane stress Plane strain 

Figure 2.2.3. Schematic variation of elastic/plastic stresses ahead of a crack as a 
function of distance, r: (a) In plane stress (<73 = 0); and (b) in plane strain (e^ = 0) [36]. 

Alternatively, the Dugdale analysis [37] could be employed for the estimation of the 

plastic zone size, as illustrated in Figure 2.2.4. It is assumed that yielding of the material 

at the crack tip makes the crack longer by the length of the plastic zone, R. This model 
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is particularly applicable to the plasticity ahead of a crack tip which is not circular but 

rather like a line in shape. The length of the plastic zone ahead of the crack is given by: 

R = It Equation 2.13 

V 

Figure 2.2.4. Dugdale's line plastic-zone model [37]. 

Under plane-strain conditions, the crack opening displacement, 5tc, can be calculated 

using the relationship [21]: 

G , 

E.cr. (J,. 
Equation 2.14 

2.3 Deformation Behaviour of Polymers 
The deformation of materials can be distinguished as elastic or elastic-plastic, if there is 

no time dependence. The simplest deformation is a linear elastic one, which does not 

involve any energy dissipation and can be described by Hooke's law. However, for 

most polymers, this linear elastic relationship applies only within a very small strain 

range. Thereafter, irreversible plastic deformation and subsequent energy dissipation 

upon unloading occurs. Note that rubbery polymers are one exception, and these behave 

in a non-linear way. This section will briefly review some general aspects of the yield 

behaviour of polymers according to several detailed reviews already available [21,38]. 
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2.3.1 Definition of Yielding 

The yield strength, or the yield point, is defined as the stress that a material can undergo 

before moving from elastic deformation into plastic deformation. Therefore, when a 

material is said to have yielded, the applied stress has reached a level to initiate 

permanent strain in the material. However, this concept is rather more complicated for 

polymers. Experimentally, the distinction between elastic (recoverable) and plastic 

(permanent) deformation is not clear-cut and there may be no sharp distinction in 

mechanisms. For example, almost all the plastic deformation is recoverable in glassy 

polymers when the material is heated above glass transition temperature, Tg [21]. 

A typical stress-strain curve for a glassy polymer is shown in Figure 2 . 3 . 1 . There are 

two different yield points shown; the intrinsic and the extrinsic. The intrinsic yield point 

is a material property and can be defined as the maximum point in the stress-strain 

curve. The extrinsic yield point is defined by Considere's construction as shown in 

Figure 2 . 3 . 1 , where a tangent to the curve through the point on the abscissa of nominal 

strain equals -1. In the case where a sample is tested in tension, the deformation 

becomes unstable at this point and a neck develops. The point is referred to as the 

extrinsic yield point because of its geometry dependency, and this is the one which is 

often used to define the yield stress. Most thermosets (like the epoxies used in this 

study), because of their brittleness, will usually fail at this point. Subsequently, strain-

softening occurs after yielding, and then strain-hardening follows. As opposed to most 

other materials, such softening is often considered as an intrinsic material property for 

polymers, which can be defined as a fall in the true stress as deformation takes place at 

yield. The strain-hardening refers to a region where the true stress rises after yield and 

after any strain-softening has occurred. 
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True stress 

Extrinsic 
yield point 

Intrinsic yield point 

Strain 
softening 

Strain hardening 

- 1 Nominal strain 

Figure 2.3.1. Schematic of a typical stress-strain curve for glassy polymers [39]. 

The Young's modulus is the ratio of the true stress to the nominal strain in the linear-

elastic region (straight-line part of Figure 2.3.1) [30] and is a measurement of how stiff 

a material is. 

2.3.2 Theoretical Models for Predicting Young's Modulus 

Over the years of research into polymer-based composites, many models have been 

developed to predict the Young's modulus of a sample. For brevity, only the three 

models used in this study will be reviewed. 

2.3.2.1 The Rule of IVIixtures 
This is one of the simplest models used to predict the modulus of a composite. It 

assumes equal strain in all components, that each component of the polymer is linearly 

elastic, and that the particles (rubber and/or nano-silica in this study) are homogenously 

distributed throughout the polymer matrix. The equation used [30] is given by; 

+ ( l - F y )e^ Equation 2.15 
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Where Vf and Ej are the toughening agent's volume fraction and Young's modulus 

respectively. Ec and Em are the Young's modulus of the composite and matrix 

(urunodified epoxy in this study) respectively. 

2.3.2.2 The Halpin-Tsai Model 
A shape factor, C, is included in this model to enable it to predict the Young's modulus 

of a composite not only as a function of the polymer and toughening agents' moduli and 

volume fraction, but also in terms of aspect ratio. The Halpin-Tsai equations [40] are 

given by: 

/ Equation 2.16 

Where 

ri = 
(Ef (Ef 

- 1 ! 
K m V 

! 
K m V 

Equation 2.17 

Halpin and Tsai recommend that ( = 2w/t where w/t is the aspect ratio. The aspect ratio 

of spherical particles like those encountered in this study is unity. However, van Es [41] 

has shown that this is too large for most particulate composites, and recommends C = 

2w3/t = 2/3 for spherical particles. 

2.3.2.3 The Lewis-Nielsen and McGee-lMcCullough Models 

The previous model assumes that there is perfect bonding between the particles and the 

matrix, which is normally not the case. This effect can be considered fixrther using the 

Lewis-Nielsen model [42] and the work of McGee & McCullough [43]. The authors 

showed that the composite modulus can be predicted using [43]: 

1 + (ki; — 
<-• " — 1 o rr Equation 2.18 

\-pilVJ. 

where Ke is the generahsed Einstein coefficient, and P and j-i are constants. The constant 

P takes into account the relative modulus of the particles and the matrix, and is given 

by: 
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2.3.2.4 Other Models 
Whilst only three predictive models were used in the present work, there are a number 

of other models that have been used in similar studies of particle-reinforced epoxies. 

Brief mention of some of these models will be made, but more details can be found in 

their respective references. 

Guild and Kinloch [184] used spherical and cylindrical finite element models of rubber 

particles to predict the modulus of rubber toughened epoxies. Their model showed a 

decrease in epoxy modulus with increasing rubber content, which agrees well with the 

results obtained in this study (see Chapter 7). Chen and Mai [185] used a 3-D periodic 

micromechanical finite element model that had a face centred cubic (ie. an fc .c . ) 

structure, using rubber particles instead of atoms. Their predicted moduli were in good 

agreement with their experimental data, and agreed much better than Guild and 

Kinloch's [184] spherical model agreed with their (Chen and Mai's) experimental data. 

Many models predicting the modulus of rigid particle-reinforced epoxies have been 

developed. Guild and Young [186] were some of the first researchers to try to model the 

modulus of epoxies that were toughened with rigid particles. Theirs was a finite element 

2-D square model with one quarter of a glass sphere surrounded by epoxy. The 

predicted moduli obtained, showed an increase in stiffness with increasing particle 

volume fraction %, and were in good agreement with experimental results obtained 

from other researchers. Wu et al. [187] also used a 2-D finite element model with a 

composite spherical cell that consisted of a glass sphere, surrounded by an annulus of 

resin. Their model assumed that there was an imperfect interface between the particle 

and the epoxy, as compared to the previous models which assumed that there was 

perfect adhesion between the particle and epoxy. Their predicted modulus values 

showed good agreement with their experimental results. 

Chawla and Chaw la's [188] 2-D and 3-D models used the true microstructure of the 

materials to predict the stiffness (as compared to many of the previous models, which 

have assumed a regular distribution of particles). They compared their results to many 

other finite element models (including the Halpin-Tsai model), and all the models gave 

very similar results, which shows that the predicted modulus values are relatively 

insensitive to the model used. 
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Er 
^ - 1 / 

Er 
Equation 2.19 

The value of depends on the maximum volume fraction of particles, Vmax, and can be 

calculated from [2]: 

+ (l-l^max)(l-Vf)] Equation 2.20 
max 

Values of Fmar have been tabulated by Nielsen & Landel [2] for a range of particle 

shapes and types of packing. For random close packing, non-agglomerated spheres, 

Nielsen & Landel quote a value of V âx = 0.632. This value was used in the modulus 

predictions in this study. 

The value of ks varies with the degree of matrix to particle adhesion. For a matrix with a 

Poisson's ratio of 0.5 containing dispersed spheres, ks - 2.5 if there is no slippage at the 

interface, and kE= 1.0 if there is slippage [2]. Nielsen [44] has shown that the value of 

ke is reduced when the Poisson's ratio of the matrix is lower then 0.5. In the present 

work V = 0.35, so values of kg are reduced by a factor of 0.867. Hence, kg - 2.167 if 

there is no slippage and kg - 0.867 if there is slippage. 

2.4 Toughened Epoxy Polymers 
It has been reiterated in previous sections that thermosetting epoxy polymers are brittle 

materials with poor resistance to crack initiation and growth. However, they have many 

attractive properties for engineering applications, such as in the electronic industry (as 

bulk resin) and as matrix resins for composites, due to their amorphous and highly 

cross-linked microstructure. Therefore, a lot of attention has been given to improving 

their fracture properties by the incorporation of various tougheners without significantly 

impairing the other desirable engineering properties. Possible toughening agents include 

aluminium and titanium oxide, but this section will focus only on the toughening agents 

used in this study: rubber and silica. 
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2.5 Rubber Toughening 
McGarry and Sultan [45,46] were among the first researchers to show that the fracture 

toughness of brittle epoxy polymers could be improved by the incorporation of a 

rubbery phase. They prepared their rubber toughened epoxy polymers by mixing the 

liquid rubber and epoxy together and allowed in-situ phase separation to occur during 

cure to form the second rubbery phase. The final product showed a significant 

improvement in toughness. Since then, there have been extensive studies on toughening 

epoxy resins by utihsing suitable liquid rubber copolymers of butadiene-acrylonitrile 

with various functional end-groups. 

2.5.1 Chemical and Physical Properties of Rubber 

The main factors which affect the microstructure of a rubber toughened epoxy polymer 

are the chemical and physical properties of the rubber and resin/curing agent, and the 

cure conditions. Subsequently, the microstructure controls the mechanical behaviour of 

the cured epoxy polymers [29]. 

There are two main requirements to determine the optimum molecular structure of the 

rubber [29]. The first important requirement is that the rubber should be miscible with 

epoxy prior to the cure and should be able to form a well-dispersed separate phase 

during the curing process. Miscibility and phase separation are governed by the 

thermodynamics of the rubber/epoxy system. The fundamental aim is to match the 

respective solubility parameters of the rubber and the epoxy. Hence, the rubber will 

dissolve in the resin when the free energy of the system is negative. During the cure, 

however, with increasing molar mass, the free energy should become positive to ensure 

phase separation. The second condition is that the spherical rubbery particles that phase 

separate need to be well bonded to the epoxy matrix to be able to cavitate (this 

toughening mechanism will be discussed later). To ensure this condition, rubbers with 

reactive end-groups can be employed. 

These rubbers are usually liquid rubber copolymers of butadiene-acrylonitrile with 

various functional end-groups such as carboxy-terminated (CTBN), amine-terminated 

(ATBN), vinyl-terminated (VTBN) [47], hydroxyl-terminated (HTBN) [48], and epoxy-

terminated (ETBN) [49]. However, CTBN and ATBN rubbers are the most frequently 
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and successfully used rubbers for the toughening of epoxy polymers, and in this study, 

CTBN was employed. As can be seen from Figure 2.5.1, CTBN rubber particles usually 

have sharp interfacial boundaries [50]. (This section was exposed to osmium tetroxide 

prior to examination to increase the contrast between the rubber particles and the epoxy 

matrix, and the wavy lines are artefacts due to the cutting of a very thin section of 

material.) On the other hand, ATBN rubber particles have less well defined interfacial 

boundaries [51]. 

Figure 2.5.1. Transmission electron microscope image of a thin section of a CTBN 
rubber toughened epoxy polymer [52] (Red arrows point to some rubber particles). 

2.5.2 Rubber Toughening Mechanisms 

In recent years, the theoretical explanation of toughening mechanisms has been 

advanced and several reviews [3-7,53-58] have given detailed descriptions of the theory 

behind rubber toughening mechanisms. In this section, some important aspects of these 

toughening mechanisms are summarised. 

2.5.2.1 Crazing 

Crazing was proposed by McGarry and Sultan [45,46] as a major toughening 

mechanism. They suggested that the observed stress whitening near the crack tip region 
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was due to crazing in the matrix. Since then, additional support for crazing as a major 

mechanism was suggested by several other researchers [59,60]. Bucknall [61] suggested 

that crazing is the principal mechanism of toughening, but shear yielding also 

contributes in some rubber toughened plastics. Nevertheless, no conclusive evidence of 

crazing being the principal mechanism of rubber toughening has been provided by these 

authors. Alternatively, later authors suggested that the observed stress whitening near 

the crack tip was caused by the cavitation of rubber particles, and claimed cavitation 

and shear yielding as the main toughening mechanisms [4,7]. 

2.5.2.2 Rubber-Bridging 
Kunz-Douglass et al. [53] concentrated their work on the rubber particle bridging 

mechanism, and observed rubber particles stretching between the two crack surfaces 

prior to failure. A schematic diagram of this mechanism is shown in Figure 2.5.2. A 

crack was propagated in samples of the rubber toughened epoxy polymer by driving a 

wedge into a pre-cut notch, and the crack tip region was studied by optical microscopy. 

The results revealed that the brittle epoxy matrix cracks, and leaves ligaments of rubber 

attached to the two crack surfaces. The authors calculated the increase in toughness of 

the rubber toughened epoxy polymer and compared it to the untoughened epoxy 

polymer. Direct measurements of the tearing strains of rubber particles, and toughness 

data obtained from the composites were in good agreement with the model. Overall, 

they claimed that the rubber-bridging mechanism (tearing of stretched rubber particles) 

is the major source of energy absorption in rubber toughened epoxy polymers. 
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Figure 2.5.2. Schematic showing the stages of the rubber-bridging mechanism [53]. 

However, this mechanism cannot be taken as the major toughening mechanism since it 

does not take the role of the matrix into account, and cannot explain other experimental 

observations such as the stress whitening which is present in most rubber toughened 

epoxy polymers. Moreover, Huang and Kinloch [56] reported that the contribution of 

rubber-bridging to the fracture energy is less than 10% at room temperature. Generally, 

rubber-bridging is now only accepted as a secondary toughening mechanism for rubber 

toughened epoxy polymers. 

2.5.2.3 Cavitation and Void Growth 
Kinloch et al. [4] suggested that the toughening mechanism in the fracture of rubber 

toughened epoxy polymers arises from shear yielding in the epoxy matrix and cavitation 

inside the rubber particles or at the particle/matrix interface. The authors argued that 
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shear yielding is the main source of energy dissipation and occurs to a far greater degree 

in the matrix of the rubber toughened epoxy polymer, due to interactions between the 

stress field ahead of the crack and the rubbery particles. 

Yee and Pearson [7] also investigated the cavitation of rubber particles in rubber 

toughened epoxy polymers. They provided fractographic evidence of cavitation 

occurring within rubber particles, and suggested that cavitation of the rubber particles 

was a major deformation mechanism. Yee and his colleagues [36] extended their work 

on the cavitation of rubber particles, and reported that the rubber cavitation causes local 

constraint relief in the material. As a result, the crack initiation process in the epoxy 

matrix is delayed, and the surrounding epoxy matrix can undergo more plastic 

deformation and absorb more plastic energy. Figure 2.5.3 shows their illustration of the 

cavitation process where; (a) before rubber particle cavitation, the material behaves like 

unmodified epoxy, and (b) after rubber particle cavitation, the constraints in the 

transverse directions are relieved, and the matrix epoxy deforms in the plane stress state 

if the rubber concentration is sufficiently high. 

(a) 

P astic zone 

Cavitation zone 

Ol f ^ 

if^3=0 j, 02=0 

Figure 2.5.3. Illustration of the deformation mechanisms in rubber toughened epoxy 
polymers; (a) before rubber particle cavitation, and (b) after rubber particle cavitation 
[54]. 

Bagheri and Pearson [58] studied the role of particle cavitation in rubber toughened 

epoxy polymers. They reported that the cavitation resistance of the rubbery phase does 

not directly contribute to toughness, but instead simply allows the matrix to deform by 
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shear. They also suggested the possible importance of inter-particle distance in 

toughening of epoxy polymers with rubber particles. 

3-D finite element modelling of the cavitation process by Wang and Guild et al. [62] 

confirm their (Wang and Guild's) experimental observations that cavitation leads to 

both plastic hole growth and increased growth of shear bands. This is illustrated in 

Figure 2.5.4 which shows the distribution of the von Mises stress in a unit cell under 

triaxial loading, before and after cavitation. The rubber particles are in blue in the 

diagram on the left. 

(a) (b) 

Figure 2.5.4. Distribution of the von Mises stress around rubber particles in a unit cell 
under triaxial loading; (a) before cavitation and (b) after cavitation [62]. 

2.5.2.4 Shear Yielding 
Shear yielding is one of the main energy dissipating mechanisms of rubber toughened 

epoxy polymers [4,7]. This toughening mechanism was particularly clarified by Huang 

and Kinloch [56,57]. Figure 2.5.5 shows the calculated stress distribution between the 

rubber particles using a 2-D finite element analysis method. They suggested that there is 

clearly a high stress region between the mbber particles, which corresponds to a shear 

band. 
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Figure 2.5.5. Distribution of the von Mises stress around rubber particles [57]. 

They reported that the contribution of shear yielding to the fracture energy depends on 

the temperature and decreases with increasing temperature. The plastic void growth 

mechanism becomes the dominant proportion of the energy dissipation when the 

temperature is relatively high, at about 4 0 ° C . 

2.5.2.5 Combination of Toughening Mechanisms 

Generally, the addition of rubber particles can toughen epoxy polymers by promoting 

many different mechanisms such as shear yielding, plastic void growth and rubber-

bridging. 

Indeed, Huang and Kinloch [56,57] developed a mathematical model to quantify the 

toughening mechanisms of rubber toughened epoxy polymers using three different 

toughening mechanisms, which is given by; 

Y = + AG,, + AG^ Equation 2.21 
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where W represents the overall toughening contribution, and , AG,,, and 

represent the increase in fracture energy due to shear yielding, plastic void growth and 

rubber-bridging respectively. The overall fracture energy of the rubber toughened epoxy 

is expressed by; 

Gĵ  = Equation 2.22 

Where Gĵ ^ represents the fracture energy of the unmodified epoxy polymer. The 

mathematical model states that the overall toughness is the sum of the individual 

contributions. Figure 2.5.6 is a classic diagram from Kinloch, Maxwell, and Young [63] 

showing the different toughening mechanisms of rubber toughened epoxy polymers. 

Experimentally measured fracture energy values of the rubber toughened epoxy 

polymers were compared to the theoretical predictions and were shown to be in good 

agreement. Moreover, the calculations showed that localised shear yielding is the main 

source of the increased toughness, and constitutes more than 50% of the total dissipated 

energy. They also pointed out the importance of plastic void growth around the 

cavitated particles as an energy absorbing process second to the shear yielding. 
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Particle interfacial distance 

Cavitated particle 

Crack 

Shear bands 

Rubber bridging 

Yield zone 

2rv 

Figure 2.5.6. Schematic representation of the different toughening mechanisms 
involved in the fracture of rubber toughened epoxy polymers. The diameter of the 
plastic, or process, zone is 2ry [63]. 

2.5.3 Microstructure-Property Relationship 

The relationships between the microstructure and fracture properties in rubber 

toughened epoxy polymers have been described by several researchers [52,4,7]. This 

section will briefly review the effect of various parameters, such as cross-link density 

and rubber volume fraction, on the structure-property relationships in rubber toughened 

epoxy polymers. 

2.5.3.1 Effect of Cross-Link Density 
The cross-link density of the epoxy matrix can be characterised by the average 

molecular weight between cross-links, Mc. A high cross-link density will result in a low 

Mc value, and a low cross-link density will result in a high Mc value. This is an 

important parameter for the structure-property relationship of pure epoxy resins [64], 

and is also expected to play an important role in rubber toughened epoxy polymers. 

Several studies have investigated the effect of cross-link density by changing the degree 
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of cross-linking in rubber toughened epoxy polymers. This has been achieved by 

altering the curing conditions [65], by employing resins with different monomer 

molecular weights [7,66] or by using different amounts of curing agents [67]. 

According to these reports, an increase in the Mc value will result in a small increase in 

the fracture energy of unmodified epoxy polymers but a significant increase in the 

fracture energy of rubber toughened epoxy polymers. 

Pearson and Yee [68] also investigated the effect of cross-link density on fracture 

toughness in rubber toughened epoxy polymers. They reported that rubber toughened 

epoxy polymers with a low cross-link density exhibit greater facture toughness and 

suggested a linear relationship between the critical stress intensity factor (fracture 

toughness), Kic, and Mc'^, which is shown in Figure 2.5.7. 

In general, it has been found that lowering the cross-link density values should result in 

an increase of fracture toughness (or fracture energy) of the rubber toughened epoxy 

polymers. Nevertheless, more research is required to establish a detailed relationship 

between the toughness and the cross-link density. 
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Figure 2 . 5 . 7 . Variation of fracture toughness, KIC, as a function of molecular weight 
between cross-links, Mc [68]. 

2.5.3.2 Effect of Volume Fraction of Rubber 
According to several researchers [7,57,69-72], the fracture energy generally increases 

with increasing volume fraction of rubber. However, it is still unclear whether the 

relationship between fracture energy and volume fraction of rubber is linear or not. 

Bucknall and Yoshii [69] investigated the structure-property relationship of CTBN 

rubber toughened epoxy polymers and claimed that there is a linear relationship 

between the fracture energy, Gic, and the volume fraction of rubber, Vf. Karger-Kocsis 

and Friedrich [70] also supported the linear relationship but they used the rubber content 

which was initially added instead of the volume fraction of phase-separated particles. 

Conversely, Kinloch and Hunston [71] studied the effect of the volume fraction of 

rubber with varying test temperature and rate, and reported that there is no one unique 

relationship between Gic and Vf. According to their results, when tests were performed 
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at high temperatures or low rates, the fracture energy increases steadily with an 

increasing volume fraction of rubber, and the relationship between Gjc and Vf is almost 

linear. However, at low test temperatures or high test rates, the relationship between Gic 

and {^deviates somewhat from a linear relationship. 

It is important to note that the initially added rubber content is not necessarily 

equivalent to the volume fraction of rubber particles which is measured after the cure. 

During the curing process, all the rubber may not have been phase separated and some 

might still remain in solution in the epoxy matrix. One indication of not all the rubber 

phase separating, is a decrease in the glass transition temperature, Tg, of the epoxy. The 

amount of phase separation depends on many factors such as the curing agent and cure 

conditions. Usually, there is a limit to the amount of rubber that can precipitate out as 

particles by the in-situ phase separation. Beyond this limit, phase inversion occurs and 

the material becomes a rubbery matrix with epoxy particles within it [72]. 

One way of calculating the amount of rubber that remains in the epoxy phase, is using 

the Fox-Flory equation. This equation as reported by Couchman [177] is given by; 

1 1 — vy w 
— = - 4 — - Equation 2.23 
T T T 

fc gr 

Where Tgc, Tge and Tgr are the glass transition temperatures of the composite, 

unmodified epoxy and rubber respectively and w,- is the weight fraction of the rubber 

that remains in solution in the epoxy phase. 

2.5.3.3 Effect of Particle Size 
Initially, it was thought that larger rubber particles promote crazing and hence were 

more effective than small rubber particles which cause shear yielding. Sultan and 

McGarry [46] have shown that l | im particles are more efficient than smaller, 40nm 

particles for rubber toughened epoxy polymers. However, later studies reported that 

crazing is not a major toughening mechanism in rubber toughened epoxy polymers 

[4,7,53]. Kunz-Douglas et al. [53] reported that large, 40p,m particles are not as efficient 

in providing an increase in fracture toughness as smaller, 1 )j.m particles. Moreover, Wu 

and Margolina [73,74] developed a correlation which predicts that smaller particles 

should be better toughening agents. 
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More recently, Pearson and Yee [75] investigated the influence of particle size and 

particle distribution in rubber toughened epoxy polymers. Various rubber particle sizes 

from 0.2 to 200jj,m were incorporated with a constant rubber content of lOphr (parts per 

hundred resin by weight). They reported that smaller rubber particles provide a 

significant increase in toughness by cavitation-induced shear bands, whereas large 

rubber particles provide only a moderate increase in fracture toughness by the rubber-

bridging mechanism. They also stated that larger rubber particles cannot be cavitated, 

because they lie outside the plastic zone, where the large hydrostatic stress exists. 

It should be noted that particle size cannot be adjusted independently without changing 

other parameters such as the properties of the rubber particles, volume content of the 

rubber particles, and adhesion strength between the matrix and the rubber particles. 

Indeed, the rubber is usually in liquid form until cured. Thus, Kim et al. [76] employed 

synthesized core-shell rubber particles as a toughening agent for investigating the effect 

of rubber particle size. According to their study, more shear deformation can be 

obtained with smaller rubber particles, since the stress field is superimposed owing to 

shorter inter-particle distances, and transition from plane strain to plane stress occurs. 

However, they also mentioned that rubber particles should be larger than 0.2ixm in 

diameter for effective toughening, since cavitation is difficult with rubber particles less 

than 0.2pm. Similarly, Lazzeri and Bucknall [77] proposed a theoretical model for 

rubber particle cavitation showing that cavitation in the rubber particles cannot occur for 

particles less than 0.25pm in diameter. This theoretical calculation agrees with the 

experimental result by Kim et al. [76]. 

In summary, the literature suggests that small rubber particles are more efficient in 

producing a toughening effect than large rubber particles. However, rubber particles 

smaller than 0.2-0.3nm in diameter may not be as efficient, due to the difficulty in 

cavitation with such small rubber particles. 

2.5.3.4 Effect of Interfacial Adhesion 
Generally, most of the rubber employed in the rubber toughened epoxy polymers has 

reactive end-groups, and good adhesion is usually found between the epoxy matrix and 

the rubber particles. Chan et al. [51 ] employed an unreactive rubber to investigate the 
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effect of interfacial adhesion and suggested that poor interfacial adhesion results in no 

toughness increase, since poorly bonded particles do not have a load bearing capacity. 

However, Huang et al. [57,78] reported that once phase separation has been achieved, 

the interfacial bonding between the rubber particle and the epoxy matrix has only a 

minor effect on the fracture properties of the rubber toughened epoxy polymers. They 

suggested that there is a competition, which depends on the interfacial adhesion 

strength, between internal cavitation of the rubber particle and debonding of the 

interface during fracture. Good interfacial adhesion results in internally cavitated rubber 

particles but poor adhesion results in the debonding of the rubber particles. They 

claimed that the occurrence of either event is a necessary condition of further plastic 

deformation in the matrix via plastic void growth mechanism. 

Alternatively, Huang and Kin loch [79] investigated the toughness of epoxy polymers 

containing microvoids and reported that voids themselves can significantly increase the 

toughness of epoxy polymers. This work strongly supports their previous work on the 

effect of interfacial adhesion, which demonstrates that the interfacial adhesion strength 

has a small effect on the toughness. Nevertheless, they mentioned that the maximum 

toughness values are invariably observed when rubber particles are chemically bonded 

to the matrix (ie. high interfacial adhesion strength). 

More recently, Bagheri and Pearson [58] examined the role of particle cavitation in 

rubber toughened epoxy polymers through comparative examination of epoxy polymers 

toughened by conventional rubber particles and hollow plastic particles. The results of 

their study showed that rubber particles with different cavitation resistance and pre-

existing microvoids toughen the epoxy matrix in the same manner. 

2.6 Rigid Particle Toughened Epoxy Polymers 
Epoxy polymers can be toughened by other substances apart from rubber particles. The 

tougheners of interest in the present work are rigid inorganic spherical particles such as 

glass beads, alumina or silica particles. They have some advantages over rubber 

toughened epoxy polymers such as improved stiffness, reduced shrinkage, increased 

modulus and enhanced toughness without any loss in thermo-mechanical properties 
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[64]. However, the improvement in toughness is far less significant compared with 

rubber toughened epoxy polymers. 

2.6.1 Toughening Mechanisms 

Rigid inorganic spherical particles may toughen epoxy through crack pinning [80], 

crack deflection [81,82], debonding and void growth [82,83], and microcracking [84], 

which are notably different mechanisms from those present in rubber toughened epoxy 

polymers. Micro-shear banding has also been proposed for epoxy polymers toughened 

with glass spheres [85,86]. This section will briefly discuss some of the aforementioned 

toughening mechanisms. 

2.6.1.1 Crack Pinning 

Although the use of inorganic particles as tougheners in many polymers is widespread, 

their fracture behaviour and toughening mechanisms are less well understood compared 

with those toughened by rubber particles. Nevertheless, for rigid spherical particles, one 

of the most widely accepted toughening mechanisms is the crack pinning mechanism, 

which was originally suggested by Lange [80] and later analysed further by Evans [87] 

and Green et al. [88]. In crack pinning, when the crack begins to propagate through the 

rigid particle toughened epoxy polymer, it becomes pinned and tends to bow out 

between the toughening particles. This is illustrated schematically in Figure 2.6.1(a) and 

by direct observation using optical microscopy in Figure 2.6.1(b). 
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Figure 2.6.1. (a) Schematic representation of the crack pinning mechanism for 
increasing the toughness when rigid particles are present in a brittle adhesive, (b) 
Optical micrograph of the fracture surface of a glass particle toughened epoxy polymer 
showing the crack front pinned between glass particles [63]. 

Alternatively, some researchers [21] claimed that the evidence of crack pinning 

mechanism may be observed, as shown in Figure 2.6.2, where tails or steps are formed 
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at the rear of the inclusion due to the meeting of the two arms of the crack front from 

different fracture planes. 

' " a 

Figure 2.6.2. Scanning electron microscope image of a fracture surface of an epoxy 
polymer containing spherical glass particles showing the 'tails' behind the particles 
[21]. 

2.6.1.2 Crack Deflection 
The crack deflection mechanism arises whenever interaction between the crack front 

and the particulate phase produces a non-planar crack, subject to a stress intensity lower 

than that experienced by the corresponding planar crack [81]. The tilting and twisting of 

the crack front is as a result of mixed mode loading and due to the high fracture energy 

required for mixed mode failure as compared to mode I, the fracture toughness is 

increased. 

Figure 2.6.3 shows the effect of interfacial strength on the crack path when rigid 

particles are encountered. It can be seen that for a poorly-bonded particle, the crack will 

move around the equator of the particle as shown in Figure 2.6.3 (b). With good 

interfacial adhesion between the matrix and the particle as in Figure 2.6.3 (c), the crack 

is attracted to the poles of the particle which is desirable as a larger fracture area is 

created. 
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Figure 2.6.3. Schematic of the path of a crack around a particle in rigid particle 
toughened polymers under stress, (a) Crack approaching particle, (b) Crack moving 
around the equator of a poorly bonded particle, (c) Crack attracted to poles of a well-
bonded particle [12]. 
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A fracture mechanics approach has been used to predict fracture toughness increases 

due to crack deflection around second phase particles by Faber and Evans [81]. 

According to their report, the crack pinning and crack deflection processes occur 

simultaneously. 

2.6.1.3 Debonding and Void Growth 
The toughening mechanisms associated with micrometre-sized particles have frequently 

been shown to be due to debonding of the particles followed by plastic void growth 

[14,15,83]. Indeed, Kinloch and Taylor [83] have also demonstrated that the voids 

around particles closed-up when the epoxy polymer was heated above its Tg and 

allowed to relax. The debonding process is generally considered to absorb little energy 

compared to the plastic deformation of the matrix. However, debonding is essential 

because this reduces the constraint at the crack tip and hence allows the matrix to 

deform plastically via a void growth mechanism. 

More recently, Johnsen et al. [82] investigated thermoplastic/epoxy blends, which were 

formed using a semi-crystalline thermoplastic, syndiotactic polystyrene (sPS), as the 

toughening phase. Phase separation of dissolved sPS from the epoxy occurs upon curing 

of the resin. The phase-separated particles were in the form of spheres, depending on the 

phase separation method. They reported that debonding of the sPS and epoxy phases 

and plastic void growth of the epoxy matrix were observed for the thermoplastic/epoxy 

blend containing the sPS spheres, as shown in Figure 2.6.4 (a). The evidence of these 

mechanisms was also observed by Kinloch and Taylor [83], where cavities were 

observed around the particles, as shown in Figure 2.6.4 (b). 
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Figure 2.6.4. Scanning electron microscope images of fracture surfaces of (a) sPS 
spheres and (b) hollow glass spheres toughened polymers [82,83]. (The pink circles 
illustrate debonding and void growth.) 

2.6.1.4 Microcracking 

Evans et al [84] proposed microcracking of the matrix as an alternative deformation 

mechanism. They reported that the residual misfit strain due to differential shrinkage 

between the matrix and the particles results in residual tangential stresses. 

Consequently, the applied load imposes additional tangential tensile stresses, which 

may cause microcracking of the matrix. The micrographs in Figure 2.6.5 clearly show 

evidence of microcracking. 

Figure 2.6.5. Fluorescent microscopy images of glass sphere toughened epoxy 
polymers in (a) crack tip and (b) crack wake region. Note the presence of micro cracks at 
the crack tip and in the crack wake. Arrows indicate direction of crack growth [89]. 
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2.6.2 Effect of Volume Fraction and Particle Size 
According to several researchers [12,90-92], the fracture energy of a rigid particle 

toughened epoxy polymer passes through a maximum at a given volume fraction, Vf, but 

the position of the maximum depends upon the particle size as illustrated in Figure 2.6.6 

(a). However, the fracture toughness, Kic, may increase steadily with increasing volume 

fraction due to the continuous increase in modulus, E, with Vf as may be seen f rom 

Equation 2.8 and 2.9. Spanoudakis and Young [12,93] investigated the effect of particle 

volume fraction and size on the fracture behaviour of spherical glass bead toughened 

epoxy polymers in terms of Evans ' [87] theory. Figure 2.6.6 (b) shows some of the 

results where the ratio of Kjc for the toughened polymer to Kic for the untoughened 

matrix is plotted against the ratio of the particle radius to inter-particle distance, rpJID. 

The inter-particle distance was calculated [58] from the following relationship: 

# ) = 2 r „ 71 Equation 2.24 

The data in Figure 2.6.6 (b) are from experimental results with two different particle 

sizes. A, rpa-2.5]im, , rpa=3\\\m, theoretical curves f rom the Evans' theory (i) [87] and 

modification to it calculated by Green et al. (ii,iii) [88]. There is a reasonable agreement 

between the theory and experimental data. However, at higher values of r,JID, some 

experimental points fall below the lower theoretical curve. The authors suggested that 

the difference between these values as being due to a change in toughening mechanism 

from crack pinning to interfacial breakdown at the particle/matrix boundary, which 

makes pinning more difficult. Moreover, this change in mechanism coincides 

approximately with the maximum fracture energy value for the toughened epoxy 

polymers. 
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(a) 0.6 
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Figure 2.6.6. (a) Relationship between fracture energy, Gu-, and volume fraction, Vfr, of 
rigid particle toughened epoxy polymers; (b) Relationship between K/c/Kjcimatrix) and 
the ratio of the particle radius to inter-particle distance, rpJID, for a glass bead 
toughened epoxy polymers. A, rpa=2.5|j.m; , rpa=31|j.m. Theoretical curves from (i) 
Evan's theory and (ii & iii) modification of Green et al. [21]. 
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Recently, Lee and Yee [85] investigated the fracture behaviour of rigid particle 

toughened epoxy polymers employing glass beads with two different diameters of 3.3 

and 24.4fxm. They reported that the fracture toughness and modulus of the toughened 

epoxy polymer generally increases with the increasing volume fraction of glass beads. 

The increase would not occur indefinitely because of the reduced inter-particle distance, 

and the reduced amount of epoxy available for deformation. However, they mentioned 

that the effect of glass bead size on the fracture toughness and modulus is not 

significant. 

Generally, according to previous studies reviewed here, the fracture toughness, Kjc, of 

rigid particle toughened epoxy polymer increases as the volume fraction of the rigid 

particles increases. However, the fracture energy, G/c, reaches a peak at a certain 

volume fraction and the toughening effect diminishes after the peak (due to the 

increasing Young's modulus). Moreover, epoxy polymers toughened with larger rigid 

particles (>2)xm) are slightly tougher than those with smaller rigid particles. 

2.6.3 Hybrid (Rubber & Rigid Particle Toughened) Epoxy Polymers 

In order to obtain optimum properties from toughened epoxy polymers, hybrid epoxy 

polymers, which contain both rubber and rigid particles, have been investigated. 

Kinloch et al. [63] incorporated CTBN rubber and glass beads with epoxy polymers to 

investigate their fracture behaviour. They employed a fixed amount of rubber with 

varying volume fractions of untreated and silane-treated glass beads. According to their 

results, the fracture toughness of the hybrid epoxy polymer was higher than either of the 

formulations containing only the individual tougheners. The authors indicated that the 

increase in toughness seems to be a result of both crack pinning and plastic shear 

yielding. Moreover, formulations containing silane-treated glass beads showed higher 

fracture toughness values than untreated beads, which may indicate that increasing 

interfacial adhesion strength also improves the efficiency of the crack-pinning 

mechanism. Furthermore, a maximum fracture toughness value was observed with a 

glass bead volume fraction of 0.1. Vallo et al. [94] investigated the influence of rubber-

phase morphology on the mechanical properties of hybrid epoxy polymers by 

employing various rubber contents (epoxy-terminated acrylonitrile-butadiene random 

copolymer (ETBN)) while maintaining the volume fraction of glass beads. The authors 
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observed different morphologies depending on the rubber content. The classic random 

dispersion of rubber particles was seen up to 10 wt. % of rubber, which showed the 

highest fracture toughness value. At 15 wt. % rubber, large and irregular domains were 

present, and a co-continuous structure was generated at 20 wt. %. They suggested that 

the increase in the fracture toughness is a synergistic effect of the different toughening 

mechanisms. 

Alternatively, Low et al. [95] employed zirconia particles, short alumina fibres or 

glassy-metal ribbons (FeeoNiioBioSiio) with a fixed amount of epoxy polymer and 

CTBN rubber. The diameter of the zirconia particles was less than Ip-m, and the 

alumina fibres were about 5|j.m thick and 2mm in length. Short glassy-metal ribbons 

were 0.75mm wide by 39.5|j,m thick with an average length of 6mm. They reported that 

the hybrid epoxy polymers with glassy-metal ribbons exhibited the highest fracture 

energy value. The authors claimed that their formulation with glass-metal ribbons 

possessed the highest toughness values to date {Kjc of 4.2MPa m"^ and Gic of 5.4kJ/m^). 

However, the hybrid epoxy polymers containing zirconia particles and alumina fibres 

resulted in less significant increases of toughness compared to the glass-metal ribbons, 

even though their toughness values were around 50-80% higher than the simple rubber 

toughened epoxy polymers. By microscopic observations, they proposed that the 

toughening effect of the glassy-metal ribbons is due to rubber particle cavitation and 

matrix shear yielding, plus ribbon interfacial debonding, pull-out and bridging 

mechanisms. 

Azimi et al. [96] investigated the effect of varying the volume fraction of rubber and 

glass particles while maintaining the total volume fraction of tougheners. According to 

their results, a synergistic effect is found for the rubber/glass formulation of 7.5%/2.5%, 

which is shown in Figure 2.6.7. Increasing the glass sphere content to 7.5% and 

decreasing the rubber content to 2.5% resulted in a reduction of toughness to lower than 

that of the rubber-only toughened polymer. This suggests that the volume fraction of 

rubber should not be less than the rigid particle content to obtain good toughness in 

hybrid polymers. The authors observed the crack pinning mechanism associated with 

glass spheres, which is in agreement with Kinloch's observation [63]. However, they 

also mentioned that the synergy of hybrid epoxy polymer is found to be stretching of the 

plastic zone due to the presence of the glass particles. In other words, the driving force 
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for glass particle debonding is reduced, following the cavitation of the rubber particles, 

which increases the pinning/bridging efficiency of the glass particles in the hybrid 

system. 

Total volume fraction of tougheners = 10 % 

E (D 
Q. 

Synergism 

Mixture rule 

Vol.% CTBN rubber particles 10 
Vol.% solid glass spheres particles 0 

Figure 2.6.7. Fracture toughness, Kjc, versus volume fraction of tougheners showing 
synergistic toughening [96]. 

Generally, the addition of a rubbery phase can toughen the epoxy polymers by 

promoting mechanisms such as shear yielding and plastic void growth. However, there 

is often a decrease in yield strength and stiffness associated with incorporation of rubber 

particles. Incorporating rigid particles can enhance the toughening mechanisms, even 

though the efficiency is not comparable to that of the rubber toughened epoxy. 

Nevertheless, the use of rigid particles may provide desirable engineering properties 

such as thermal and electrical properties. Unifying both mechanisms showed further 

toughening effects at certain content ratios. Hybrid epoxy polymers showed the 

potential to provide additional properties along with the toughening effect, and hence 

further investigation of hybrid materials and the toughening mechanisms associated 

with rubber particles and rigid particles are required. 

2.6.4 Nano-scale Particle Toughened Polymers 

There is a new technology which has emerged and holds a promising future in many 

engineering fields. This is known as 'nano-technology' which refers to any technology 
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which deals with the manipulation of materials in the nano-metre range (nm). A nano 

particle may be defined as any particle that has at least one dimension in the nano-metre 

range. Particles such as nano-clays [97] are plate-like in shape and have their thickness 

in the nano range. Carbon nano-tubes and nano-fibres [98] are strand-like in shape and 

have both their thickness and width in the nano-metre range. Nano-silica spheres (as 

used in this study) have all three dimensions in the nano-metre range. 

Nanotechnology affords unique opportunities to create revolutionary material 

combinations. These new materials will enable the circumvention of classic material 

performance by accessing new properties and exploiting synergism. The uniform 

dispersion of nano-sized particles produces a large interfacial area per unit volume 

compared to large particles. These characteristics imply the overall performance of 

polymer nano-composites may not be fully understood by simple scaling arguments that 

may apply to traditional polymer composites. Overall, the advance and application of 

nanotechnology could lead polymer composites to be even more attractive materials. 

2.6.4.1 Nano-Silicate Toughened Polymers 

The development of inorganic reinforced polymers has received considerable attention. 

Recent research shows the potential of these composites, for example using surface-

treated sihcates or organoclays to produce layered-silicate nano-composites [99,100]. 

Currently, the layered silicates are the most commonly used inorganic nano-materials in 

polymer nano-composites. Each silicate layer is around Inm thick, and the lateral 

dimensions of these layers may vary from 30nm to several microns and even larger 

depending on the particular silicates. These layers are organised in stacks with a regular 

Van der Waals gap in between them called the interlayer or the gallery [101]. These 

stacks can be used to form polymer layered-silicate nano-composites using various 

approaches. The effects of these materials are to increase the tensile modulus and 

strength, without sacrificing other polymeric properties, even when small amounts are 

employed (as little as 2% by volume). 

Alternatively, silica (SiO]) nano particles can be surface modified and cross-linked into 

the resin during the cure. This technique enables modified nano-silica to mix with a 

variety of matrix resins without agglomeration. The particles are created during a sol-
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gel process and their size remains unchanged during further processing steps. A hybrid 

epoxy polymer can be formulated by incorporating the nano-silica particles with a 

rubbery phase and epoxy resin. Most of the literature that has been published at the time 

this Thesis was being written, on the use of nano-silica in epoxies and moreover, in 

FRPs, stems firom the work done in this study. Accordingly, these results will be 

discussed later in the Thesis instead of in the literature review, but for reference 

purposes, the literature can be found in the following publications: [102-108]. 

2.7 Fibre reinforced polymers (FRPs) 
Fibres can be added to an epoxy to enhance its properties, and the most common fibres 

are made from organic fibre or glass, and both are investigated in this thesis. Rigid 

micron-sized particles cannot be used in the matrix, since the fibres act as a sieve due to 

their micron-sized diameters and even smaller inter-fibre separation [106]. This makes 

the use of nano-silica particles attractive as a toughener in the matrix, since they are so 

small and can penetrate between fibres during the manufacturing and curing process. It 

should be reiterated that the rubber remains dissolved in the epoxy phase during 

laminate manufacture, and only phase separates as rubbery particles on curing. 

2.7.1 Reinforcements 
There are a number of different types of reinforcement available today, some of which 

are designed for particular matrices. However, all have relatively high stiffness and low 

density [109]. 

2.7.1.1 Aramid fibres 
These were first developed by Du Pont under the trade name Kevlar and are made from 

aromatic polyamides by extrusion and spinning. They have a Young's modulus of 

~130GPa parallel to the chain axis and a much lower modulus ( - lOGPa) perpendicular 

to the fibre axis. They have a very high tensile strength of up to 3GPa, are highly 

anisotropic and because of the weak inter-chain bonding, they readily split into much 

finer fibrils and microfibrils [109]. Aramid fibres are used in the laminates to make 

bullet-proof vests, but have not been used in this study. 
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2.7.1.2 Glass fibres 
Most glass fibres are based on silica (SiOz) and there are three types of glass that are 

commonly used in composites; 

• E-glass (E for electrical) - good strength (3.5GPa), stiffiiess (76GPa), electrical 

and weathering properties 

• C-glass (C for corrosion) - better corrosion resistance than E-glass, but lower 

strength (3.3GPa) and stiffiiess (69GPa) 

• S-glass (S for strength) - highest strength (4.6GPa), stiffiiess (86GPa) and cost 

Glass fibres, unlike carbon and aramid fibres, are isotropic, and have the same axial and 

transverse modulus [109]. In this study, E-glass fibres were used. 

2.7.1.3 Carbon fibres 
Carbon fibres consist of small crystallites of turbostratic graphite - one of the allotropic 

forms of carbon. There are three main routes for producing carbon fibres: 

• From polyacrylonitrile (PAN) fibres - method to produce most high modulus 

fibres (up to SOOGPa and a tensile strength of 2.5GPa). PAN is drawn down to a 

fibre, stretched, heated in oxygen, reduced and converted to turbostratic graphite 

by heating at elevated temperatures. 

• From mesophase pitch - heated and then rapidly extruded and oxidised. 

Graphite fibres form when cooled. 

• From pyrolytic deposition - formed by pyrolytic deposition from the gases such 

as methane and benzene. Turbostratic carbon fibres are formed with poor control 

over fibre diameter. Little use in industry so far [109]. 

The fibres used in this study were made from PAN. 

2.7.2 Manufacture 
The method of manufacturing the FRPs in this study was by vacuum assisted resin 

transfer moulding (VARTM), which is used for woven fibres, and not uni-directional 

(UD) fibres. It is not applicable to making UD laminates, since the vacuum would cause 
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the fibres to become very close to each other, and would not allow the flow of resin 

between fibres. 

In this process, a stack of fibres is laid up and then covered with peel ply and a knitted 

type of non-structural fabric. The whole dry stack is then vacuum-bagged, and when the 

bag-leaks have been eliminated, resin is allowed to flow at an elevated temperature (to 

reduce viscosity) into the laminate from one end. The resin distribution over the whole 

laminate is aided by a vacuum at the other end, as illustrated in Figure 2.7.1. 

Sealant 
tape Vacuum 

bag 

To 
vacuum 
pump 

Resin 

Figure 2.7.1, Schematic showing VARTM process [110]. 

To achieve optimal and reproducible laminate quality, the processing of VARTM parts 

demands a lot of experience and great operator skill. The impregnation of the fibre 

reinforcements inside the mould is one of the most important VARTM processing steps 

to influence the final part quality. Local deviations of the permeability inside the 

preform prevent a homogeneous flow front and wet-out of the fibres. Typical 

appearances are the channelling effect, deviations in compression characteristics of fibre 

layers and shear deformations during preforming. Additional restricfions, such as high 

fibre volume fraction, integrated inserts and thick part areas, are demands of VARTM 

parts which also make reproducible quality difficult. The consequences are pores or dry 

spots on the surface and inside the laminate which can be avoided by flushing the 

laminate with excess resin. Another process step which is important for the laminate 

quality is the curing phase, which can last from several minutes to several hours and 

dominates the cycle time [111]. The laminates used in this study were cured for several 

hours at a temperature above room temperature, and laminate quality was an issue in 

only one of the three different systems of laminates researched. 
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2.7.3 FRP Fracture Mechanisms 
In a given FRP, more than one toughening mechanism may be at work, even though one 

particular mechanism may dominate. The effectiveness of these toughening mechanisms 

depends to varying degrees on a number of factors, such as [109]: 

• Size, morphology and volume fraction of the reinforcement fibres 

• Interfacial bonding between the fibre and the matrix 

• Thermal and mechanical properties of the matrix and the reinforcement fibres 

The general physics of fracture mechanics described in previous Sections, still apply to 

FRPs, but this Section will briefly describe some of the additional toughening 

mechanisms at work in FRP laminates. 

2.7.3.1 IMatrix Deformation 
The extent of matrix deformation during laminate fracture may differ appreciably from 

that of the bulk resin. The main effect is one of increased constraint, so that the matrix is 

unable to deform freely because it is surrounded by stiff and strong fibres. There is thus 

a tendency for triaxial stress states to be set up which inhibit plastic flow of the matrix. 

Indeed, the deformation of the matrix between fibres may be thought of as an adhesive 

joint, where the matrix is the adhesive, and the fibres are the substrates. The radius of 

the crack tip can be larger than the distance between fibres (which is analogous to an 

adhesive joint where the epoxy is the adhesive, and the fibres are the substrates), and 

this may limit matrix deformation [112]. Theory suggests, therefore, that the presence of 

fibres limits the plastic deformation of the matrix [109]. It should be noted that the 

toughening mechanisms described in preceding Sections for rubber and rigid particles, 

are also present when a toughened laminate deforms. For example, if the matrix of a 

laminate is toughened with CTBN, then there may be cavitation of the rubber particles 

when the laminate undergoes loading. 

2.7.3.2 Fibre Fracture 
Depending on the fibre architecture and the loading configuration, component failure 

usually involves the fracture of fibres. In general, the contribution this makes to the 

fracture energy of the laminate is small for most fibres. In particular, typical fracture 
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energies for fibres of glass and carbon (as have been used in this study) are only a few 

tens of J/m^ [109]. 

2.7.3.3 Crack Bowing and Deflection 

Crack bowing (crack pinning) is also present in fibre composites, and has been 

discussed in a previous section (see Figure 2.6.1). The increase in fracture energy from 

crack bowing increases with the volume fraction of reinforcement fibres, and is 

dependent on the size (diameter and length) of the reinforcement [113]. 

The interaction between the crack fi-ont and the reinforcement can cause the crack to 

deflect, and to become non-planar. Indeed, this crack deflection may be a twisting or 

tilting motion around the fibre, which alters the mode of cracking. Tilting produces a 

mixture of modes I (tensile) and II (in-plane shear), whereas twisting produces a 

mixture of modes I and III (anti-plane shear) [81,114,115]. 

In both cases, crack propagation is hindered, although it is believed that crack deflection 

toughening arises mainly from twisting rather than tilting of the crack [113]. 

2.7.3.4 Fibre Debonding and Pull-out 

Sometimes, the fibre can start to debond from the epoxy matrix, as shown in Figure 

2.7.2. New surfaces are created during this process, which leads to an increase in the 

fracture energy. 

Debonding 

Crack opening 
A 

V 

Direction of crack 
propagation 

Fibre 

Figure 2.7.2. Schematic showing fibres debonding from an epoxy matrix [113]. 

Sometimes, the fibre debonds almost completely from the epoxy matrix, in a process 

called 'pull-out' as shown in 
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Figure 2.7.3. A force is required to pull out the fibre as normal frictional forces need to 

be overcome. Pull-out can also occur in continuous FRPs, as variations in strength along 

the length of the fibres allow fracture to occur. If fibre fracture precedes pull-out there 

will be an additional contribution to toughness, since a loaded debonded fibre dissipates 

energy when it fractures. This pull-out mechanism is potentially the most significant 

contributor to the fracture energy of a laminate [109]. 

Direction of crack 
propagation 

Figure 2.7.3. Schematic showing fibre pull-out [113]. 

2.7.3.5 Fibre Bridging 

Another common type of toughening mechanism is fibre bridging. In this scenario 

debonding takes place, but not all the fibres in the wake of the crack have fractured, and 

some bridge the 'crack gap'. This is illustrated in Figure 2.7.4. 

Direction of crack 
propagation 

Figure 2,7.4. Schematic of the fibre bridging mechanism [113]. 

As the crack opens under the applied force, some of the stress will be transmitted to the 

fibres, which will deform elastically. There is a corresponding reduction in the K values 

at the crack tip, and therefore, crack progression is hindered. This toughening 

mechanism occurs not at the crack tip, but in the crack wake. As the crack extends, the 

wake region increases in size, and the toughness contribution from fibre bridging 

increases as a consequence, until a steady-state toughness value is reached (R-curve 
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behaviour is displayed where the fracture energy increases with increasing crack 

length). 

The toughness of a material can also be enhanced by the presence of microcracks. The 

strain energy of the primary crack is lowered, since the microcracks enter the stress field 

at the crack tip, and the ensuing interactions cause crack blunting, branching and 

deflection. 

2.8 Chapter Summary 
This Chapter has reviewed epoxy polymers, the basic principles of fracture mechanics, 

the deformation behaviour of polymers and the toughening mechanisms of rubber and 

rigid particle toughened epoxy polymers. It has also discussed FRP constituents, 

manufacture and toughening mechanisms. The next Chapter will review the materials 

and the experimental techniques which have been used in the present study. 
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL 

PROCEDURE 

3 Background 
This Chapter will describe the materials used in this study, as well as the experimental 

and data analysis methods employed in characterising the material properties and 

fracture of the epoxy nano-composites. 

3.1 Materials 
It was stated in Chapter 1 that three epoxy-based systems were investigated in the 

present study, and each system shall be described individually, in the order in which 

their 'Results Chapters' appear subsequently in the thesis. It should be noted that the 

formulations were supphed ready-made in the form of bulk epoxy polymer and FRP 

laminate plates, by hanse chemie (Geesthacht, Germany). The term 'wt. %' refers to the 

percentage by weight of a cured sample that contains that constituent. For example: '9 

wt. % CTBN and 11 wt. % nano-silica' means that in a cured sample weighing 1 OOg, 

there would be 9g of CTBN, 11 g of nano-silica, and 80g of epoxy and hardener. 

3.1.1 Amine-cured DGEBA-based 

The amine-cured DGEBA-based system used an epoxy polymer made from 

epichlorohydrin and the disodium salt of bisphenol-A, to give diglycidylether of 
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bisphenol-A (DGEBA). The rubber used was a low molecular weight copolymer of 

butadiene and acrylonitrile with a carboxy-terminated (CTBN) end-group and was 

'Hycar 1300x8', produced by Emerald Inc., (Cleveland, USA). This was pre-reacted 

with the DEGBA resin to give a 40 wt. % CTBN-epoxy adduct: 'Albipox 1000' from 

hanse chemie (Geesthacht, Germany). The nano-silica particles that were added to the 

epoxy are initially well dispersed, have a narrow particle-size distribution and an 

average particle size of about 20nm, as shown in Figure 3.1.1 and Figure 3.1.2 

respectively. The particular grade of nano-silica used was 'Nanopox F400' and was 

produced by hanse chemie as an epoxy resin with 40 wt. % of nano-silica particles. 

100 00 nm ^ 

Figure 3.1.1. Transmission electron micrograph of epoxy with 5 wt. % nano-silica, 
showing excellent dispersion [116]. 

I I I I 
40 60 

partide size [nml 
SO 100 

Figure 3.1.2. Graph showing particle size distribution of nano-silica particles, 
determined by small angle neutron scattering (SANS) [116]. 
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The bulk samples were cured by firstly mixing together the DGEBA epoxy with the 

given amounts of the nano-silica epoxy and the CTBN-epoxy adduct, to give the 

required levels of added nano-silica and CTBN rubber. The value of the epoxy 

equivalent weight (EEW) of the blend was then calculated and the stoichiometric 

amount of the cycloaliphatic amine hardener ( 'Hardener 286' from MGS/Hexion, 

Germany) was added to the mixture, which was then cured for 2 hours at 80°C. Bulk 

epoxy polymers from this system are used as adhesives and for marine coatings. 

E-Glass fibres were used to reinforce laminates using the bulk epoxies as the matrix. 

The glass fibres used were in the form of an isotropic linen-weave (ie. plain weave) 

fibre fabric, provided by Lange-Ritter (Gerlingen, Germany). The glass fibres had a 

density of 200g /m\ and were arranged in a 0/90° pattern. Eight plies of the fabric were 

used to manufacture the fibre reinforced polymers (FRPs) by vacuum-assisted resin 

transfer moulding (VARTM) at an injection temperature of 60°C, and then cured for 2 

hours at 80°C. The fibre:resin ratio was 3:2. (Note that a thin film of 

polytetrafluoroethylene (PTFE) was inserted 30mm into the fabric along one edge prior 

to resin infusion to act as a starter crack for the fi-acture specimens.) FRPs based upon 

this system are used in windmill blades, sporting goods and racing boats. 

3.1.2 Amine-cured TGMDA-based 

The amine-cured TGMDA-based system used an epoxy of tetraglycidyl methylene 

dianiline (TGMDA). The reactive liquid rubber used was 'Hycar CTBN 1300x8' and 

was provided by Emerald Inc., (Cleveland, USA). This was pre-reacted with the epoxy 

resin to give a 26 wt. % CTBN-epoxy adduct, supplied by hame chemie, (Geesthacht, 

Germany). The nano-siUca was obtained at a master-batch concentration of 30 wt. % in 

this epoxy polymer and was produced as 'Epikote 486' from Hexion, (Duisburg, 

Germany). The nano-silica particles in this system had the same size and distribution as 

in the amine-cured DGEBA-based system. The samples were cured by firstly mixing 

together the TGMDA epoxy with given amounts of the nano-silica epoxy and the 

CTBN-epoxy adduct, to give the required levels of added nano-silica and CTBN rubber. 

The value of the EEW of the blend was then measured via titration, and the 

stoichiometric amount of the hardener (a mixture of two sterically-hindered aromatic-
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amines, supplied by POLYNT, SpA, (Scanzorosciate, Italy)) was added to the mixture, 

which was then cured for 2 hours at 180°C. 

Eight plies of a 0/90° isotropic linen-weave of carbon fibre-fabric ('Style 439 T ' ) was 

used to make FRP laminates by VARTM using the bulk epoxies as the matrices. The 

carbon fibres used ( 'Tenax HTA 5131') had a density of 370g/m^ and were supplied by 

ECC, (Germany). The fibre:resin ratio was 3:2 and the injection temperature was 120°C 

followed by a cure cycle of 2 hours at 180°C. (Note that a thin film of 

polytetrafluoroethylene (PTFE) was inserted 30mm into the fabric along one edge prior 

to resin infusion to act as a starter crack for the fracture specimens.) FRPs based upon 

this system are used in aerospace applications and Formula 1 cars. 

3.1.3 Anhydride-cured DGEBA-based 

The anhydride-cured DGEBA-based system used a DGEBA epoxy, and the curing 

agent was an accelerated methylhexahydrophthalic acid anhydride, ( 'Albidur HE 600') 

supplied by hanse chemie, (Geesthacht, Germany). The CTBN used ( 'Hycar 1300x8') 

was produced by Emerald Inc., (Cleveland, USA) which was pre-reacted with the 

DEGBA epoxy to give a 40 wt. % CTBN-epoxy adduct: 'Albipox 1000' from hanse 

chemie (Geesthacht, Germany). The nano-silica used was 'Nanopox F400' from hanse 

chemie, and was produced as an epoxy resin with 40 wt. % of nano-silica particles. The 

bulk samples were cured by firstly mixing together the DGEBA epoxy with given 

amounts of the nano-silica epoxy and the CTBN-epoxy adduct, to give the required 

levels of added nano-silica and CTBN rubber. The value of the EEW of the blend was 

then calculated and the stoichiometric amount of the accelerated 

methylhexahydrophthalic acid anhydride hardener ( 'Albidur HE 600' supplied by hanse 

chemie, (Geesthacht, Germany)) was added. The samples were cured for 1 hour at 

90°C, followed by 2 hours at 160°C. Bulk epoxy polymers from this system are used as 

casts and on circuit boards. 

Six plies of isotropic Hnen-weave carbon fibre fabric arranged in a 0/90° pattern with a 

density of 168g/m^ and supplied by Lange-Ritter, (Gerlingen, Germany), were used to 

make laminates by VARTM using the bulk epoxy as matrices. The fibre:resin ratio was 

3:2, the injection temperature was 70°C, and the samples were cured for 1 hour at 90°C, 
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followed by a post-cure of 2 hours at 160°C. (Note that a thin film of 

polytetrafluoroethylene (PTFE) was inserted 30mm into the fabric along one edge prior 

to resin infusion to act as a starter crack for the fracture specimens.) FRPs based upon 

this system are used in sporting equipment such as ski poles, tennis racquets, hockey 

sticks, and surfboard masts. 

3.2 Microscopy 
This section will discuss the various methods of microscopic analysis used to 

characterise the microstructure and fracture of both the bulk epoxies and the FRPs. 

3.2.1 Scanning Electron Microscopy 

A 'JEOL JSM 5300' scanning electron microscope (SEM) was used to investigate the 

fracture surfaces of both the FRPs and the bulk epoxies, with a typical acceleration 

voltage of 20kV. Small square pieces of side 2cm were cut from each FRP sample (or in 

the case of the bulk fracture surface, a shortened fracture sample was used), and adhered 

to an aluminium disk. A very thin coating of gold was sputtered over the sample to 

make it more conductive, and to avoid electrically charging the specimen. In general, 

the entire surface was scanned and images of striking and indicative surface features 

were saved. High resolution electron microscopy was performed on the fracture surfaces 

with an electron microscope equipped with a field emission gun (FEG-SEM). The 

instrument used was a 'Leo 1525' from Carl Zeiss (Hertfordshire, UK) equipped with a 

Gemini column. Typically, the acceleration voltage was set at 5kV. All specimens were 

coated with an approximately 5nm thick layer of gold or platinum before analysis. 

3.2.1.1 Surface Roughness Measurements 
Surface roughness measurements of the fracture surfaces were performed using a Form 

Talysurf series 2 from Taylor Hobson (Pennsylvania, USA). A sharp stylus with a tip 

radius of 2.5mm, attached to a cantilever, was drawn across the surface at a constant 

speed for a set distance. Five measurements with a traverse length of 4mm were 

performed perpendicular to the direction of the crack growth. The average roughness, 

Ra, of the line profiles was calculated. 
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3.2.2 Microtoming 

A 'PowerTome XL' ultramicrotome from RMC Products (Arizona, USA) was used to 

cut slices of specimens for the transmission electron microscope (TEM), and to prepare 

flat surfaces to be viewed under the atomic force microscope (AFM). 

TEM slices of between 60-1 OOnm were prepared by cryo-ultramicrotomy at a 

temperature of -65°C to reduce the compression of the rubber particles in particular. 

Since cryo-ultramicrotomy does not affect the microstructure of unmodified epoxy, or 

samples with nano-silica only, it was decided to microtome all samples at this 

temperature (ie. -65°C) for convenience. The TEM slices were then placed on a carbon-

filmed copper grid, and the samples containing CTBN were stained with a solution of 2 

wt. % osmium tetroxide in a 50:50 mixture (by volume) of water and tetrahydrofuran, 

for twenty four hours to improve the contrast of the rubber particles under the TEM. 

The AFM samples just needed to have a very smooth surface, so the sample that 

provided the TEM slices, was subsequently used for AFM investigations. 

3.2.3 Transmission Electron Microscopy 

The microtomed slices were viewed using a 'JEOL JEM-2000FX IF transmission 

electron microscope (TEM) at an acceleration voltage of 200kV. This microscopy 

method was used to determine the microstructure of the samples. 

3.2.4 Atomic Force Microscopy 

Atomic force microscopy studies were undertaken on a MultiMode scanning probe 

microscope from Veeco (California, USA) equipped with a 'J ' scanner and a 

'NanoScope IV' controller. The scans were performed in tapping mode using silicon 

probes with a tip radius of - lOnm and both height and phase images were recorded. The 

imaging software used to perform volume fraction analyses on the micrographs, was the 

Global Lab Image/2 irom Data Translation (Massachusetts, USA). 

3.3 Bulk Thermal and Mechanical Tests 
This Section reviews the preparation and methods used for determining the thermal, 

mechanical, and fracture properties of the bulk epoxy polymers. 
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3.3.1 Glass Transition Temperature 

Dynamic mechanical thermal analysis (DMTA) was performed by testing bars 

48x3x2mm in size in the three-point-bending mode at IHz, at a rate of 4°C per minute 

from -80 to 180°C, using a 'Tritec 2000 DMTA' from Triton Technology 

(Nottinghampshire, UK). The storage modulus, loss modulus and loss factor, tan 5, were 

calculated as a ftinction of temperature. The glass transition temperature, Tg, was taken 

to be the temperature at which the peak value of tan 8 occurred. 

3.3.2 Tensile Tests 
Tensile dumbbells were machined from the bulk plates with the profile shown in Figure 

3.3.1. The Young's Modulus, E, of the bulk samples for the various blend compositions 

were measured in accordance with the relevant standards [117,118]. 
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Figure 3.3.1. Schematic of a tensile specimen. 

Typical measurements for the tensile specimens used were as follows: 

Lo = gauge length = 20mm 

b = 3.8mm 

B (not shown in this schematic) = plate thickness ~ 4mm 

L = 75 mm 

After clamping in the testing machine, the specimens were pulled apart at a rate of 

Imm/min, and at 20°C. The Young's Modulus was calculated from the elastic (straight 

line) portion of the load-displacement graphs recorded. The straight line portion of the 

graph was divided into a number of segments and the modulus was calculated for each 
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segment. The Young's modulus of the sample was taken as the largest modulus of all 

the line-segments. The following simple equations were used to determine the Young's 

Modulus: 

(J-• Equation 3.1 

e = -
U 

Equation 3.2 

E= — Equation 3.3 

where o is the stress, P is the apphed load, A is the cross sectional area of the sample in 

the gauge region, e is the strain, Lo is the gauge length and e is the extension of the 

gauge length (measured by a clip-on extensometer). 

3.3.3 Single Edge Notch Bend Tests 

To ascertain the fracture toughness of the bulk materials, single edge notch bend 

specimens (SENBs) were machined from plates of the bulk epoxies, and tested in 

accordance with the relevant standard [119]. A pre-crack was inserted in each specimen 

to increase constraint at the crack tip, by drawing a razorblade through the notch. Figure 

3.3.2 shows the dimensions of the specimens machined. 
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Figure 3.3.2. Schematic of an SENB specimen. 
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Typical measurements for the SENB specimens used were as follows: 

W = 12mm 

B = plate thickness ~ 4mm 

a = 5.6mm (razor blade notch -0 .1mm in length) 

L = 52.8mm 

Ls = 4W = 48mm 

During testing, the specimen was loaded at the centre of the specimen in line with the 

notch, and supported on the two outer loading points. For each blend composition, at 

least three replicate specimens were tested, at a test rate of Imm/min at 2 0 ° C . Load-

displacement graphs were recorded, and these were used to calculate the fracture 

toughness according to the standard [119]. 

The aim was to quantify the critical stress-intensity factor, Kic, for the various bulk 

specimens. Plane strain conditions were satisfied since the samples were sufficiently 

thick (see Equation 2.9 in the Literature Review Chapter). 

The toughness was calculated from [119]; 

Kj^ = (Pj^BW^)f{x) Equation 3.4 

Where Pic is the maximum load and f(x) is; 

Equation 3.5 

(1 + 2x)(l — x)^ 

and 0<x<l, where x = a/W. 

During post-experiment analysis, the fracture toughness values were converted to 

fracture energy values, to compare to those of the FRPs (see Equation 2.8 in the 

Literature Review Chapter). 

3.4 FRP Tests 
This Section reviews the preparation and methods used for determining the mechanical 

properties of the FRP samples. The specimens were all cut from the laminates using a 

circular saw lubricated with cutting fluid, and each DCB sample was cut from the end 

of the laminate that had a pre-inserted starter film during manufacture. 
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3.4.1 Mode I Fracture Tests 
Double cantilever beam (DCB) specimens with a pre-inserted starter crack were used to 

measure the interlaminar fracture energy, Gfc, of the laminates under mode I loading 

conditions. Aluminium-alloy end-blocks were grit-blasted and wiped with acetone to 

improve adhesion-integrity during testing. They were then bonded on either side of the 

sample (which was also grit-blasted and acetone-wiped) with a two-part rubber 

toughened epoxy, and placed in jigs to cure at 60°C for 1 hour. White, water-soluble 

'Tippex' was applied to the side of each sample, and graduated in millimetres. The 

sample was then positioned in the testing machine and secured by pins through the 

holes of the two end-blocks. A travelling microscope was placed in line with the 

graduations on the side of the sample to observe crack progress. During testing of some 

of the laminates, there was a large radius of curvature of the laminate-arm or the 

specimen broke near the pre-crack. It was decided that backing beams were needed for 

the repeat tests. Uni-directional, 1 mm-thick carbon fibre composite beams were adhered 

to the DCBs to improve stiffness and to promote stable crack growth. The same 

preparation, adhesive and curing regime that was used for adhering the end-blocks, were 

used to attach the backing beams to the FRPs. The tests were performed according to 

the relevant standard [120] and a schematic of a DCB sample is shown in Figure 3.4.1. 

I 
• 

Figure 3.4.1. Schematic of a DCB specimen. 

Typical measurements for the DCB specimens were as follows; 

L = 145mm 
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ao = 20mm 

h = half thickness of laminate ~ 1.5mm 

H = 12.5mm 

1 = 20mm 

B = 20mm 

Each specimen was loaded at a cross-head speed of Imm/min at 20°C under tensile 

conditions for the crack to propagate - 5 mm beyond the pre-inserted starter crack, and 

then unloaded at a rate of 5mm/min. The specimen was loaded again at Imm/min until 

the crack progressed to at least 80% along the length of the sample, and then unloaded 

at 5mm/min. The crack lengths were recorded at the initiation and arrest points on the 

load-displacement traces and the value of the interlaminar fracture energy was 

calculated at each point. For each formulation, at least three samples were tested. 

The critical mode I interlaminar fracture energy was calculated using the corrected 

beam theory (CBT) method for DCBs [120]: 

F 
Equation 3.6 

where P is the load at the onset of crack propagation, S is the displacement, a is the 

crack length and A/ is the mode I crack length correction for a beam that is not perfectly 

built-in [121]. 

F, the large displacement correction, is given by: 

3 ' 2 

10 ya y 3 I 4,2 J 
Equation 3.7 

And N, the end block correction factor, is given by: 

F = l - 1 -

) 

9 

a" 35 ) Equation 3.8 
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Where // is the distance from the centre of the loading pin to the midplane of the 

specimen, and h is the distance from the loading pin centre to the edge of the end block 

(see the DCB schematic in Figure 3.4.1). 

3.4.2 Flexural Modulus Tests 
At least three specimens were cut from each FRP laminate plate in a direction parallel to 

the starter crack, and three more in a perpendicular direction, to investigate whether the 

orientation of the specimens affected the modulus (a check for isotropy). The specimens 

had the same rectangular shape as the DCB samples, but the test required no end-blocks 

or starter cracks, as shown in Figure 3.4.2. 

Figure 3.4.2. Schematic of a specimen used to test flexural modulus. 

Typical specimen dimensions were: 

L = 140mm 

B = 25mm 

2h = 3mm 

Ls = support span = 40(2h) = 120mm 

For each individual specimen, four tests were performed according to the relevant 

standard [122]: two repeat tests on each face of the sample, to check if the modulus was 

affected by which side of the specimen faced upwards. 

The test rate was dependent on the specimen dimensions, as stipulated by the standard: 
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R - 0.01—-— Equation 3.9 

where is the rate of crosshead motion in mm/min, is the support span. 

Typical crosshead speeds were between 1 and 2mm/min. This varying test speed 

ensured a constant strain rate of 0.01/min and the samples were supported on two outer 

loading points, at 20°C. This test was conducted elastically, to a preset displacement 

limit of 5mm. Load-displacement graphs were recorded, and the flexural modulus was 

calculated, utilising the following equation [122]: 

L^s 
Equation 3.10 

where s is the slope of the tangent to the initial straight-line portion of the load 

deflection curve, and B is the width of the beam. 

3.4.3 Fibre Volume Fraction Tests 
After examining the initially puzzling results from the flexural modulus tests performed 

on the anhydride-cured DGEBA-based FRPs, it was hypothesised that the variability in 

the results was probably due to varying fibre volume fractions. Thus, it was decided to 

perform volume fraction analyses on this system's FRPs. The relevant standard was 

consulted [123], as well as an in-house industry test method [124]. Whilst measuring the 

fibre volume percentage using acid digestion is not terribly difficult, it is very time 

consuming, and extra care needs to be taken, due to the use of hazardous chemicals. 

For each formulation, two FRP samples were cut, each having dimensions of about 

15x20mm. Each sample was first weighed to four decimal places, and an Accupyc 

machine was used to measure the dry density of each sample, by measuring the volume 

of helium gas displaced by the sample. 

100 



CHAPTER 3 MATERIALS AND EXPERIMENTAL PROCEDURE 

The next stage of the process involved the digestion of the FRP in the confines of a 

fume cupboard. 25ml of 98% sulphuric acid were used to digest each sample, at a 

temperature of about 1 4 0 ° C on a hot plate. The flask was stirred constantly with a glass 

rod that was also used to ensure that the matrix had dissolved and that the fibres had all 

separated into individual strands. The acid digested the matrix (including the rubber 

particles), but left the fibres and nano-silica particles intact. 

Once the matrix was dissolved, the flasks were taken off the hot-plate and hydrogen 

peroxide was carefully added, one drop at a time, since the reaction is very violent. The 

hydrogen peroxide was added until the liquid became clear - indicating that the reaction 

stopped and the acid was neutralised. 

The mixture was then carefully filtered using glass crucibles and a water-pump, whilst 

being doused with copious amounts of distilled water. The nano-silica particles were 

small enough to pass through the filters, so only the fibres were left in the crucible. The 

crucible with wet fibres was then placed in an oven at 1 2 0 ° C and dried overnight. 

The following day, the dried fibres were weighed and by comparing the masses and 

densities of the FRP and the fibres, the fibre volume fraction was calculated according 

to; 

y = z - ™ ' Equation 3.11 
^FRP PF 

Where MF is the mass of fibres, ppRP is the density of the FRP laminate sample, M f r p is 

the mass of the FRP laminate sample, and/?/is the density of the fibres. 

3.5 Chapter Summary 
This Chapter stated the materials used in this study, and the companies that provided 

them. It also stated how the bulk and FRP plates were manufactured, and how the test 

samples were prepared. Additionally, the test conditions and the way in which the data 

was analysed, was also discussed. 
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The next three Chapters present and discuss the results from tests performed (as 

described in this Chapter) on the three epoxy-based systems. 
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CHAPTER 4 

RESULTS AND DISCUSSION: THE AMINE-

CURED DGEBA-BASED SYSTEM 

4 Introduction 
This Chapter investigates the microstructure, material properties and fracture of a 

DGEBA-based epoxy system that was cured using formulated isophoronediamine with 

a cure cycle of 2 hours at 80°C, and has had combinations of both rubber and nano-

silica particles added to improve the resistance to fracture. 

The results have been divided into those obtained from testing the bulk epoxy polymer, 

and the results obtained from testing the glass fibre reinforced polymers (GFRPs) which 

have used said bulk epoxy polymers as their matrices. 

The section that discusses the bulk epoxy polymer has been divided into subsections 

which discuss the microstructure, thermal and mechanical properties, and fracture 

surfaces. Each has a summary at the end, and there is a general discussion at the end of 

the section which reviews all the results and examines how each material property 

affects the others. A similar format is followed for the GFRP results, with a Chapter 

Discussion at the very end. 
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4.1 Bulk Epoxy Polymer Results 
The bulk epoxies investigated are summarised in Table 4.1.1 and it may be seen that an 

unmodified sample (the control) was compared to samples toughened with varying 

amounts of CTBN rubber (between 0 and ~11 wt. %), and hybrid samples toughened 

with varying amounts of rubber and nano-silica (between 0 and ~11 wt. %). The 

microstructure was studied to see how the rubber and nano-silica particles were 

distributed, and a number of tests were performed on the samples to determine the 

thermal and mechanical properties of the bulk material. The fracture surfaces were then 

investigated to ascertain the fracture mechanisms. It should be noted that all tests were 

performed on cured samples. Formulations with larger amounts of CTBN were not 

tested, since samples with large CTBN contents would have low glass transition 

temperatures and higher viscosities, which would make processing more difficult. 

Additionally, low rubber contents reduce the amount of water absorption, which is 

especially valid for its use in FRP appHcations. No nano-only samples were supplied by 

hanse chemie, due to time constraints. 

Table 4.1.1. Summary of all the amine-cured DGEBA-based bulk epoxy polymers 
investigated. 

wt. % CTBN wt. % nano-silica 

0 0 

4.6 0 

6.9 0 

10.9 0 

4.1 2 

4.1 4.1 

6.9 3.5 

7 7 

11.3 5.7 

11.6 11.6 

1 0 4 
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4.1.1 Microstructure 
A transmission electron microscope (TEM) was used to view thin microtomed slices of 

the cured bulk samples under high magnification. The aim was to observe how the 

nano-silica and rubber particles were dispersed in the epoxy, as well as relative to each 

other. An atomic force microscope (AFM) was used to give fiarther information about 

the microstructure. 

4.1.1.1 Unmodified Epoxy 
The transmission electron micrograph in Figure 4.1.1 is for a control sample of 

unmodified epoxy. The epoxy matrix is featureless, which is expected for a 

homogenous thermosetting polymer. 

^ 5 

% 

Figure 4.1.1. Transmission electron micrograph of a sample containing unmodifed 
epoxy. 
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4.1.1.2 Rubber Modified Epoxies 

Figure 4.1.2 shows AFM images of the surfaces of microtomed samples with 4.6, 6.9 

and 10.9 wt. % CTBN. The well dispersed, phase-separated spherical rubber particles 

are clearly visible in all images, and some of them are highlighted by the white arrows. 

The series of images for increasing CTBN content shows that the rubber particles are 

between 0.1 and 0.5)j,m in diameter, which falls in the typical range of particle 

diameters (ie. O.l-Siom) for phase separated CTBN [75,125]. Volume fraction analysis 

of the images suggests that -3 .5 , 6 and 9 wt. % of CTBN phase separates from the 4.6, 

6.9 and 10.9 wt. % CTBN samples respectively. Therefore more than 80% of the rubber 

phase separates, and a similar percentage has been previously reported [126]. 
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10.0 urn 

Figure 4.1.2. AFM images of the amine-cured DGEBA-based samples containing: (a,b) 
4.6 wt. % CTBN, (c,d) 6.9 wt. % CTBN, and (e,f) 10.9 wt. % CTBN. (White arrows 
point to some rubber particles.) 
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4.1.1,3 Hybrid Modified Epoxies 
The AFM image in Figure 4.1.3 is of a sample that contained 4.1 wt. % CTBN and 2 wt. 

% nano-silica. The phase-separated rubber particles and nano-silica particles are 

highhghted by the white and blue arrows respectively. The rubber particles in the AFM 

image are lighter in colour than the previous AFM images because of the tapping force 

used (ie. in these images, the tapping force was less). The rubber particles are oval-

shaped in the TEM image because the rubber particles were compressed during 

microtoming due to an insufficiently low microtoming temperature. However, it can 

still be seen that the rubber particles are of a similar size and shape (ie. spherical and up 

to 0.5)j.m in diameter) as in the CTBN-only samples. The nano particles are not in the 

rubber domains and remain well dispersed throughout the epoxy matrix, with their 

diameters remaining constant at about 20nm. 

The TEM image in Figure 4.1.4 shows a similar microstructure to the AFM image. 

Indeed, these two methods are interchangeable when characterising the microstructure 

of an epoxy [127,128]. Volume fraction analysis showed that ~3 wt. % of the CTBN 

phase separated into rubber particles. 

Figure 4.1.3. AFM image of a sample containing 4.1 wt. % CTBN and 2 wt. % nano-
silica, (White arrows point to some rubber particles and blue arrows point to some nano 
particles.) 
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Figure 4.1.4. Transmission electron micrograph of a sample containing 4.1 wt. % 
CTBN and 2 wt. % nano-silica. (White arrows point to some rubber particles and blue 
arrows point to some nano particles.) 

The micrograph in Figure 4.1.5 is of a sample containing 4.1 wt. % CTBN and 4.1 wt. 

% nano-silica. The nano-silica particles are well distributed throughout the epoxy 

matrix, as are the rubber particles. The rubber particles should appear as dark shapes, 

due to the osmium tetroxide staining. However, in this image they are light coloured, 

which suggests that the rubber particles were not stained for a long enough period. Also, 

the rubber particles are oval-shaped in this image because the sample was not cooled to 

a low enough temperature, so that they were still compliant during microtoming and 

were slightly compressed. However, the AFM sample used to obtain the image in 

Figure 4.1.6 was prepared at a lower temperature, and shows that the rubber particles 

are spheres of up to 0.5|im in diameter. A height image mode was used instead of a 

phase image mode, because this gave a crisper image. The very small dark circles are 

the holes left by nano-silica particles that were removed during microtoming. However, 

this image confirms that the nano-silica particles are well dispersed. Volume fraction 

analysis of the both the TEM and AFM images suggests that ~3 wt. % CTBN phase 

separated into rubber particles. 
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Figure 4.1.5. Transmission electron micrograph of a sample containing 4.1 wt. % 
CTBN and 4.1 wt. % nano-silica. (White arrows point to some rubber particles and blue 
arrows point to some nano particles.) 
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Figure 4.1.6. AFM image of a sample containing 4.1 wt. % CTBN and 4.1 wt. % nano-
silica. (White arrows point to some rubber particles and blue arrows point to some nano 
particles.) 
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Figure 4.1.7 is a transmission electron micrograph for a sample containing 6.9 wt. % 

CTBN and 3.5 wt. % nano-silica. The microstructure is very similar to that of the 

previous sample. The light areas are (up to) 0.5|j.m-diameter rubber particles that were 

not stained sufficiently. The nano-silica remains well dispersed and non-agglomerated. 

Volume fraction analysis suggests that ~5 wt. % of the CTBN phase separated into 

rubber particles. 

Figure 4.1.7. Transmission electron micrograph of a sample containing 6.9 wt. % 
CTBN and 3.5 wt. % nano-silica. (White arrows point to some rubber particles and blue 
arrows point to some nano particles.) 

It is interesting to note at this point, that the nano-silica particles did not agglomerate in 

any of the previous samples. Hybrid samples containing less than -4 .5 wt. % nano-silica 

have shown good nano particle dispersion, regardless of CTBN content. 

However, a different microstructure is revealed from the micrograph of a sample 

containing 7 wt. % CTBN and 7 wt. % nano-silica in Figure 4.1.8. Whilst the rubber 

particles are well distributed and are of a similar size to those in the previous samples, 

the same cannot be said of the nano-silica. (Note that volume fraction analysis of the 

images suggests that ~5 wt. % CTBN phase separated into rubber particles) Indeed, 

most of the nano-silica particles agglomerate into 'super-clumps' of more than 3|nm in 
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diameter. Although, some particles agglomerate to form smaller, three dimensional 

necklace-like structures of about 0.5|im in length, and 0.1 |im in width. The micrograph 

at higher magnification in Figure 4.1.8 (b) shows that some of the nano particles remain 

well dispersed as single particles. A comparison with the previous sample (containing 

6.9 wt. % CTBN and 3.5 wt. % nano-silica) which has a similar CTBN content, 

suggests that it is the amount of nano-silica present that determines whether 

agglomeration occurs or not. (It should be reiterated that the nano-silica was surface 

modified for all samples in the same way, and cured using the same hardener and cure 

cycle.) 
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Figure 4.1,8. (a) Transmission electron micrograph of a sample containing 7 wt. % 
CTBN and 7 wt. % nano-silica. (b) at higher magnification. (White arrow points to 
rubber particles, blue arrows point to some nano particles, green arrows point to some 
three dimensional necklace-like structures and pink arrows point to super-clumps.) 

A different microstructure is revealed in the micrograph in Figure 4.1.9 for a sample 

containing 11.3 wt. % CTBN and 5.7 wt. % nano-silica. The rubber particles are well 

distributed, oval-shaped (compressed during microtoming) particles but they are larger 

than in the previous samples with a diameter of almost l[.im. Indeed, an increase in the 

size of phase separated rubber particles with increasing CTBN content in a DGEBA-

based epoxy has been reported before [129]. Volume fraction analysis suggests that ~8 

wt. % of the CTBN phase separated into rubber particles. The nano-silica coalesce into 

well distributed three dimensional necklace-like structures of about 1 p-m in length and 

0.2)j,m in width. 
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Figure 4.1.9. Transmission electron micrograph of a sample containing 11.3 wt. % 
CTBN and 5.7 wt. % nano-silica. (White arrows point to some rubber particles and pink 
arrows point to some three dimensional necklace-like structures of nano-silica.) 

The micrograph in Figure 4.1.10 is for a sample containing 11.6 wt. % CTBN and 11.6 

wt. % nano-silica and clearly shows the agglomeration of nano-silica into super-clumps 

of about 3p,m in diameter. The AFM image in Figure 4.1.10 shows the rubber particles 

more clearly than the TEM image, and they are seen to be about l|am in diameter. 

Volume fraction analysis of the images suggests that ~8.5 wt. % of the CTBN phase 

separated into rubber particles. This sample contains a comparable amount of CTBN to 

the previous sample, but twice as much nano-sihca. This confirms that it is the nano-

silica content that determines the degree of agglomeration (or lack thereof) that occurs 

for the nano-silica particles. 
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I p m 

Figure 4.1.10. Transmission electron micrograph of a sample containing 11.6 wt. % 
CTBN and 11.6 wt. % nano-silica. (White arrows point to some rubber particles and 
pink arrows point to some super-clumps.) 

1 

am 

m m 

1:Phase 10.0 iim 

Figure 4.1.11. AFM image of a sample containing 11.6 wt. % CTBN and ] 1.6 wt. %. 
(White arrows point to some rubber particles and pink arrows point to some super-
clumps.) 
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4.1.1.4 Summary 

AFM and TEM images were both used to investigate the microstructure of the amine-

cured DGEBA bulk epoxy polymer samples, and both gave excellent images. The 

microstructure of the different samples is summarised in Table 4.1.2. It should be noted 

that for hybrid samples in this system, it was found that the degree of dispersion of the 

nano particles in the epoxy matrix is dependant on the wt. % of nano-silica, but the wt. 

% of the nano-silica phase only marginally affects the amount of rubber that phase 

separates. 

Table 4.1.2. Summary of the microstructure of samples from the amine-cured DGEBA-
based bulk epoxy polymers. (NA = Not Applicable) 

wt, % 
CTBN 

wt. % 
nano-
silica 

Rubber 
Microstructure 

Visual wt. % 
CTBN phase 

separated 

Nano-silica 
Microstructure 

0 0 NA NA NA 

4.6 0 Well dispersed rubber 
spheres, O.l-O.Sfim diameter 

3.5 NA 

6.9 0 Well dispersed rubber 
spheres, 0.1-0.5jim diameter 

6 NA 

1&9 0 Well dispersed rubber 
spheres, 0.1-0.Sum diameter 

9 NA 

4.1 2 Well dispersed rubber 
spheres, 0,l-0.5|xm diameter 

3 Well dispersed 20nm 
spheres 

4.1 4.1 Well dispersed rubber 
spheres, 0.1-0.5jim diameter 

3 Well dispersed 20nm 
spheres 

6.9 3.5 Well dispersed rubber 
spheres, O.l-O.S^m diameter 

5 Well dispersed 20nm 
spheres 

7 7 Well dispersed rubber 
spheres, 0.1-0.Sum diameter 

5 Super-clumps 4|xm in 
diameter, as well as 

necklace-like structures 

11.3 5.7 Well dispersed rubber 
spheres, up to 1 nm diameter 

8 Necklace-like structures 
1 |im in length, 0.2|im in 
width. Well dispersed 

11.6 11.6 Well dispersed rubber 
spheres, up to 1 nm diameter 

8.5 Super-clumps 4jim in 
diameter, as well as 

necklace-like structures 

16 
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4.1.2 Thermal and Mechanical Properties 

This section investigates the thermal and mechanical properties of the bulk epoxy 

polymers where the results from dynamic mechanical thermal analysis (DMTA), tensile 

tests and single edge notch bend tests are presented. 

4.1.2.1 Glass transition temperature test results 

The glass transition temperature (Tg) values were determined by performing dynamic 

mechanical thermal analysis (DMTA). A sample DMTA trace of a hybrid specimen is 

shown in Figure 4.1.12, with the loss modulus, G', and tan 5 data for a test frequency of 

IHz. The graph clearly shows the epoxy peak (indicating the Tg of the epoxy) and the 

smaller peak indicating the Tg of the CTBN. The smaller peak becomes more defined 

when the Y-axis scale is adjusted, as shown in Figure 4.1.12 (b). It should be noted that 

the DMTA trace for the unmodified epoxy did not show a smaller peak, which confirms 

that the smaller peak observed in the hybrid sample traces indicated the Tg of the 

CTBN. The loss modulus decreased with increasing temperature, which is expected, 

since the sample was becoming more compliant. Table 4.1.3 summarises all the epoxy 

glass transition temperatures at a frequency of IHz, and the error for each value is ±2°C. 

(a) 

Epoxy Pg 

CTBN 

25 0 25 50 75 100 125 150 175 

Temperature ( C) 

-75 -50 
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(b) 

Rubber Te 

0.02 -

0 . 0 1 -

- 75 - 5 0 -25 2 5 50 75 

Temperature (°C) 

100 125 150 175 

Figure 4.1.12. (a) Sample DMTA traces performed at IHz for a sample containing 7 
wt. % CTBN and 7 wt. % nano-silica, showing the loss modulus and fan S values, (b) 
Trace of the same sample with adjusted Y-axis showing the rubber peak more clearly. 

o 

140 
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100 

80 

60 

4 0 4 

20 

DGEBA 4^% 
CTBN 

4^% 
CTBN, 

2% 
nano 

4 . 1 % 

CTBN, 
4 . 1 % 

nano 

&9% 
CTBN 

6^% 
CTBN, 
3.5% 
nano 

7 % 

CTBN, 
7 % 

nano 

10.9% 
CTBN 

1 1 . 3 % 1 1 . 6 % 

CTBN, CTBN, 
5 . 7 % 1 1 . 6 % 

nano nano 

Figure 4.1.13. Glass transition temperatures for the amine-cured DGEBA-based bulk 
epoxy polymers at a test frequency of IHz. The dashed lines separate the samples into 
sub-systems of similar CTBN content. 
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Table 4.1.3. Summary of the glass transition temperatures of the epoxy for all the 
amine-cured DGEBA-based bulk epoxy polymers, tested at a frequency of 1 Hz. 

wt. % CTBN wt. % nano-silica T g r o 

0 0 117 

4.6 0 110 

6.9 0 110 

10.9 0 110 

4.1 2 105 

4.1 4.1 105 

6.9 3.5 100 

7 7 103 

11.3 5.7 102 

11.6 11.6 97 

Other studies of amine-cured DGEBA have shown similar values for the glass transition 

temperature of the unmodified epoxy [131-133]. The glass transition temperature of the 

CTBN rubbery phase was about the same in all samples, at -50°C, which is a similar 

temperature reported in other work for this grade of CTBN (ie. Hycar 1300x8) 

[134,135]. 

A review of Table 4.1.3 shows that the glass transition temperature of the epoxy matrix 

drops from 117°C for the unmodified epoxy to 110°C for the rubber-only modified 

epoxies. This suggests that some of the rubber remains dissolved in the epoxy phase and 

plasticises the epoxy, which is not unusual [134]. In addition, this suggests that the same 

amount of rubber remains in solution regardless of CTBN content. Calculations using 

the Fox-Flory equation (see Equation 2.23 in Chapter 2) show that -2 .5 wt. % of CTBN 

(ie. 50% at most) would have to remain in the epoxy phase to produce a 7°C reduction 

in glass transition temperature. This does not correlate very well with the volume 

fraction image analysis, which indicated that 80% of the rubber remained in the epoxy 

phase. The Fox-Flory equation is not totally accurate, and is only meant to be used as an 

approximate guide to rubber phase separation and, in addition, the microstructure 
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images were limited in number, so it is possible that the images were from a CTBN-rich 

region. 

When both CTBN and nano-silica are used as toughening agents, it can be seen that the 

glass transition temperature is lowered even more than when only CTBN is present. 

This could be interpreted to mean that, as more nano particles are added, more of the 

long, flexible rubber molecules are being crosslinked into the resin matrix instead of 

participating in the phase separation of rubber particles [102,134], Again, Fox-Flory 

equation calculations and the volume fraction image analyses do not agree. Indeed, a 

20°C reduction in glass transition temperature (as in the sample with 11.6 wt. % CTBN 

and 11.6 wt. % nano-silica) would necessitate ~7 wt. % CTBN to remain in the epoxy 

phase. This contradicts the image analysis which suggests that only - 2 wt. % remains in 

solution. This discrepancy will be the source of future investigations, but it should be 

noted however that the images do show a slight decrease in the amount of rubber that 

phase separates (compared to their CTBN-only counterparts), and this is reflected in the 

Tg data which also shows a reduction in glass transition temperature. 

4.1.2.2 Tensile test results 
Tensile tests were performed using dumbbell specimens at a rate of 1 mm/min at 20°C, 

to determine the Young's modulus of the different compositions. The main results are 

illustrated in Figure 4.1.14 and the numerical results can be found in Table 4.1.4. 

3.5 

3 

2.5 

"re" 

I ' 
1.5 

1 

0.5 

0 

ril 

DGEBA 4.6% 4.1% 4.1% 6.9% &9% 7% 10.9% 11.3% 11.6% 

CTBN CTBN, CTBN, CTBN CTBN, CTBN, CTBN CTBN, CTBN, 

2% 4,1% 3.5% 7% 5.7% 11.6% 
nano nano nano nano nano nano 

Figure 4.1.14. Young's moduli for all the amine-cured DGEBA-based bulk epoxy 
polymers, (error bars are ± one standard deviation) 
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Table 4.1.4. Summary of Young's Moduli for all the amine-cured DGEBA-based bulk 
epoxy polymers ( ± one standard deviation). 

wt. % CTBN wt. % nano-silica Young's Modulus, E (GPa) 

0 0 3.42 ± 0.08 

4.6 0 3.07 ± 0.04 

6.9 0 2.84 ± 0 . 1 3 

10 9 0 2.59 ± 0 . 0 3 

4.1 2 3.16 ± 0 . 0 2 

4.1 4.1 3.29 ±0 .05 

6.9 3.5 3.09 ± 0.05 

7 7 3.22 ± 0 . 1 6 

11.3 5.7 2.66 ± 0.03 

11.6 11.6 2.76 ±0 .11 

Amine-cured epoxies have been shown to have tensile moduh of ~3.5GPa [136], which 

agrees well with the modulus obtained here for the unmodified epoxy sample. 

Table 4.1.4 shows that the Young's modulus decreases (ie. from 3.42GPa for 

unmodified epoxy, to 2.59GPa for a sample with 10.9 wt. % CTBN) as the amount of 

CTBN increases, which is expected because the CTBN rubber has a much lower 

stiffness than that of the epoxy [129]. A comparison with analytical models was 

performed and this can be found in Chapter 7. 

The hybrid samples all showed an increase in modulus when nano-silica was added. 

Examining the group of samples containing ~7 wt. % CTBN shows that the modulus 

increases from 2.84GPa to 3.09GPa with the addition of 3.5 wt. % nano-silica, and to 

3.22GPa with the addition of 7 wt. % nano-silica. This is not unexpected, since silica 

particles are known to have a much higher modulus (ie. ~70GPa) [137,138] than the 

epoxy, so even a small increase in silica content increases the matrix modulus. The 

tensile results for a given CTBN content with increasing nano-silica content for the 

three subsystems are shown in Figure 4.1.15. Recalling the microstructure of the 
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samples, the graphs show that super-clumps of nano-silica particles do not greatly 

improve the Young's modulus, as compared to the samples with well-dispersed 

particles or chains of nano-sihca. The ~11 wt. % CTBN subsystem shows a gentle 

increase in modulus with increasing nano-silica content. 

4 

3.5 

3 

2.5 

& 2 
HI 

1.5 

1 

0.5 

0 6 8 

wt. % nano-silica 

• -4.5 wt. % CTBN 

• ~7 wt. % CTBN 

A -11 wt. %CTBN 

10 12 14 

Figure 4.1.15. Comparison of Young's moduli of the hybrid versus nano-silica content, 
(error bars are ± one standard deviation) 

4.1.2.3 Fracture Test Results 
At least triplicate three-point bend tests were performed at a rate of 1 mm/min at 20°C, 

to ascertain the critical mode I stress intensity factor {Kjc). This fracture toughness value 

was then converted to the fracture energy using Equation 2.8 in Chapter 2. 

The pre-crack was formed by drawing a new razor blade through the notch tip. The 

fracture energy results are illustrated in Figure 4.1.16 and the numerical values can be 

found in Table 4.1.5. 
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2500 

2000 

^ 1500 
E 
3 

1000 

500 

DGEBA 4.6% 4.1% 4.1% 6.9% 6.9% 7% 10.9% 11.3% 11.6% 
CTBN CTBN, CTBN, CTBN CTBN, CTBN, CTBN CTBN, CTBN, 

2% 4.1% 3.5% 7% 5.7% 11.6% 
nano nano nano nano nano nano 

Figure 4.1.16. Fracture energy results for all the amine-cured DGEBA-based bulk 
epoxy polymers, (error bars are ± one standard deviation) 

Table 4.1,5. Summary of fracture results for all the amine-cured DGEBA-based bulk 
epoxy polymers ( ± one standard deviation). 

wt. % CTBN wt. % nano-silica Kic (MPa Gic (J/m^) 

0 0 1.54 ± 0 . 1 2 6 1 2 ± 9 0 

4.6 0 2.07 ± 0 . 1 3 1234 ± 1 6 0 

6.9 0 2.27 ±0 .11 1595 ± 1 4 9 

]&9 0 2.32 ± 0 . 1 5 1835 ± 2 3 5 

4.1 2 2.40 ± 0 . 3 7 1599 ± 5 1 2 

4.1 4.1 2.25 ±0 .11 1346 ± 1 2 8 

6.9 3.5 2.43 ± 0 . 1 2 1674 ± 1 6 0 

7 7 1.88 ± 0 . 0 7 967 ± 7 2 

11.3 5.7 2.36 ± 0 . 1 3 1847 ± 2 0 5 

11.6 11.6 1.50 ± 0 . 0 9 719 ± 8 2 
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Previous work by Zhang et al [139] and Park et al. [140] involving amine-cured 

DGEBA, have shown similar toughness values for the unmodified epoxy. However, the 

cured epoxies in those studies had a much lower glass transition temperature. In 

contrast, the work of Jin et al [141] where the cured epoxy had a similar modulus and 

glass transition temperature, the epoxy showed toughness values of half of what was 

obtained in the present work. Mezzenga et al. [142] used the same curing agent and 

epoxy as used in this study, but obtained a fracture toughness of less than half of that 

which was observed here. However, they did not state their cure conditions. 

Compared with the control which has a fracture energy of 612J/m^, the addition of 

CTBN rubber greatly enhances the resistance to fracture of the specimens. Adding 4.6 

wt. % CTBN doubles the fracture energy to 1234J/m^ and 10.9 wt. % triples the fracture 

energy 1835J/m^. Similar increases in toughness have been reported by Russell et al. for 

amine-cured DGEBA with Hycar 1300x8 [126]. The rubbery particles greatly increase 

the toughness of the material via interactions of the stress field ahead of the crack tip 

and lead to greatly enhanced plastic deformation of the epoxy matrix [4,5,7]. The actual 

toughening mechanisms are discussed in greater detail in Chapter 7. 

On examining the graph in Figure 4.1.16, it can be seen that the samples may be 

grouped into three distinct sets containing either: ~4, 7 or 11 wt. % CTBN. In each case, 

the CTBN on its own produces a spectacular increase in toughness, and a small amount 

of nano-silica produces no significant change in fracture energy. However, in each set, 

the toughness decreased dramatically if a relatively large amount of nano-silica was 

added. Possible explanations for this behaviour are discussed in Section 4.1.3, as well as 

in Chapter 7. 

4.1.2.4 Summary 
The glass transition temperature of the unmodified epoxy was 117°C and even a small 

addition of CTBN (4.6 wt. %) reduced the 7^ to 110°C. However, increased amounts of 

CTBN did not reduce the glass transition temperature further. The samples containing 

CTBN have a lower Tg than the unmodified epoxy because some of the CTBN remains 

in the epoxy phase. The tensile modulus decreases with increasing CTBN content (ie. 

from 3.42GPa for unmodified epoxy, to 2.59GPa for a sample with 10.9 wt, % CTBN) 
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but increasing the CTBN content produces a steady increase in the fracture energy from 

612J/m^ for the unmodified epoxy to 1835J/m^ for a sample with 10.9 wt. % CTBN. 

The hybrid samples (ie. containing both CTBN and nano-silica) exhibited a further 

decrease in the glass transition temperature, to a minimum of 97°C for a sample 

containing 11.6 wt. % CTBN and 11.6 wt. % nano-silica. This suggests that the 

presence of nano-silica inhibits the phase separation of rubber particles. For each group 

of samples containing ~4, 7 and 11 wt. % CTBN, it was found that the tensile modulus 

increased with increasing nano-silica content. However, the fracture toughness results 

were not as straight-forward. In each group of samples, it was found that a relatively 

small amount of nano-silica did not affect the toughness. However, larger amounts of 

nano-silica had a detrimental effect on the toughness, and in the case of the formulation 

with 11.6 wt. % CTBN and 11.6 wt. % nano-silica, the toughness was reduced to that of 

the unmodified epoxy. 

4.1.3 Bulk Fracture Surfaces 
Scanning electron microscopy was performed on some of the fracture surfaces of the 

SENB samples to investigate the fracture mechanisms responsible for the change in 

toughness that was observed. It should be noted that the pre-crack was formed by 

drawing a new razor blade through the notch tip, and this pre-crack is visible in the low 

magnification images as a vertical line to the far left of the micrograph. 

4.1.3.1 Unmodified Epoxy 
The fracture surface of the unmodified epoxy polymer is shown in Figure 4.1.17 and 

Figure 4.1.18, where the direction of crack propagation is from left to right. The fracture 

surface is relatively smooth and glassy, which is typical of a brittle thermosetting 

polymer [83], and reveals that no large-scale plastic deformation has occurred during 

fracture. These observations agree well with the comparatively low measured toughness 

of the material, where X/c=1.54MPa m''^. In addition, there are apparent steps and 

changes in the level of the crack which can be observed in Figure 4.1.17. These features 

are feather markings, which are caused by the crack forking due to the excess of energy 

associated with the relatively fast crack growth. This repeated forking and the multi-
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planar nature of the surface are ways of absorbing this excess energy in a very brittle 

material [145]. No stress-whitening was observed in this sample. 

Precrack 

50.0 jim 

Figure 4.1.17. Fracture surface of unmodified epoxy (crack propagation from left to 
right). 

Figure 4.1.18. Fracture surface of unmodified epoxy at higher magnification (crack 
propagation from left to right). 
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4.1.3.2 Rubber Modified Epoxies 

The micrograph in Figure 4.1.19 is of a sample containing 4.6 wt. % CTBN. A stress-

whitened region of - 2 0 0 p m was observed just after the precrack in the direction of 

crack growth. 

The higher magnification image in Figure 4.1.20, which was taken near the start of the 

stress-whitened region, clearly shows that cavitation of the rubber particles [125,147] 

has occurred, which leads to the increased toughness of 2.07MPa m''̂ ^ observed. The 

cavitated rubber particles are responsible for scattering the light which gives rise to the 

stress-whitened region. The size of the cavities ( -0 .5 pm) is similar to the size of the 

rubber particles observed in the microstructure images, and the volume fraction of 

cavitated rubber particles also correlates well with the AFM images. This shows that the 

majority of rubber particles that phase separated, did indeed cavitate during fracture. 

Precrack 

whitened 

region 

Figure 4.1.19. Fracture surface of a sample containing 4.6 wt. % CTBN (crack 
propagation from left to right). 
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Figure 4.1.20. Fracture surface of a sample containing 4.6 wt. % CTBN at higher 
magnification (crack propagation from left to right, and red arrows point to some 
cavitated rubber particles). 

The micrograph in Figure 4.1.21 is for a sample containing 6.9 wt. % CTBN. The 

region of stress-whitening is larger (~500|im) than in the previous sample containing 

4.6 wt. % CTBN, and this corresponds to the increase in fracture toughness to 2.27MPa 

m 1/2 

The micrograph in Figure 4.1.22 is at higher magnification and shows more cavitated 

rubber particles (correlating with the higher CTBN content) than the previous sample. 

The cavities themselves are of a similar diameter to the previous sample containing 4.6 

wt. % CTBN. The increase in toughness can be attributed to the higher CTBN content 

leading to more rubber cavitation, which then enables plastic void growth and shear 

bands to develop in the matrix. These mechanisms will be discussed in greater detail in 

Chapter 7. 
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Stress-whitened 

region 

Figure 4.1.21. Fracture surface of a sample containing 6.9 wt. % C T B N (crack 
propagation from left to right). 

Figure 4.1.22. Fracture surface of a sample containing 6.9 wt. % C T B N at higher 
magnification (crack propagation from left to right and red arrows point to some 
cavitated rubber particles). 
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The micrograph in Figure 4.1.23 is for a sample containing 10.9 wt. % CTBN. The 

region of stress-whitening is even larger (~1100pm) than in the previous samples, 

which corresponds to the increase in fracture toughness 2.32MPa Kim et aJ. [148] 

performed a study which showed that there was a correlation between the increase in 

length of the stress-whitened region and an increase in fracture toughness, which has 

been confirmed in this present study. This increase in toughness manifests itself as 

cavitated rubber particles, and more of these can be seen in Figure 4.1.24 than the 

previous samples, because of the increased CTBN content. The size of the cavities in 

these three samples is about the same. The increasing extent of rubber cavitation with 

increasing rubber content in these three samples, agrees well with the microstructure 

and glass transition data, which showed that increasing the amount of CTBN in a 

sample increased the amount of rubbery particles that phase separated. 

^ V --cli 

Stress-whitened 
region 

Figure 4.1.23. Fracture surface of a sample containing 10.9 wt. % CTBN (crack 
propagation from left to right). 
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Figure 4.1.24. Fracture surface of a sample containing 10.9 wt. % CTBN at higher 
magnification (crack propagation from left to right and red arrows point to some 
cavitated rubber particles). 

4.1.3.3 Hybrid Modified Epoxies 

The micrograph in Figure 4.1.25 is for a hybrid sample containing 4.1 wt. % CTBN and 

2 wt. % nano-silica. The stress-whitened region is slightly smaller ( -175pm) than those 

of the samples containing only CTBN (-200pm), but this is because the CTBN-only 

sample had a slightly higher rubber content (4.6 wt. % CTBN). However, the fracture 

surface in Figure 4.1.26 shows no significant difference to the CTBN-only fracture 

surface in Figure 4.1.20. Indeed, there is evidence of rubber cavitation of the same size 

and extent as the CTBN-only sample. This explains why the toughness is statistically 

the same as for the CTBN-only sample. (It should be noted that the nano-silica particles 

are not visible at this magnification due to their small size.) 

In addition, the discussion above suggests that the nano-silica particles do not restrict 

the macroscopic plastic deformation of the epoxy resin because the nano-scale size 

(20nm) of the nano particles means that the yielding of the epoxy network in front of 

the crack tip is not significantly limited [149]. There is no evidence from these SEM 

micrographs (due to the low magnification) that shows how well-distributed nano-silica 
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particles (see Figure 4.1.3) alter the fracture surface, and indeed, this is confirmed by 

the fact that the toughness remains statistically unaltered. 

Stress-
whitened 
region 

Figure 4.1.25. Fracture surface of a sample containing 4.1 wt. % CTBN and 2 wt. % 
nano-silica (crack propagation from left to right). 

Figure 4.1.26. Fracture surface of a sample containing 4.1 wt. % CTBN and 2 wt. % 
nano-silica at higher magnification(crack propagation from left to right and red arrows 
point to some cavitated rubber particles). 

132 



CHAPTER 4 AMINE-CURED D G E B A - B A S E D SYSTEM 

The micrograph in Figure 4.1.27 shows a stress-whitened region of between 150 and 

250|im for a sample containing 4.1 wt. % CTBN and 4.1 wt. % nano-silica, which is 

comparable to the previous hybrid sample containing 4.1 wt. % CTBN and 2 wt. % 

nano-silica, and its 4.6 wt. % CTBN-only counterpart. The stress-whitened region had a 

similar appearance to that of the previous hybrid sample containing 4.1 wt. % CTBN 

and 2 wt. % nano-silica, with a similar amount of rubber cavitation and cavity 

diameters. This correlates well with the statistical similarity in toughness values, and the 

fact that the increase in toughness is due to the cavitation of the rubber particles. (It 

should be noted that the higher magnification micrograph in Figure 4.1.28 shows a 

smoother surface, and less rubber cavitation than the previous sample hybrid sample 

containing 4.1 wt. % CTBN and 2 wt. % nano-silica but this is because this image was 

taken in the region of fast fracture.) It is known from the AFM and TEM images that the 

nano-silica particles are well dispersed in the epoxy matrix, but the lack of change in 

toughness in this sample, and the previous sample, show that the nano-silica does 

nothing to improve the toughness. A more positive affirmation can be made; the 

addition of up to 4.1 wt. % nano-silica does not decrease the toughness of a hybrid with 

4.1 wt .%CTBN. 

fL 
Stress-whitened 

I f region 

Figure 4.1.27. Fracture surface of a sample containing 4.1 wt. % CTBN and 4.1 wt. % 
nano-silica (crack propagation from left to right). 
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Figure 4.1.28. Fracture surface of a sample containing 4.1 wt. % CTBN and 4.1 wt. % 
nano-silica at higher magnification (crack propagation from left to right). 

The micrograph in Figure 4.1.29 clearly shows the stress-whitened region of a sample 

containing 6.9 wt. % CTBN and 3.5 wt. % nano-silica. This area is - 5 0 0 p m wide, 

which is similar to that of its CTBN-only counterpart (see Figure 4.1.21), and the 

cavitated rubber particles are easily seen in Figure 4.1.30. The size and distribution of 

the cavitated rubber particles are the same as in the CTBN-only micrograph. At this 

magnification, the nano-silica particles are not visible, but there is no apparent 

difference in the appearance of the fracture surface compared to the CTBN-only sample. 

This correlates well with the statistical similarity in their toughness. This confirms the 

claim made earlier that well-distributed nano-silica particles do not decrease the 

toughness of a hybrid sample from this system. 
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Stress-whitened 

region 

Figure 4.1.29. Fracture surface of a sample containing 6.9 wt. % CTBN and 3.5 wt. % 
nano-silica (crack propagation from left to right). 

Figure 4.1.30. Fracture surface of a sample containing 6.9 wt. % CTBN and 3.5 wt. % 
nano-silica at higher magnification (crack propagation from left to right and the red 
arrows point to some cavitated rubber particles). 
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The fracture surface of a sample containing 7 wt. % CTBN and 7 wt. % nano-silica can 

be seen in Figure 4.1.31 and Figure 4.1.32. Although the fracture surface appears to be 

rougher than the previous sample, and there is cavitation of rubber particles occurring, 

this formulation has a statistically lower toughness (of 1.88MPa m''̂ ^) compared to its 

CTBN-only counterpart (2.27MPa m'''^). On reviewing the TEM image in Figure 4.1.8, 

the microstructure shows the formation of super-clumps of agglomerated nano-silica of 

~4pm in diameter. Indeed, at higher magnification, these large agglomerates are visible 

on the fracture surface in Figure 4.1.32 and Figure 4.1.33. This suggests that super-

clumps have a detrimental effect on the fracture toughness. This is because the large 

agglomerates act like very brittle defects, and also reduce the amount of epoxy between 

particles that is available for deformation, due to the very small inter-particle within the 

agglomerates [85]. This would suggest that the toughness should be less than that of the 

unmodified epoxy, but some fracture resistance is provided by the cavitation of the 

rubber particles [112,150]. 

V # : I 

Figure 4.1.31. Fracture surface of a sample containing 7 wt. % CTBN and 7 wt. % 
nano-silica (crack propagation from left to right). 
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Figure 4.1.32. Fracture surface of a sample containing 7 wt. % CTBN and 7 wt. % 
nano-silica at higher magnification (crack propagation from left to right). 

Figure 4.1.33. Fracture surface of a sample containing 7 wt. % CTBN and 7 wt. % 

nano-silica at higher magnification (crack propagation from left to right. Pink circles 

around super-clumps). 
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i 

Figure 4.1.34. Fracture surface of a sample containing 7 wt. % CTBN and 7 wt. % 
nano-silica at higher magnification (crack propagation from left to right). 

The micrographs in Figure 4.1.35 and Figure 4.1.36 are for a sample containing 11.3 wt. 

% CTBN and 5.7 wt. % nano-sihca. A very large stress-whitened region is observed 

(due to the large CTBN content), as well as widespread cavitation of the rubber 

particles. The cavitated rubber particles in this sample are larger than other samples, 

because the microstructure images show that the particles are larger ( -1 pm). This leads 

to the high toughness of 2.36MPa m''^. It should be noted that this is statistically the 

same as that of the corresponding CTBN-only sample, which had a toughness of 

2.32MPa m"^. This shows that the three-dimensional necklace-like nano-silica features 

have not altered the toughness of this formulation. 
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1 0 0 0 M W L ^ 

Figure 4.1.35. Fracture surface of a sample containing 11.3 wt. % CTBN and 5.7 wt. % 
nano-silica (crack propagation from left to right). 

Figure 4.1.36. Fracture surface of a sample containing 11.3 wt. % CTBN and 5.7 wt. % 
nano-silica at higher magnification (crack propagation from left to right). 
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The fracture surface of a sample containing 11.6 wt. % CTBN and 11.6 wt. % nano-

sihca can be seen in the micrographs in Figure 4.1.37 and Figure 4.1.38. It is interesting 

to note that the surface appears to be very similar to that of the sample containing 7 wt. 

% CTBN and 7 wt. % nano-silica because both are very rough, both show high amounts 

of cavitation, and both have large agglomerates of nano-silica (see Figure 4.1.10 and 

Figure 4.1.11 for microstructure details). These super-clumps are easily visible in the 

higher magnification image. This sample has a very low toughness of l.SOMPa m'^^, 

which is comparable to the unmodified epoxy. This confirms that large amounts of 

nano-silica lead to agglomeration which has a detrimental effect on the fracture 

toughness because the large agglomerates act like very brittle defects, and also reduce 

the amount of epoxy available for plastic deformation [85,112,150]. 

h$. 

Figure 4.1.37. Fracture surface of a sample containing 11.6 wt. % CTBN and 11.6 wt. 
% nano-silica (crack propagation from left to right). 
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Figure 4.1.38. Fracture surface of a sample containing 11.6 wt. % CTBN and 11.6 wt. 
% nano-silica at higher magnification (crack propagation from left to right. Pink circles 
around super-clumps). 

4.1.3.4 Summary 

All the fracture surfaces of samples containing CTBN, as well as CTBN and nano-

siHca, were much rougher than the smooth, barren surface of the unmodified epoxy. The 

formulations with CTBN-only showed increasing amounts of rubber cavitation, which 

correlates well with the increase in toughness observed. 

The hybrid fracture surfaces with small amounts of nano-silica appeared to be very 

similar to the corresponding CTBN-only samples, as were their fracture toughness 

values. Small amounts of nano-silica, when well-dispersed and coalesced into three-

dimensional necklace-like features, do not decrease the toughness. When 7 wt. % or 

more of nano-silica was added, the fracture surfaces became very rough, with high 

amounts of rubber cavitation. The drastically reduced fracture toughness prompted a 

closer inspection of the fracture surfaces, and it was found that the super-clumps of 

nano-silica particles were visible. These super-clumps which are formed at high nano-

silica contents, lead to reduced toughness because the large agglomerates act like very 

brittle defects, and also reduce the amount of epoxy available for plastic deformation. 
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4.2 Glass Fibre Reinforced Polymer Results 
Glass fibres were used to reinforce matrices of the same formulations as described in the 

previous Bulk Epoxy Polymer Results Section. Mode I tests were performed and the 

fracture surfaces were investigated. It should be noted that the laminates were of rather 

poor quality because the resin and hardener blend was too viscous and had to be 

injected at a relatively high temperature. The elevated injection temperature speeded up 

the curing of the epoxy, which affected the flow into the mould. Thus the laminates 

were of uneven thickness and surface finish, were epoxy-rich in some laminates, and 

some even had the starter films in a thick epoxy layer. As a result, only Mode I tests 

were performed, since flexural modulus results would have been severely compromised 

due to the large amounts of epoxy reducing the measured moduli. Indeed, due to the 

difficulty in doing Mode I tests, such as a large deformation of the arms, and samples 

breaking due to crack growth perpendicular to the starter film, stiff uni-directional 

CFRP backing beams were adhered to the surface to counteract this. 

4.2.1 Mode I Fracture Results 
The graph in Figure 4.2.1 illustrates the interlaminar fracture energy results obtained 

using double cantilever beam (DCB) samples. A summary of all the fracture energies, 

including whether any R-curve behaviour was observed for each sample, can be found 

in Table 4 . 2 . 1 . It should be noted that where R-curve behaviour was observed, the R-

curve was very small, which is expected for woven FRPs [ 1 5 2 ] , since the fibres cannot 

bridge along the entire length of the sample like in a unidirectional laminate. Two 

samples were tested for all but one formulation (the second sample failed at the bond-

line between the backing beam and the laminate, due to the very uneven surface finish), 

and the mean fracture energy calculated from the corrected beam theory (CBT) method 

is quoted. All samples failed in a stick-slip manner (initiation-arrest) and the values 

quoted are the mean values of the initiation interlaminar fracture energy. The error bars 

are the standard deviation of these mean values. 

1 4 2 
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Figure 4.2.1. Mode I interlaminar fracture energy for GFRPs with an amine-cured 
DGEBA matrix, (error bars are ± one standard deviation) 

Table 4.2.1. Summary of the mode 1 
amine-cured DGEBA matrix. (*only 

interlaminar fracture energies for GFRPs with an 
one sample tested for this formulation) 

wt. % CTBN wt. % nano-
silica 

GFRP Mode I fracture 
energy, Gic (J/m^) 

R-curve? (2 
samples tested) 

0 0 1185 1 2 1 9 Yes and Yes 

4 . 6 0 1 1 6 7 ± 1 6 2 Yes and No 

6.9 0 906 * Yes* 

1 0 . 9 0 1291 Yes and No 

4 . 1 2 1 2 1 7 ± 6 4 Yes and Yes 

4 . 1 4 . 1 1 3 5 7 ± 4 Yes and Yes 

6.9 3 . 5 1532 ± 3 0 4 Yes and No 

7 7 120 ± 8 . 5 No and No 

1 1 . 3 5 . 7 8 0 6 ± 1 2 0 Yes and No 

1 1 . 6 1 1 . 6 755 ±2:76 Yes and No 
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The results show that no laminate with a toughened matrix is statistically more fracture 

resistant than the laminate with the unmodified epoxy matrix, which had a fracture 

energy of 1185J/m^. Research into FRPs with an amine-cured DGEBA-based matrix, 

performed by Velmuragan et al. [152] showed unmodified GFRPs with a fracture 

energy of 580J/m^, and the work of Suppakul et al. [153] also showed unmodified 

GFRPs with a fracture energy of less than 600J/m^. Indeed, compared to the literature, 

the untoughened laminate in this study is almost twice that of those in other work. 

However, it should be recalled that the fracture energy of the bulk epoxy was also much 

higher than that reported in previous work. 

The GFRP sample with the 6.9 wt. % CTBN-only matrix is more brittle than the GFRP 

with an unmodified epoxy matrix, as were the hybrid GFRPs with an ~11 wt. % CTBN 

and nano-silica matrix. The one sample that had a very low fracture energy was the one 

with a matrix containing 7 wt. % CTBN and 7 wt. % nano-silica, but it had a low fibre 

volume fraction (confirmed by a visual inspection), and the crack propagated through an 

epoxy-rich region. 

A more complete discussion about the fracture energy results can be found in the 

following section which examines the fractograpy of the samples. The micrographs 

offer explanations for the low fracture energies of the GFRP materials compared to that 

of the control GFRP based on the unmodified epoxy matrix. 

4.2.2 Mode I GFRP Fracture Surfaces 
Scanning electron microscopy was performed on some of the GFRP fracture surfaces to 

investigate the fracture mechanisms responsible for the changes in toughness that were 

observed. It should be noted that the microstructure of the bulk epoxy polymer, and the 

corresponding formulation used as the matrix for the GFRPs, was the same. The 

presence of the glass fibres did not alter the microstructure of the epoxy matrix, which 

can be observed by comparing the micrographs of the bulk epoxy polymer in Section 

4.1.3 with their GFRP counterparts in this section (Section 4.2.2). A good example of 

this comparison can be found by contrasting the micrographs in Figure 4.1.30 (which 

shows the microstructure of the bulk epoxy polymer toughened with 6.9 wt. % CTBN 
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and 3.5 wt. % nano-silica) and Figure 4.2.19 (where said bulk epoxy polymer was used 

as the matrix for a GFRP laminate). 

4.2.2.1 Unmodified Epoxy Matrix 

The low magnification micrograph in Figure 4.2.2 is for a GFRP sample with an 

unmodified epoxy matrix. The small region of epoxy matrix that is visible, shows some 

plastic deformation, which contributes to the fracture energy of the sample. The higher 

magnification micrographs in Figure 4.2.3 and Figure 4.2.4 show the fibres in much 

more detail. It can be seen that fibre pull-out has occurred, and there is evidence of 

matrix failure (which contributed to the high fracture energy) [154] where the fibres 

cross. Some broken fibres and evidence of fibre bridging were visible which also 

contribute to toughening the laminate, and the small R-curve observed [113,155]. The 

plastic deformation of the epoxy matrix, in addition to the fibre toughening 

mechanisms, gave this laminate a fracture energy of 1185J/m^ which is almost twice 

that of the bulk epoxy. 

Figure 4.2.2. Fracture surface of a GFRP sample with an unmodified amine-cured 
epoxy matrix (crack propagation from right to left). 
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Clean fibres 

Fibre failure 

Matnx failure 

Figure 4.2.3. Fracture surface of a GFRP sample with an unmodified amine-cured 
epoxy matrix at higher magnification (crack propagation from right to left). 

Figure 4.2.4. Fracture surface of a GFRP sample with an unmodified amine-cured 
epoxy matrix at higher magnification showing clean fibres (crack propagation from 
right to left). 

146 



CHAPTER 4 AMINE-CURED D G E B A - B A S E D SYSTEM 

4.2.2.2 Rubber Modified Epoxy Matrices 

The micrograph in Figure 4.2.5 is the fracture surface of a GFRP sample with a matrix 

toughened with 4.6 wt. % CTBN. The fracture surface shows broken fibres, as well as 

some deformation of the epoxy matrix. The higher magnification micrograph in Figure 

4.2.6 shows broken fibres and evidence of fibre pullout. The continuous channels [156] 

are the impressions left by the fibres that remain on the other half of the fracture 

surface. The debonding phenomena, as well as cavitation of the rubber particles in the 

epoxy matrix, can be seen clearly in Figure 4.2.7. The GFRP material formulation had a 

fracture energy of 1167J/m^ whereas the bulk epoxy had a fracture energy of 1234J/m^, 

suggesting that not much extra fracture resistance was provided by the fibres. The 

adhesion between the fibres and matrix in this sample is poor, which means that the 

fracture energy may have been higher if the adhesion was better. This means that the 

rubber cavitation was the major contributor to the fracture energy of this sample. 

Indeed, a comparison to the bulk fracture surface (see Figure 4.1.20) shows a similar 

extent of cavitated rubber particles. 

i r r 

V' . 4 V" ii , . ' « 

Figure 4,2.5. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.6 wt. % CTBN (crack propagation from right to left). 
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Continuous 
channels 

Figure 4.2.6. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.6 wt. % CTBN at higher magnification (crack propagation from right to 
left). 

Cavitation 
Debonding 

Figure 4.2.7. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.6 wt. % CTBN at higher magnification showing debonding at fibre-matrix 
interface (crack propagation from right to left). 
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The micrographs in Figure 4.2.8, Figure 4.2.9 and Figure 4.2.10 are for a GFRP sample 

with an epoxy matrix toughened with 6.9 wt. % CTBN. Although the adhesion between 

the matrix and fibres appears to be better than the previous samples, many regions of 

the sample show pristine fibres. Cavitation of the rubber particles, fibre debonding and 

fibre pullout are evident. Yet, this formulation has a fracture energy of 906J/m', which 

is less than the previous samples, as well as the bulk fracture energy of the matrix. One 

possible reason for this is that there seems to be less cavitated rubber particles visible 

than in the corresponding bulk micrograph (see Figure 4.1.22). This is because the 

plastic-zone size is larger than the inter-fibre distance, which means that the crack tip is 

constrained by the fibres and flail cavitation does not occur [112]. An inspection of the 

micrographs shows that the maximum inter-fibre distance is ~5|am. Using Equation 2.12 

in Chapter 2 to calculate the radius of the plastic zone, it was found that r,, ~ 70pm, 

which is far greater than the inter-fibre distance. This confirms that the plastic zone 

would most probably not fully develop. Additionally, there is no rubber cavitation in the 

continuous channels left by the fibres that pull out. Indeed, the surfaces of these 

channels are smooth. 

Figure 4.2.8. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN (crack propagation from right to left). 
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Figure 4.2.9. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN at higher magnification (crack propagation from right to 
left). 

Figure 4.2.10. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN at higher magnification (crack propagation from right to 
left). 
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The micrographs in Figure 4.2.11, Figure 4.2.12 and Figure 4.2.13 are of a GFRP 

sample with a matrix that has been toughened by the addition of 10.9 wt. % CTBN. This 

series of micrographs have been chosen because they show the matrix side of the 

interfacial failure between fibres and matrix. Cavitation of the rubber particles in the 

epoxy matrix is visible. In addition, the continuous channels left by the pulled-out fibres 

is very smooth. This is because there was poor adhesion between the fibres and the 

matrix (as observed in some of the previous samples examined in this section). The 

fracture energy of this formulation containing 10.9 wt. % CTBN was 1291J/m^ whereas 

the bulk fracture energy was 1835J/m'. Thus the laminate fracture energy is relatively 

low because of the poor adhesion between the matrix and the fibres, and the hmited 

rubber cavitation that occurs due to the fibres constraining plastic deformation at the 

crack tip. 

Figure 4.2.11. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 10.9 wt. % CTBN (crack propagation from right to left). 
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Figure 4.2.12, Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 10.9 wt. % CTBN at higher magnification (crack propagation from right to 
left). 

Figure 4.2.13. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 10.9 wt. % CTBN at higher magnification (crack propagation from right to 
left). 
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4.2.2.3 Hybrid Modified Epoxy Matrix 

The micrographs in Figure 4.2.14, Figure 4.2.15 and Figure 4.2.16 represent the fracture 

surface of a GFRP laminate that has a hybrid epoxy matrix modified with 4.1 wt. % 

CTBN and 2 wt. % nano-silica. The fibre weave is clearly visible, and there are small 

regions of exposed epoxy where cohesive failure occurred. The cavitated rubber 

particles are also visible and fibre bridging was observed which explains the small R-

curve that was recorded. The fracture energy of this sample was 1217J/m^ which is 

statistically the same as the CTBN-only laminate, and as the unmodified laminate. This 

is still less than that of the bulk hybrid epoxy (which had a toughness of 1600J/m^) 

mainly because of the poor adhesion between the fibres and the matrix which led to 

interfacial failure and limited plastic deformation of the epoxy matrix. 

It should be noted that the fracture surface of the laminate toughened with 4.1 wt. % 

CTBN and 4.1 wt. % nano-silica had a very similar appearance in every way to this (ie. 

4.1 wt. % CTBN and 2 wt. % nano-silica). Indeed, this is reflected in the similar 

fi-acture energies of 1357J/m^ and 1217J/m^ respectively. The nano-silica particles are 

not visible at this magnification in any of the samples, but the fracture energies suggest 

that they do not play a role in improving the fracture energy of the laminates. 

Figure 4.2.14. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.1 wt. % CTBN and 2 wt. % nano-silica (crack propagation from right to 
left). 
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Fibre 
bridging 

Figure 4.2.15. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.1 wt. % CTBN and 2 wt. % nano-silica at higher magnification with the 
evidence of fibre bridging circled in pink (crack propagation from right to left). 

if 
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Figure 4.2.16. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 4.1 wt. % CTBN and 2 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 
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The micrographs in Figure 4.2.17, Figure 4.2.18 and Figure 4.2.19 are of a laminate 

with an epoxy matrix containing 6.9 wt. % CTBN and 3.5 wt. % nano-silica. Fibre 

debonding, fibre pullout and rubber cavitation in the matrix are some of the toughening 

mechanisms observed. Poor adhesion between the fibres and matrix was observed. The 

fracture energy of the laminate was 1532J/m^ and that of the bulk resin was 1674J/m^, 

which is slightly higher, but both values are comparable. Again, this is because the poor 

adhesion between the fibres and the matrix has the propensity to decrease the fracture 

energy, but cavitation of the rubber particles and subsequent plastic deformation of the 

matrix, increase the toughness. Indeed, the diameter and amount of cavitated rubber 

particles is similar to the CTBN-only laminate shown in Figure 4.2.10. 

Figure 4.2.17. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN and 3.5 wt. % nano-silica (crack propagation from right to 
left). 
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Figure 4.2.18. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN and 3.5 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 

A 

Figure 4.2.19. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 6.9 wt. % CTBN and 3.5 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 
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The laminate with a matrix toughened by 7 wt. % CTBN and 7 wt. % nano-silica had 

the lowest toughness, at 120J/m^, which is less than one eightKthat of its corresponding 

bulk epoxy polymer fracture energy, and one fifth that of the unmodified epoxy bulk 

polymer. An investigation of the fracture surface, as shown in Figure 4.2.20, Figure 

4.2.21 and Figure 4.2.22 suggest that the majority of failure occurs at the interfacial 

boundary between the fibre and matrix, due to poor adhesion. This, in tandem with the 

rubber cavitation, provided the small resistance to fracture that was recorded. Indeed, 

although there appears to be extensive cavitation of the rubber particles, it may be 

recalled that the microstructure showed the presence of super-clumps of nano-silica. 

These super-clumps act like defects and cancel out the contribution from the rubber 

particles. 

Figure 4,2.20. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 7 wt. % CTBN and 7 wt. % nano-silica (crack propagation from right to 
left). 
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Figure 4.2.21, Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 7 wt. % CTBN and 7 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 

Figure 4.2.22. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 7 wt. % CTBN and 7 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 
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The micrographs in Figure 4.2.23 and Figure 4.2.24 are for a sample with a matrix 

containing 11.3 wt. % CTBN and 5.7 wt. % nano-silica. They show better adhesion 

between the matrix and the fibres, as well as what appear to be cavitated rubber 

particles. However, the fracture energy of the laminate is only 806J/m^ whereas the bulk 

epoxy had a fracture energy of 1847J/m^. There appears to be widespread cavitation of 

the rubber particles, so it is surprising that the laminates fracture energy is lower than 

some of the previous samples. The cavitated rubber particles are larger in this sample 

compared to the previous samples, but microstructural analysis showed that the rubber 

particles themselves are slightly larger in this hybrid. A higher magnification 

micrograph in Figure 4.1.29, however, shows what appear to be w«-cavitated rubber 

particles, still embedded in the matrix. This raises the interesting possibility that not all 

the rubber particles cavitate: a phenomena described by Bucknall et al. [157]. Indeed, it 

is possible that a lower fraction of the rubber particles has cavitated in this formulation, 

which has resulted in the lower fracture energy. 

'Af.f I 
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Figure 4.2.23. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.3 wt. % CTBN and 5.7 wt. % nano-silica (crack propagation from right to 
left). 
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Figure 4.2.24. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.3 wt. % CTBN and 5.7 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 

Un-cavitated 
rubber ? 

Figure 4.2.25. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.3 wt. % CTBN and 5.7 wt. % nano-silica at higher magnification showing 
possibly un-cavitated rubber particles (crack propagation from right to left). 
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The micrographs in Figure 4.2.26, Figure 4.2.27 and Figure 4.2.28 are for a sample with 

a matrix that has been toughened with 11.6 wt. % CTBN and 11.6 wt. % nano-silica. 

This laminate shows the best adhesion between fibre and matrix, and it also shows 

extensive rubber cavitation in the epoxy matrix. The laminate fracture energy was 

755J/m^ and the bulk epoxy had a comparable fracture energy of 719J/m^. This suggests 

that most of the toughness emanated from deformation of the epoxy matrix. The 

micrographs support this, since there was a paucity of broken fibres, and the plots of the 

crack growth versus crack length showed a very small R-curve in one sample and no R-

curve in the other. The sample in this set of micrographs is the one that showed no R-

curve. 

Figure 4.2.26. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.6 wt. % CTBN and 11.6 wt. % nano-silica (crack propagation from right 
to left). 
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Figure 4.2.27. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.6 wt. % CTBN and 11.6 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 

Figure 4.2.28. Fracture surface of a GFRP sample with an amine-cured epoxy matrix 
containing 11.6 wt. % CTBN and 11.6 wt. % nano-silica at higher magnification (crack 
propagation from right to left). 
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4.2.2.4 Summary 
A common feature of the GFRP samples with an amine-cured DGEBA-based matrix, 

was the poor adhesion between the fibres and the matrix. This often lead to interfacial 

failure at a low fracture energy. Thus, in the majority of cases, the mode I bulk fracture 

energy was not transferred to the laminates. Another reason for the low toughness is the 

restriction of crack-tip deformation due to the comparatively small inter-fibre distance. 

The laminate toughened with 6.9 wt. % CTBN and 3.5 wt. % nano-silica had the highest 

toughness, at 1532J/m^, but even this was not a statistical increase over a laminate with 

a urmiodified epoxy matrix. 

4.3 Chapter Discussion 
This chapter has investigated the microstructure, mechanical properties and fracture of 

an amine-cured DGEBA-based bulk epoxy polymer that was toughened with CTBN 

rubber and nano-silica particles. It has also explored the toughness of laminates that 

were composed of glass fibres using these bulk epoxy polymers as the matrices. 

Investigations into the microstructure showed that the unmodified epoxy polymer was a 

single-phase material, but which contained an increasing volume fraction of phase-

separated spherical rubber particles of up to 0.5pm with increasing CTBN content. In 

the hybrid samples, the nano-silica particles remained well dispersed up to 4.1 wt. % 

nano-silica and formed three-dimensional necklace-like chains up to 5.7 wt. % nano-

sihca. At higher nano-silica contents, super-clumps formed. The propensity for 

agglomeration of the nano-silica particles is independent of the rubber content, and 

depends solely on the nano-sihca content. Vega-Baudrit et al. [158] also showed 

agglomeration of nano-silica with increasing nano-silica content. Their argument was 

that a decreasing degree of silanol treatment led to an increase in the degree of 

agglomeration, and this is one avenue of further research that may be undertaken to 

ascertain why the nano-silica particles agglomerated in this system for the present work. 

The glass transition temperature of the bulk epoxy polymer decreased from 117°C 

(unmodified epoxy) to 110°C when 4.6 wt. % of CTBN was added, but remained 

constant at 110°C when 6.9 and 10.9 wt. % of CTBN was added. The glass transition 

temperature decreased even more in the hybrid samples. This suggests that some of the 
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CTBN remains in the epoxy phase, and the presence of nano-silica inhibits rubber phase 

separation. The reduction in the epoxy Ta stems from the fact that CTBN has a much 

lower glass transition temperature than the epoxy. 

Increasing CTBN content also reduces the tensile modulus of the formulations, but 

increasing amounts of nano-silica increase the tensile modulus since silica particles 

have a much higher modulus than epoxy [137,138], Indeed, if one considers the hybrid 

sample with 4.1 wt. % CTBN, the addition of 4.1 wt. % nano-silica increases it to 

within 90% of the unmodified epoxy stiffness. 

The bulk epoxy polymer was found to be relatively tough (612J/m^) when unmodified, 

and increasingly tough as increasing amounts of CTBN were added (1835J/m^ when 

10.9 wt. % of CTBN was present). For the hybrid bulk epoxy polymers, the addition of 

up to 5.7 wt. % nano-silica did not decrease the toughness (compared to its CTBN-only 

counterpart), and this coincided with a microstructure that showed good dispersion of 

nano-silica particles or the formation of necklace-like chains. However, any further 

increase in nano-silica content led to the formation of large agglomerates of nano 

particles (super-clumps), which had a detrimental effect on the toughness (in the case of 

the sample containing 11.6 wt. % CTBN and 11.6 wt. % nano-silica, the fracture energy 

of 719J/m^ was comparable to that of the unmodified bulk epoxy polymer). The 

micrographs showing the fracture surfaces, correlated well with the toughness results 

although the individual nano-sihca particles were not visible because of their small size. 

The super-clumps were visible however, and it is believed that they cause a drastic 

reduction in toughness because they act like very brittle defects. 

The graph in Figure 4.3.1 shows a comparison of the mean GFRP and bulk epoxy 

polymer fracture energies. It can be seen that the only sample which showed an 

improvement in laminate fracture energy compared to its bulk fracture energy, was that 

of the control (unmodified epoxy). An investigation of the fracture surface showed that 

this is because the control laminate had very good interfacial adhesion between the 

fibres and matrix and there was relatively extensive plastic deformation of the epoxy 

matrix. In general however, the fracture resistance of the bulk epoxy was not transferred 

to the GFRPs when used as the matrix. The main reasons for this were the poor 
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adhesion between the fibres and the matrix, which led to crack propagation at the fibre-

matrix interface, and hence there was Umited deformation of the epoxy matrix. 
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Figure 4.3.1. Comparison between the mean GFRP and bulk fracture energies of the 
amine-cured DGEBA-based system. (Dashed line indicates the 1:1 relationship between 
the fracture energies of the GFRPs and the bulk epoxy polymers [ie. the matrices]) 

4.4 Conclusions 
This chapter has investigated the microstructure, mechanical properties and fracture of 

an amine-cured DGEBA-based bulk epoxy polymer that was toughened with CTBN 

rubber and nano-silica particles. It has also explored the toughness of laminates that 

were composed of glass fibres using these bulk epoxy polymers as the matrices. 

It was found that for the bulk epoxy polymers, the addition of CTBN-only led to a 

decrease in stiffness and glass transition temperature, but an increase in fracture energy. 

Microstructural analysis showed that the rubber particles phase-separated in varying 

amounts as spherical particles (which accounted for the increase in toughness), whilst 

some rubber remained in solution in the epoxy phase (which accounted for the decrease 

in glass transition temperature). Hybrid bulk epoxy polymers containing both rubber 

and nano-silica showed a small change in Tg (because in some cases the nano-silica 

suppressed the phase separation of the rubber), an increase in stiffness (due to the higher 
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stiffness of silica particles) and no increase in toughness. In the samples that showed a 

decrease in toughness with increasing nano-silica content, microstructural analysis 

showed that this was because the nano-silica particles agglomerated into super-clumps 

that reduced the amount of epoxy available for plastic deformation, and acted like brittle 

defects. 

There was a poor transfer of toughness from the bulk epoxy polymers to the GFRPs 

because of the poor adhesion at the fibre-matrix interface, which led to crack 

propagation along this interface, and limited plastic deformation of the epoxy matrix. 
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CHAPTER 5 

RESULTS AND DISCUSSION: THE AMINE-

CURED TGMDA-BASED SYSTEM 

5 Introduction 
This Chapter investigates the material properties of a tetraglycidyl methylene dianiline 

(TGMDA) based epoxy system that has been stoichiometrically cured for 2 hours at 

180°C using a blend of two sterically hindered aromatic amines. CTBN rubber and 

nano-silica particles were added to improve the resistance to fracture. 

The results have been divided into those obtained from testing the bulk epoxy polymer 

(ie. this amine-cured TGMDA-based epoxy containing combinations of rubber and 

nano-silica particles), and the results obtained from testing the carbon fibre reinforced 

polymers (CFRPs) which used said bulk epoxy polymers as their matrices. 

The section that discusses the bulk epoxy polymer has been divided into subsections 

which discuss the microstructure, thermal and mechanical properties, and fracture 

surfaces. Each has a summary at the end, and there is a general discussion at the end of 

the section which reviews all the results and examines how each material property 

affects the others. A similar format is followed for the CFRP results, with a Chapter 

Discussion at the very end. 
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5.1 Bulk Epoxy Polymer Results 
The bulk epoxies tested are summarised in Table 5.1.1 and it may be seen that an 

unmodified sample (the control) was compared to samples toughened with varying 

amounts of nano-silica, a sample toughened with CTBN rubber, and a hybrid sample 

toughened with both rubber and nano-silica. The microstructure was studied to see how 

the rubber and nano-silica particles were distributed in the cured samples, and a number 

of tests were performed on the samples to determine the thermal and mechanical 

properties of the bulk material. The fracture surfaces were then investigated to ascertain 

the fracture mechanisms. Formulations with larger amounts of CTBN were not tested, 

since samples with large CTBN contents would have low glass transition temperatures 

(which would make this particular epoxy unattractive for high temperature applications) 

and higher viscosities (which would make processing more difficult). Additionally, low 

rubber contents reduce the amount of water absorption, which is especially valid for its 

use in FRP applications. 

Table 5,1.1. Summary of all amine-cured TGMDA-based bulk epoxy polymers 
investigated. 

wt, % CTBN wt. % nano-silica 

0 0 

0 5 

0 10 

0 1&5 

8 0 

8 10 
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5.1.1 Microstructure 
An atomic force microscope (AFM) was used to observe how the nano-silica and rubber 

particles were dispersed in the epoxy, as well as relative to each other. No transmission 

electron microscopy was performed on these samples since it was shown in the previous 

Chapter that both methods correlate well and can be used interchangeably. 

5.1.1.1 Unmodified Epoxy 
The AFM image in Figure 5.1.1 is for a control sample of unmodified epoxy. The 

unmodified epoxy matrix is featureless, which is expected for a homogenous 

thermosetting polymer. The vertical lines are knife marks from the microtoming 

process. 

Z: Height 10.0 Jim 

Figure 5.1.1. AFM image of a sample containing unmodified epoxy (black arrows point 
to some knife marks). 

169 



CHAPTER 5 AMINE-CURED T G M D A - B A S E D SYSTEM 

5.1.1.2 Nano-silica Modified Epoxies 
The AFM image in Figure 5.1.2 is of a sample containing 5 wt. % nano-silica. The 

nano-particles are observed to be well-dispersed spheres with almost constant diameters 

of ~20nm. Other studies have also reported good dispersion in epoxy of nano-scale 

silica particles [102,103,105,106,108]. On close examination, however, it can be seen 

that some of the nano particles agglomerate in groups of two as indicated by the light 

blue arrows. These small agglomerates are themselves well dispersed throughout the 

epoxy matrix. 

* S, ^ * *, r-A f - T ^ JP 

4. ^ 

f 4*4** * ""2 

1: Phase 

Figure 5.1.2. AFM image of a sample containing 5 wt. % nano-silica. (Dark blue 
arrows point to some nano particles and light blue arrows point to some agglomerates.) 

Figure 5.1.3 is an AFM image of a sample containing 10 wt. % nano-silica. The nano-

sihca particles are easily discernible and appear to be mostly well-dispersed single 

particles. Some small agglomerates of five or six particle are visible and are indicated 

by the light blue arrows. As the nano-silica content increases, the number of 

agglomerates and the maximum number of particles per agglomerate increase. 
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Figure 5.1.3. AFM image of a sample containing 10 wt. % nano-silica. (Dark blue 
arrows point to some nano particles and light blue arrows point to some agglomerates.) 

The AFM phase and height images in Figure 5.1.4 show the microstructure of a sample 

containing 19.5 wt. % nano-silica. Although all samples were microtomed under the 

same conditions using a very sharp diamond cryo-knife at -65°C, the AFM image 

appears to be of poor quality. On closer examination, however, it would seem that the 

nano-silica particles have formed agglomerates of up to ten particles, and the 

agglomerates are more numerous. Indeed, it appears that most nano-silica particles are 

part of agglomerates and there are just a few single particles. This shows that when used 

in TGMDA epoxy, the nano particles tend to agglomerate, and the agglomerate size 

increases with increasing nano-silica content. 
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iM% 
1: Phase 

i 
2: Height 2.0 urn 

Figure 5.1.4. AFM images of a sample containing 19.5 wt. % nano-silica. (Light blue 
arrows point to some agglomerates.) 

5.1.1.3 Rubber Modified Epoxies 

Figure 5.1.5 is an image showing the microstructure of a sample containing 8 wt. % 

CTBN. The white arrows point to some of the well-dispersed phase-separated rubber 

particles, which vary in diameters between 0.1 jam and 1pm, which is typical for phase-

separated CTBN (which can be anywhere between 0.1pm and 5pm [75,125,126]). The 

size also appears to vary because the microtome may cut closer to or further away from 

the poles of the spheres. (Note that the rubber particles are actually spheres in three 

dimensions.) 

Volume fraction analysis of the image showed that only ~2 wt. % (ie. - 25%) of the 

rubber phase separated. Indeed, this image only shows the microstructure of a very 

small region of the sample but it does indicate that some of the CTBN remains in 

solution in the epoxy phase. 
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Figure 5.1.5. AFM image of a sample containing 8 wt. % CTBN. (White arrows point 
to some rubber particles.) 

5.1.1.4 Hybrid Modified Epoxies 
Figure 5.1.6 shows a micrograph for a sample containing 8 wt. % CTBN and 10 wt. % 

nano-silica. The phase-separated rubber particles are well distributed and have a 

maximum diameter of - 1 p m , which is the same size as the rubber particles in the 

CTBN-only sample that was previously discussed. The nano-silica particles 

agglomerate into possible three-dimensional necklace-like structures (1.5pm in length 

and 0.5]am in width) that are themselves well-dispersed. (A similar structure was 

observed in the anhydride-cured DGEBA-based epoxy for samples containing nano-

silica and 9 wt. % CTBN, and is discussed in the following Chapter). Volume fraction 

analysis of the image also showed that ~2 wt. % of the rubber phase-separated. Based 

on the analysis of this image, and the image containing only CTBN, the addition of 

nano-silica does not further inhibit CTBN phase separation. 
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1: Phase 10.0 urn 

Figure 5.1.6. AFM image of a sample containing 8 wt. % CTBN and 10 wt. % nano-
silica. (White arrows point to some rubber particles and blue arrows point to some nano 
particles.) 

5.1.1.5 Summary 

The microstructure of the amine-cured TGMDA-based bulk epoxy polymer samples is 

summarised in Table 5.1.2. 

Table 5.1,2. Summary of the microstructure of samples from the amine-cured 
TGMDA-based bulk epoxy polymers. (NA = Not Applicable) 

wt. % 
CTBN 

wt. % 
nano-
silica 

Rubber 
Microstructure 

Visual wt. % 
CTBN phase 

separated 

Nano-silica Microstructure 

0 0 NA N A NA 

0 5 N A NA Single 20nm particles. Small agglomerates 

with up to two particles. Well dispersed 

0 1 0 N A NA Single 20nm particles. Small agglomerates 

with up to six particles. Well dispersed 

0 1 9 ^ NA NA Few single 20nm particles. Small 

agglomerates with up to ten particlcs. Well 

dispersed 

8 0 Well dispersed rubber 

spheres, 0 . 1 - l u m diameter 
2 NA 

8 1 0 Well dispersed rubber 
spheres, 0.1-l|iiTi diameter 

2 3-D necklace like chains, l .Spm long and 

0 .5pm wide 
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5.1.2 Thermal and Mechanical Properties 

This section investigates the thermal and mechanical properties of the bulk epoxy 

polymers where the results from dynamic mechanical thermal analysis (DMTA), tensile 

tests and single edge notch bend tests are reported. 

5.1.2.1 Glass transition temperature test results 
The glass transition temperatures, Tg, of the various formulations were measured using 

bulk samples and tested by dynamic mechanical thermal analysis (DMTA) at a rate of 

3K/minute and a frequency of IHz. These results were supplied by hanse chemie AG 

(Geesthacht, Germany) [104,107] and the DMTA trace had the same shape as those 

obtained from the amine-cured DGEBA-based system in the previous Chapter. 

However an inspection of the traces showed that all the samples were heated up to 

300°C, except the sample containing 10 wt. % nano-silica. Indeed, this sample was 

inadvertently heated to only 250°C so its trace was truncated. The test was stopped 

prematurely before passing through the maximum tan 3 and so a lower glass transition 

temperature was recorded. The results are displayed in Figure 5.1.7 and are summarised 

in Table 5.1.3. 

300 

250 

200 

o 
•5- 150 

100 

50 -

Control 5% nano 10% nano 19.5% nano 8% CTBN 8% CTBN, 
10% nano 

Figure 5.1.7. Glass transition temperatures for the amine-cured TGMDA-based bulk 
epoxy polymers at a test frequency of 1 Hz. 
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Table 5.1.3. Summary of glass transition temperatures for the amine-cured TGMDA 
bulk epoxy polymers tested at a frequency of 1 Hz. 

wt. % CTBN wt. % nano-silica TgrQ 

0 0 250 

0 5 253 

0 10 241 

0 19.5 247 

8 0 244 

8 10 244 

A glass transition temperature in the range of 250°C for unmodified tetrafiinctional 

epoxies has been reported before [159,160], so the results obtained in this study agree 

well with the literature. 

The quoted value of 241 °C for the glass transition temperature of the sample with 10 

wt. % nano-silica is lower than the actual value, as has been discussed earlier. Taking 

this into account, it can be seen that nano-silica does not affect the Tg of this system. 

This agrees well with the findings in other work [105,108]. 

The Tg of the samples containing CTBN are both 244°C showing that the same amount 

of rubber phase separates in both samples which agrees with volume fraction analysis of 

the AFM images. However, calculations using the Fox-Flory Equation (see Equation 

2.23 in Chapter 2) suggest that ~2 wt. % of CTBN would have had to remain in solution 

in the epoxy phase to produce the small decrease observed, whereas volume fraction 

analysis showed that ~6 wt. % remained in the epoxy phase. It is believed that the AFM 

images represent a rubber-deficient area of the epoxy, and is not representative of the 

entire sample. At least twelve images from random areas of the sample would be needed 

to have a more statistically sound calculation [151], but time constraints did not permit 

this. 
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5.1.2.2 Tensile test results 
Tensile tests were performed on dumbbell specimens at a rate of 1 mm/min at 20°C, to 

determine the Young's modulus of the different formulations. The main results are 

illustrated in Figure 5.1.8 and the numerical results can be found in Table 5.1.4. 
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Figure 5,1.8. Young's moduli for the amine-cured TGMDA-based bulk epoxy 
polymers, (error bars are ± one standard deviation) 

Table 5.1.4. Summary of the Young's moduli for the amine-cured TGMDA-based bulk 

epoxy polymers ( ± one standard deviation). 

wt. % CTBN wt. % nano-silica E (GPa) 

0 0 3.25 ± 0.06 

0 5 1 4 8 ± 0 J 3 

0 10 3.50 + 0.09 

0 1 9 . 5 4 . 1 5 ± 0 . 1 3 

8 0 3.06 + 0.06 

8 10 3 . 3 7 ± 0 . 1 0 
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The Young's modulus of the unmodified epoxy was 3.25GPa, and other studies on 

tetrafiinctional epoxies have obtained values between 2.5 and 3.5GPa [161,162], which 

correlates well with the value obtained in this study. 

The modulus increases with increasing nano-silica content (up to 4.15GPa for the 

sample containing 19.5 wt. % nano-silica) which is expected because the nano particles 

have a much higher modulus (ie. ~70GPa) [137,138] than the epoxy. 

The linear increase in stiffness (within statistical boundaries) with increasing nano-silica 

content is shown in Figure 5.1.9 and has been reported before [105,108], The 

experimental data will be compared to predictive analytical models in Chapter 7. 

m 2.5 

10 15 

wt. % nano-silica 

20 25 

Figure 5.1.9. Graph showing linear increase in Young's modulus with increasing nano-
silica content (error bars are ± one standard deviation). 

The modulus decreases to 3.06GPa with the presence of 8 wt. % CTBN since rubber has 

a much lower modulus [126] than the epoxy, but a hybrid sample with 8 wt. % CTBN 

and 10 wt. % nano-silica had an increased modulus of 3.37GPa due to the presence of 

the much stiffer nano-silica particles. 
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5.1.2.3 Fracture Test Results 
At least triplicate three-point bend tests were performed at a rate of 1 mm/min at 20°C to 

ascertain the critical mode I stress intensity factor (AT/c). This fracture toughness value 

was then converted to the mode I fracture energy (Gic) (to compare with the FRP 

interlaminar fracture energies) using Equation 2.8 in Chapter 2. The pre-crack was 

formed by drawing a new razor blade through the notch tip. The fracture energy results 

are illustrated in Figure 5.1.10 and the numerical values can be found in Table 5.1.5. 
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Figure 5.1.10. Fracture energy results for the amine-cured TGMDA-based bulk epoxy 

polymers (error bars are - one standard deviation). 

Table 5.1.5. Summary of fracture toughness and energies for the amine-cured 

TGMDA-based bulk epoxy polymers ( i one standard deviation). 

wt. % CTBN wt. % nano-silica K,e (MPa G,c (J/m^) 

0 0 0.80 ± 0.08 176 ± 37 

0 5 0.98 + 0.26 253 ± 144 

0 10 1.14 ± 0.22 336 ± 125 

0 1 9 J 0.84 ± 0 . 1 5 154 + 51 

8 0 1.49 ± 0.07 640 ± 61 

8 10 1.75 + 0.08 798 ± 72 
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Other studies involving unmodified tetrafunctional epoxies showed toughness values of 

—IMPa m'^^ [160,161] which are comparable to the value recorded for the unmodified 

polymer in this study (ie. O.SOMPa m"^). 

There is no statistical increase in toughness when nano-silica particles are added since 

the error bars overlap. If the mean values are examined, this would suggest that the 

toughness increases when up to 10 wt. % nano-silica is included, and decreases when 

19.5 wt. % is present. The AFM images suggest that the nano particles agglomerate 

with increasing nano-silica content, and large amounts of agglomeration have a 

detrimental effect on the toughness. The reason for the decrease in toughness may be 

because the agglomerates reduce the amount of epoxy between particles within the 

agglomerate that is available to plastically deform [85,112,151]. 

The addition of 8 wt. % CTBN almost doubles the fracture toughness to 1.49MPa m'^^. 

This increase is expected, and has been reported in other research on tetrafiinctional 

epoxies, like Pearce et al. [26] who showed that CTBN could produce up to three times 

the toughness of an unmodified epoxy. 

The addition of 10 wt. % nano-silica to a sample containing 8 wt. % CTBN produces a 

further increase in toughness to 1.75MPa which was the highest of all the 

tetrafunctional formulations used. This synergistic effect between CTBN and nano-

silica, where necklace-like nano-silica agglomerates form, was also observed in the 

anhydride-cured DGEBA-based system. (See Chapter 6) 

5.1.2.4 Summary 
The glass transition temperature of the unmodified epoxy was 250°C and the addition of 

nano-silica did not vary the epoxy Tg. The Young's moduli increased with increasing 

nano-silica content since nano-silica particles have a much higher modulus than the 

epoxy. Nano-silica on its own did not statistically increase the toughness, but 

agglomeration of the nano-silica particles at 19.5 wt. % nano-silica, contributed to a 

decrease in toughness. 
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The samples containing 8 wt. % CTBN both had a reduced Tg of 244°C because some 

of the rubber remained in the epoxy phase. The AFM images show that ~6 wt. % CTBN 

remained in solution in the epoxy phase, but calculations using the Fox-Flory equation 

suggest that only ~2 wt. % CTBN would have to remain in the epoxy phase to produce 

the small decrease in Tg observed. Many more AFM images would be needed to test this 

hypothesis and time constraints did not permit this. The tensile modulus of the sample 

containing only 8 wt. % CTBN (ie. 3.06GPa) was lower than that of the unmodified 

epoxy since CTBN has a lower modulus than the unmodified epoxy, but adding 10 wt. 

% nano-silica increased the modulus to 3.37GPa. The CTBN-only sample had a 

toughness of 1.49MPa m'^', and the addition of 10 wt. % nano-silica increased this 

toughness to 1.75MPa m'^^ giving the hybrid sample the highest toughness of all the 

formulations. 

5.1.3 Bulk Fracture Surfaces 
Scanning electron microscopy was performed on some of the fracture surfaces of the 

SENB samples to investigate the fracture mechanisms responsible for the toughness 

values observed. It should be noted that the pre-crack was formed by drawing a new 

razor blade through the notch tip, and this pre-crack is visible in the low magnification 

images as a vertical line to the far left of the micrograph. 

5.1.3.1 Unmodified Epoxy 

The micrographs in Figure 5.1.11 and Figure 5.1.12 are of the fracture surface of the 

unmodified TGMDA epoxy. The surface is flat, glass-like and barren because very little 

plastic deformation occurred, as expected for an unmodified, brittle thermosetting 

polymer. 
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%,W. t jC 

Figure 5.1.11. Fracture surface of unmodified epoxy (crack propagation from left to 

right). 
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Figure 5.1.12. Fracture surface of unmodified epoxy at higher magnification (crack 

propagation from left to right). 
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5.1.3.2 Nano-silica Modified Epoxies 
The micrographs in Figure 5.1.13 and Figure 5.1.14 show the relatively smooth fracture 

surface of a sample containing 5 wt. % nano-silica. Feather markings are visible and 

these absorb the excess energy associated with fast crack growth in a brittle manner 

[83,145], This is why the toughness of 0.98MPa m''^ is so much lower than the 

formulations containing CTBN (see Section 5.1.3.3). The nano-silica particles are not 

visible at this magnification due to their very small particle diameters of 20nm. 

K M 

Precracli 

Figure 5.1.13. Fracture surface of a sample containing 5 wt. % nano-silica (crack 
propagation from left to right). 
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Figure 5.1.14. Fracture surface of a sample containing 5 wt. % nano-silica at higher 

magnification (crack propagation from left to right). 

Figure 5.1.15 and Figure 5.1.16 are high magnification micrographs taken with FEG-

SEM of a sample containing 10 wt. % nano-silica only. The lower magnification image 

shows a very rough surface with some flat, oval-shaped micron-sized regions. These 

features are believed to be localised concentrations of gold as a result of too much 

sputter coating. (Note that these features were not visible in the images taken with an 

SEM with no field emission gun attachment, because a different sputter coater was 

used.) In the higher magnification image in Figure 5.1.16, the nano particles are visible, 

and appear to be well bonded to the epoxy matrix. No void growth or any evidence of 

toughening from the nano-silica particles are visible in these images, and indeed, this 

correlates well with the lack of statistical improvement in toughness that was observed 

in this sample. 
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1 ijm EHT = 5.00 kV Signal A = InLens Date :13 Sep 2006 

1 H WD = 6 mm Mag = 40.75 KX Time :12:14:56 Mag = 40.75 KX 

I S ® ? ® ® 

Figure 5,1.15. Fracture surface of a sample containing 10 wt. % nano-silica (crack 
propagation from left to right). 

200 nm EHT=5.00kV Signal A = InLens Date :13 Sep 2006 

I 1 VUD= 6 mm Mag = 195.86 KX Time :12:23:53 

Figure 5,1.16. Fracture surface of a sample containing 10 wt. % nano-silica at higher 
magnification (crack propagation from left to right. Blue arrows point to some nano-
sihca particles). 
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The images in Figure 5.1.17 and Figure 5.1.18 are the fracture surfaces of a sample 

containing 19.5 wt. % nano-silica. The micrographs shows a mostly flat, plate-like 

surface in the fast fracture region due to the multiplanar nature of the crack progression. 

However, in the plastic zone near the precrack, it can be seen that the surface is flat, and 

there was little plastic deformation, which correlates well with its low fracture 

toughness. 

K M 

Figure 5.1.17. Fracture surface of a sample containing 19.5 wt. % nano-silica (crack 

propagation from left to right). 
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- I T r-M 

Figure 5.1.18. Fracture surface of a sample containing 19.5 wt. % nano-silica at higher 
magnification in the fast-fracture region (crack propagation from left to right). 

5.1.3.3 Rubber Modified Epoxy 

The micrographs in Figure 5.1.19 and Figure 5.1.20 are the fracture surfaces of a sample 

containing 8 wt. % CTBN. The surface is relatively flat and plate-like, but the toughness 

is almost twice as high as that of the unmodified epoxy. Some evidence of rubber 

cavitation is visible, but the dominant toughening mechanisms are believed to be from 

shear yielding of the epoxy between the phase separated rubber particles, and 

plasticization of the epoxy by the rubber that remains in solution in the epoxy phase 

[4,7]. 
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Figure 5.1.19. Fracture surface of a sample containing 8 wt. % CTBN (crack 
propagation from left to right). 

Figure 5.1.20. Fracture surface of a sample containing 8 wt. % CTBN at higher 
magnification (crack propagation from left to right and the red arrow points to a 
cavitated rubber particle). 
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5.1.3.4 Hybrid Modified Epoxies 

The micrographs in Figure 5.1.21 and Figure 5.1.22 are for a hybrid sample toughened 

with 8 wt. % CTBN and 10 wt. % nano-silica. Large amounts of plastic deformation of 

the epoxy is visible, which confirms that the major toughening mechanisms are from 

shear yielding of the epoxy between the phase separated rubber particles, and 

plasticization of the epoxy by the rubber that remains in solution in the epoxy phase 

[4,7]. However, the nano-silica particles are not visible at this magnification, and it is 

unclear if and how they added any additional toughness. This remains subject to further 

investigations. 

0 

Precrack 

Figure 5.1.21. Fracture surface of a sample containing 8 wt. % CTBN and 10 wt. % 
nano-silica (crack propagation from left to right). 
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Figure 5.1.22. Fracture surface of a sample containing 8 wt. % CTBN and 10 wt. % 
nano-silica at higher magnification (crack propagation from left to right). 

5.1.3.5 Summary 

There was no statistical increase in the toughness of the bulk samples when nano-silica 

was used. This was correlated by the similarity of the fracture surfaces of the nano-only 

samples and the unmodified epoxy. 

The samples containing 8 wt. % CTBN-only and both rubber and nano-silica, showed 

hardly any evidence of rubber cavitation. It is believed that the increases in toughness 

that was observed was from shear yielding of the epoxy between the phase separated 

rubber particles and plasticisation of the epoxy by the rubber that remained in solution 

in the epoxy phase. 
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5.2 Carbon Fibre Reinforced Polymer Results 
The CFRP polymer panels (8 ply) were manufactured by vacuum assisted resin transfer 

moulding (VARTM). The polymer matrices used for the laminates were of the same 

composition as those described in the 'Bulk Epoxy Polymer Results' section of this 

Chapter. The average weight fraction of the fibres in the laminates was 60%. 

Mode I tests and flexural modulus tests were performed on these samples and the results 

are presented in the following sections. Unlike the amine-cured DGEBA-based samples 

discussed in the previous Chapter, these laminates were manufactured with a much 

higher quality: the surfaces were smooth and the laminates were thick (so no backing 

beams were needed). The fracture surfaces of the Mode I samples are discussed, and 

there is a Chapter Discussion in the final section which discusses the nexus between the 

bulk epoxy polymers and the CFRPs. 

5.2.1 Mode I Fracture Results 
At least triplicate double cantilever beams (DCBs) were tested for each formulation at a 

cross-head speed of Imm/min at 20°C under mode 1 conditions and all failed in a stick-

slip (initiation-arrest) manner. 

The graph in Figure 5.2.1 illustrates the initiation interlaminar fracture energies 

calculated by the corrected beam theory (CBT) method. Small R-curves were observed 

for all of the samples and an example curve for the initiation and arrest interlaminar 

fracture energy of a sample toughened with 19.5 wt. % nano-silica is shown in Figure 

5.2.2. Table 5.2.1 contains the mean numerical values of the calculated initiation and 

arrest interlaminar fracture energies, but only the mean initiation interlaminar fracture 

energies will be quoted in all subsequent discussions. 
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Figure 5.2.1. Critical mode I interlaminar fracture energy for amine-cured CFRPs with 
a TGMDA matrix, (error bars are + one standard deviation) 
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Figure 5.2.2. Graph showing the variation in the initiation and arrest values of the 
interlaminar fracture energy with crack length for a sample containing 19.5 wt. % nano-
silica. 
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Table 5.2.1 Summary of the mode I interlaminar fracture energies for amine-cured 
CFRPs with a TGMDA matrix. ( ± one standard deviation) 

wt. % CTBN wt. % nano-silica G l c Initiation ( J / m ) G l c Arrest ( J / ^ ) 

0 0 764 ± 237 661 ± 213 

0 5 300 ± 64 235 ± 60 

0 10 299 ± 2 247 ± 3 

0 19^ 733 ± 24 614 ± 30 

8 0 1511 ± 54 1203 ± 9 

8 10 1012 ± 56 785 ± 56 

The control FRP laminate had an interlaminar fracture energy of 764J/m^ but the 

addition of 5 and 10 wt. % nano-silica lead to a decrease in fracture energy of the 

laminates of more than a half This dramatic decrease in interlaminar fracture energy at 

such low amounts of silane-treated, 20nm diameter nano-silica particles, is contrary to 

what has been reported in other work [102,106]. Increasing the nano-silica content of 

the matrix to 19.5 wt. % increases the interlaminar fracture energy back to a level that is 

comparable with the control. It may be concluded that the addition of nano-silica alone 

does not produce an increase in the interlaminar fracture energy of the laminates in this 

system. 

A matrix that was toughened with 8 wt. % CTBN gave a laminate that had twice the 

interlaminar fracture energy of the control CFRP. A large increase in the interlaminar 

fracture energy of laminates with rubber modified matrices, has been reported before 

[163]. 

Although the mean initiation interlaminar fracture energy of the hybrid CFRP 

(ie.l012J/m^) is more than 250J/m^ higher than the mean initiation interlaminar fracture 

energy of the control laminate, their error bars overlap. This suggests that there is no 

statistical difference in the interlaminar fracture energy between the hybrid and control 

laminates. The synergy observed between CTBN and nano-silica in other systems [106] 

is not present in this system. 
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5.2.2 Flexural Modulus 

The laminates were tested at a constant strain rate of O.Ol/min under three-point loading 

conditions at 20°C. This test was conducted elastically, to a preset centre-displacement 

limit of 3mm. Load-displacement graphs were recorded, and the flexural modulus was 

calculated. The graph in Figure 5.2.3 illustrates the results, and the numerical values can 

be found in Table 5.2.2. 
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Figure 5.2.3. Flexural modulus results for CFRPs with an amine-cured TGMDA-based 
matrix (error bars are i one standard deviation). 

Table 5.2.2. Summary of flexural moduli for CFRPs with an amine-cured TGMDA-
based matrix. ( ± one standard deviation) 

wt. % CTBN wt. % nano-silica E (GPa) 

0 0 30.2 ± 0.5 

0 5 30.3 ± 0.5 

0 10 30.8 ± 0.1 

0 19.5 31.9 ± 0.4 

8 0 30.5 ± 0.6 

8 10 31.3 ± 0.3 
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The flexural modulus of the control laminate was 30.2GPa. The modulus increased 

linearly with increasing nano-silica content to a maximum of 31.9GPa for a laminate 

with a matrix toughened with 19.5 wt. % nano-silica, as shown in Figure 5.2.4. This 

small increase is expected since silica has a much higher stiffness than the epoxy 

[137,138], and only small amounts of nano-silica were added. (It should be noted that 

the fibre.-matrix weight ratio was 60:40 and '19.5 wt. % nano-silica' refers to the wt. % 

of the total epoxy matrix and thus does not include the weight of the fibres.) The 

modulus of the woven fibres is -lOOGPa [150], whereas the matrix moduli are ~3.5GPa 

(as presented earlier in this Chapter). As a result, the moduli of the laminates are fibre-

dominated and such a relatively small wt. % of nano-silica only produces a 5% increase 

in modulus. 

<0 

O 29 
LU 

28 
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10 15 

wt. % nano-silica 

20 25 

Figure 5.2.4. Flexural modulus results for amine-cured CFRPs with a TGMDA matrix, 
toughened with nano-silica only (error bars are ± one standard deviation. Note: y-axis 
does not start at zero). 

Statistically, the flexural modulus of the laminate with 8 wt. % CTBN is similar to that 

of the control laminate. However, since rubber is so much more compliant than the 

epoxy matrix, the laminate would be expected to have a lower flexural modulus. This 

was not observed because this particular sample was slightly thinner than the others 

because there was less epoxy matrix. As a result, the 'extra' stiffness was provided by 
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the carbon fibres. Fibre volume fraction analysis would have been able to give a more 

accurate corrected flexural modulus (as was done for the anhydride-cured DGEBA-

based CFRPs discussed in Chapter 6). This was not deemed necessary since there was 

only a 5% variation in thickness amongst the samples, and the flexural modulus results 

were within a reasonable range of 30-32GPa. This corresponds with the work of 

Mouritz [164] who performed flexural tests on a wide variety of laminates with woven 

fibres, including CFRPs with a fibre:matrix ratio of 64:36, and found values between 

25GPa and 30GPa. 

The hybrid sample with a matrix toughened with 8 wt. % CTBN and 10 wt. % nano-

silica showed an increase in modulus to 31.3GPa. The addition of the rigid nano-silica 

particles reinstates some of the stiffness lost by the addition of the CTBN. 

5.2.2.1 Summary 
The addition of nano-silica to the matrix of laminates linearly increases the flexural 

modulus with increasing nano-silica content. This is expected due to the rigid silica 

particles having a higher stiffness than that of the epoxy. However, the relationship 

between nano-silica content and the interlaminar fracture energy is more tenuous. 

Indeed, the addition of 5 and 10 wt. % nano-silica leads to a dramatic decrease in 

interlaminar fracture energy, whereas the addition of 19.5 wt. % nano-silica increases 

the toughness back to that of the laminate with an unmodified matrix. Whilst nano-silica 

improves the laminate stiffness, it does not increase the interlaminar fracture energy. 

The laminate with 8 wt. % CTBN had a slightly higher stiffness than the control 

because it was sUghtly thinner (less epoxy matrix), and was more fibre dominated. This 

laminate had a interlaminar fracture energy that was twice that of the control. 

The hybrid laminate with 8 wt. % CTBN and 10 wt. % nano-silica had a higher stiffness 

than the CTBN-only sample because of the inclusion of the rigid nano particles. There 

was no synergy between rubber and nano-silica in terms of resistance to fracture. 

Indeed, the interlaminar fracture energy was comparable to that of the control laminate. 

It is believed that this reduction in interlaminar fracture energy may be due to the 

agglomeration of the nano-silica. 

196 



CHAPTER 5 AMINE-CURED T G M D A - B A S E D SYSTEM 

5.2.3 Mode I CFRP Fracture Surfaces 
Scanning electron microscopy was performed on the fracture surfaces of the CFRP 

samples to investigate the fracture mechanisms responsible for the changes in toughness 

that were observed. 

5.2.3.1 Unmodified Epoxy Matrix 

The micrographs in Figure 5.2.5 and Figure 5.2.6 show the fracture surfaces of a CFRP 

laminate that had an unmodified matrix. The micrograph at lower magnification shows 

deformation of the epoxy matrix which contributed to its toughness. Although the fibres 

are not easily visible in the higher magnification micrograph there was good bonding 

between the matrix and the fibres. This can be deduced from the fact that the epoxy 

between the continuous channels (caused by fibre debonding and then eventual pullout) 

is deformed. This shows that because of the good adhesion between the fibres and the 

matrix, a lot of energy was needed for the fibres to debond and pull-out [83]. Additional 

evidence can be seen in the form of one fibre that is still embedded in the matrix, and is 

still covered in epoxy resin. The plastically deformed matrix, continuous channels and 

broken fibres correlate well with this laminate having a higher fracture energy (764J/m^) 

than that of the unmodified epoxy (176/m^). 

Figure 5.2.5. Fracture surface of a CFRP sample with an unmodified tetrafunctional 
epoxy matrix (crack propagation from bottom to top). 
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Continuous 
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-i) 

Embedded 
^ fibre 

Figure 5.2.6. Fracture surface of a CFRP sample with an unmodified tetrafunctional 
epoxy matrix at higher magnification (crack propagation from bottom to top). 

5.2.3.2 Nano-silica Modified Epoxy Matrices 
The micrograph in Figure 5.2.7 and Figure 5.2.8 shows the fracture surface of a CFRP 

sample that has a matrix toughened with 5 wt. % nano-silica. The epoxy matrix is 

smoother than the previous sample (unmodified matrix), and the matrix between fibres 

is also less plastically deformed because not as much energy was absorbed. This 

correlates well with the low fracture energy of 300J/m^ that was recorded. The fibres are 

also less well bonded to the matrix, which suggests that less energy would be needed to 

debond and pull-out the fibres. There is some evidence of fibre bridging, which led to a 

slight increase in fracture energy with increasing crack length (ie. a small R-curve). 
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Figure 5.2.7. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 5 wt. % nano-silica (crack propagation from right to left). 

Fibre 
bridging 

Figure 5.2.8. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 5 wt. % nano-silica at higher magnification (crack propagation from right to 
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The micrograph in Figure 5.2.9 is the fracture surface of a sample with a matrix that was 

toughened with 10 wt. % nano-silica. A large area of epoxy is visible because there was 

a large amount of cohesive failure [165] between epoxy surfaces on both halves of the 

DCB specimen (in other words, the crack progressed through the epoxy matrix, with 

little toughening from the fibres). This is why the interlaminar fracture energy of this 

sample (299J/m^) is comparable to that of the bulk epoxy polymer (336J/m^). The 

micrograph in Figure 5.2.10 is at a higher magnification and shows evidence of fibre 

bridging (which resulted in a slight R-curve) and hardly any deformation of the epoxy 

matrix. So whilst the interlaminar fracture energy increased with increasing crack 

length, the mean interlaminar fracture energy was still quite low because of the brittle 

failure of the epoxy matrix. 

Figure 5.2.9. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 10 wt. % nano-silica (crack propagation from right to left). 
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Figure 5.2.10. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 10 wt. % nano-silica at higher magnification (crack propagation from righi 
to left. Fibre bridging circled in pink). 

The micrographs in Figure 5.2.11 and Figure 5.2.12 are the fracture surfaces of a 

laminate toughened with 19.5 wt. % nano-silica. What is immediately striking, is the 

difference in fracture appearance between this sample, and the previous samples 

containing nano-silica. Indeed, the surface is very similar to that of the CFRP with the 

unmodified matrix. The fibres are well bonded to the epoxy matrix, which led to an 

increase in toughness compared to the other nano-only samples. Also, the crack did not 

propagate through an epoxy-rich layer. There is some evidence of fibre bridging, which 

also contributed to the increase (relative to the other nano-only samples) in interlaminar 

fracture energy to 733J/m^. This interlaminar fracture energy is comparable to that of 

the control laminate. 
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Figure 5.2.11. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 19.5 wt. % nano-silica (crack propagation from right to left). 

Figure 5.2.12. Fracture surface of a CFRP sample with a tetrafunctional epoxy matrix 
containing 19.5 wt. % nano-silica at higher magnification (crack propagation from right 
to left. Fibre bridging circled in pink). 
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5.2.3.3 Rubber Modified Epoxy 

T h e m i c r o g r a p h s i n F i g u r e 5 . 2 . 1 3 a n d F i g u r e 5 . 2 . 1 4 are the f r a c t u r e sur faces o f a C F R P 

s a m p l e t o u g h e n e d w i t h 8 w t . % C T B N . T h e v i s i b l e m a t r i x has a f a i r l y f l a t , p l a t e - l i k e 

appearance w h i c h is s i m i l a r to t ha t o f the b u l k f r a c t u r e sur face . A c c o r d i n g t o K i m et al. 

[ 1 6 6 ] t he p resence o f r e s i n - r i c h r e g i o n s at the s t rand c ross -ove r a l l o w s the p o s s i b i l i t y o f 

f i i l l d e f o r m a t i o n o f the t o u g h m a t r i x . I ndeed , th i s s a m p l e has the h i g h e s t t o u g h n e s s o f 

a l l t he l am ina tes . T h i s h i g h t oughness is a resu l t o f the g o o d i n t e r f a c i a ! a d h e s i o n 

b e t w e e n f i b r e a n d m a t r i x (so a la rge a m o u n t o f e n e r g y w o u l d be n e e d e d f o r the f i b r e s to 

d e b o n d a n d p u l l - o u t ) , the p l a s t i c d e f o r m a t i o n o f the m a t r i x , as w e l l as s o m e c a v i t a t i o n 

o f the r u b b e r pa r t i c les . A f e w o f these ~ 1 p m d i a m e t e r c a v i t a t e d r u b b e r pa r t i c l es are 

v i s i b l e i n F i g u r e 5 .2 .15 . 

Figure 5.2,13. F r a c t u r e sur face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N ( c rack p r o p a g a t i o n f r o m right to left). 
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Figure 5.2.14. Fracture su r face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N at h i g h e r m a g n i f i c a t i o n ( c r a c k p r o p a g a t i o n f r o m right to left). 

Figure 5.2.15. F r a c t u r e sur face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N at h i g h e r m a g n i f i c a t i o n ( c rack p r o p a g a t i o n f r o m right to left. 
C a v i t a t e d r u b b e r pa r t i c l es c i r c l e d i n p i n k ) . 
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5.2.3.4 Hybrid Modified Epoxies 

T h e m i c r o g r a p h s i n F i g u r e 5 . 2 . 1 6 a n d F i g u r e 5 .2 .17 are o f a l a m i n a t e w i t h a h y b r i d 

m a t r i x t o u g h e n e d w i t h 8 w t . % C T B N a n d 10 w t . % n a n o - s i l i c a . T h e f i b res are w e l l 

b o n d e d to t he m a t r i x , b u t the re is less p las t i c d e f o r m a t i o n o f the m a t r i x t han the 

p r e v i o u s 8 w t . % C T B N - o n l y samp le . F i g u r e 5 .2 .18 s h o w s tha t s o m e c a v i t a t i o n o f t he 

r u b b e r pa r t i c l es occu rs ( t h e y appear as s m a l l ho l es o f - 0 . 5 p m i n d i a m e t e r ) , b u t the 

n a n o - s i l i c a p a r t i c l e s are n o t v i s i b l e at th i s m a g n i f i c a t i o n . T h e r e d u c t i o n i n i n t e r l a m i n a r 

f r a c t u r e e n e r g y ( r e l a t i v e t o the C T B N - o n l y samp le ) is because o f the r e d u c e d p las t i c 

d e f o r m a t i o n o f the m a t r i x . I t can be c o n c l u d e d tha t n a n o - s i l i c a at a n y w t . % i n an 

a m i n e - c u r e d T G D M A - b a s e d m a t r i x , used to m a k e l am ina tes w i t h c a r b o n fibres, does 

n o t i nc rease the i n t e r l a m i n a r f r ac tu re e n e r g y o f the l am ina te . 

Figure 5.2.16. F r a c t u r e sur face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N a n d 10 w t . % n a n o - s i l i c a ( c rack p r o p a g a t i o n f r o m right to 
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Figure 5.2.17. F rac tu re sur face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N a n d 10 w t . % n a n o - s i l i c a at h i g h e r m a g n i f i c a t i o n ( c r a c k 

p r o p a g a t i o n f r o m right to left). 

Figure 5.2.18. F rac tu re sur face o f a C F R P samp le w i t h a t e t r a f u n c t i o n a l e p o x y m a t r i x 

c o n t a i n i n g 8 w t . % C T B N a n d 10 w t . % n a n o - s i l i c a at h i g h e r m a g n i f i c a t i o n ( c rack 

p r o p a g a t i o n f r o m right to left. W h i t e a r r o w s p o i n t to s o m e c a v i t a t e d r u b b e r pa r t i c l es ) . 
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5.2.3.5 Summary 

I t w a s f o u n d tha t the f r ac tu re sur faces o f the C F R P l a m i n a t e s tha t w e r e tes ted u n d e r 

M o d e I c o n d i t i o n s c o r r e l a t e d w e l l w i t h the r e c o r d e d i n t e r l a m i n a r f r a c t u r e energ ies . T h e 

l a m i n a t e s t ha t h a d h i g h e r i n t e r l a m i n a r f r ac tu re energ ies t h a n the b u l k e p o x y w e r e m o r e 

f r a c t u r e res is tan t because o f the g o o d a d h e s i o n b e t w e e n the f i b r e s a n d the m a t r i x 

r e q u i r i n g m o r e e n e r g y f o r f i b r e d e b o n d i n g a n d p u l l - o u t . C o n v e r s e l y , e v e n t h o u g h s o m e 

e v i d e n c e o f f i b r e - b r i d g i n g w a s obse rved , the 5 a n d 10 w t . % n a n o - s i l i c a samp les h a d 

v e r y l o w i n t e r l a m i n a r f r a c t u r e energ ies because o f the p o o r a d h e s i o n b e t w e e n the f i b r e s 

a n d m a t r i x , a n d the c r a c k p r o p a g a t i n g t h r o u g h an e p o x y r i c h layer . G e n e r a l l y h o w e v e r , 

t he re w a s g o o d i n t e r f a c i a l b o n d i n g b e t w e e n f i b r e a n d m a t r i x , a n d c a v i t a t e d r u b b e r 

p a r t i c l e s ( w h i c h c o n t r i b u t e d t o t he r e l a t i v e l y h i g h i n t e r l a m i n a r f r a c t u r e energ ies o f t he 

samp les c o n t a i n i n g C T B N ) w e r e v i s i b l e i n the m i c r o g r a p h s . 
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5.3 Chapter Discussion 
T h i s C h a p t e r has i n v e s t i g a t e d the m i c r o s t r u c t u r e , m e c h a n i c a l p r o p e r t i e s a n d f r a c t u r e o f 

an a m i n e - c u r e d T G M D A - b a s e d b u l k e p o x y p o l y m e r tha t w a s t o u g h e n e d w i t h b o t h 

C T B N r u b b e r a n d n a n o - s i l i c a pa r t i c l es . T h i s b u l k e p o x y w a s used as the m a t r i x f o r 

C F R P l a m i n a t e s r e i n f o r c e d w i t h c a r b o n f i b res , a n d the m a t e r i a l p rope r t i e s a n d f r a c t u r e 

o f these l a m i n a t e s w e r e a lso e x p l o r e d . 

U n l i k e b o t h the a m i n e - c u r e d D G E B A - b a s e d sys tem a n d the a n h y d r i d e - c u r e d D G E B A -

b a s e d sys tem, t h i s T G M D A - b a s e d s y s t e m is n o t n o r m a l l y used i n i ts b u l k f o r m , b u t is 

u s u a l l y u s e d as a m a t r i x i n l am ina tes [ 1 5 0 , 1 5 1 ] . T h e r e f o r e i t is o f p a r a m o u n t i m p o r t a n c e 

to e x p l o r e the n e x u s b e t w e e n the b u l k a n d C F R P resul ts . A s u m m a r y o f the m e a n v a l u e s 

o f a l l the m a t e r i a l p rope r t i e s can be f o u n d i n T a b l e 5 .3 .1 f o r easy re fe rence . 

Table 5,3.1, S u m m a r y o f a l l m e a n va lues f o r the m a t e r i a l p r o p e r t i e s ( b u l k p o l y m e r a n d 

C F R P s ) o f the a m i n e - c u r e d T G M D A - b a s e d sys tem. 

wt. % wt. % Tg Ebulk K,e Cjc hutk G|C CFRP Ef'FRP 

CTBN nano-silica r o (MPa m (J/m^) (GPa) 

0 0 250 1 2 5 &80 176 
e 

764 3&2 

0 5 253 1 4 8 0 98 253 300 3 0 1 

0 10 2 4 1 3^W 1.14 336 299 3&8 

0 19^ 247 4 .15 &84 154 733 3L9 

8 0 2 4 4 1 0 6 1.49 640 1511 3&5 

8 10 244 1 3 7 1.75 798 1012 31 .3 

T h e b u l k e p o x y p o l y m e r has a v e r y h i g h glass t r a n s i t i o n t e m p e r a t u r e , i n the o r d e r o f 

~ 2 5 0 ° C . T h i s h i g h Tg m a k e s i t an a t t rac t i ve m a t r i x f o r use i n aerospace a p p l i c a t i o n s , 

s ince i t c a n be used at h i g h e r w o r k i n g t e m p e r a t u r e s [ 1 0 4 ] t han say, the a m i n e o r 

a n h y d r i d e - c u r e d D G E B A sys tems d iscussed i n t h i s Thes is . T h e a d d i t i o n o f n a n o - s i l i c a 

to the e p o x y d i d n o t a l te r the g lass t r a n s i t i o n t e m p e r a t u r e . E v e n a d d i n g 8 w t . % C T B N 

o n l y r e d u c e d the Tg to 2 4 4 ° C . I t can be c o n c l u d e d tha t n e i t h e r n a n o - s i l i c a n o r C T B N 

has an adverse e f f e c t o n the h i g h - t e m p e r a t u r e a p p l i c a t i o n p rospec ts o f th i s sys tem. 
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T h e a d d i t i o n o f i n c r e a s i n g a m o u n t s o f r i g i d n a n o - s i l i c a pa r t i c l es l i n e a r l y i nc reased the 

s t i f f ness o f b o t h the b u l k a n d C F R P samples . T h e so f t e r C T B N caused a r e d u c t i o n i n 

s t i f f ness , a n d th i s is the reason w h y r u b b e r is n o t n o r m a l l y u s e d i n t e t r a f u n c t i o n a l 

sys tems [ 1 0 4 ] . H o w e v e r , the h y b r i d f o r m u l a t i o n h a d a h i g h e r b u l k Y o u n g ' s m o d u l u s 

and a h i g h e r C F R P f l e x u r a l m o d u l u s t h a n the c o n t r o l samp les . I t c a n be c o n c l u d e d t h a t 

t he a d d i t i o n o f n a n o - s i l i c a increases the s t i f fness o f th is s y s t e m , a n d w h e n u s e d i n 

c o n j u n c t i o n w i t h C T B N , restores a n y l os t s t i f f ness caused b y the so f te r r u b b e r y phase. 

T h e f r a c t u r e e n e r g y o f the b u l k e p o x y p o l y m e r w a s s ta t i s t i ca l l y s i m i l a r t o t ha t o f t he 

th ree f o r m u l a t i o n s c o n t a i n i n g d i f f e r e n t n a n o - s i l i c a con ten ts . T h e A F M i m a g e s s h o w t h a t 

t he samp les c o n t a i n i n g 5 a n d 10 w t . % n a n o - s i l i c a h a v e w e l l d i spe rsed n a n o - s i l i c a 

pa r t i c l es , w h e r e a s the s a m p l e w i t h 19.5 w t . % n a n o - s i l i c a s h o w e d the pa r t i c l es to b e 

a g g l o m e r a t e d . These images agree w e l l w i t h the mean f r ac tu re energ ies because an 

inc rease i n n a n o - s i l i c a u p to 10 w t . % p r o d u c e d an increase i n f r a c t u r e e n e r g y , a n d t he 

a g g l o m e r a t i o n o f pa r t i c l es i n the 19.5 w t . % samp le h a d a s m a l l e r f r a c t u r e e n e r g y 

(because the e p o x y l i g a m e n t s b e t w e e n pa r t i c l es w e r e n o t la rge e n o u g h t o p l a s t i c a l l y 

d e f o r m ) . T h i s t r e n d w a s n o t t r ans fe r red t o the C F R P l a m i n a t e s h o w e v e r , as c a n be seen 

i n F i g u r e 5 .3 .1 . I n d e e d , C F R P l a m i n a t e s t o u g h e n e d w i t h 5 a n d 10 w t . % n a n o - s i l i c a h a d 

a lower i n t e r l a m i n a r f r ac tu re e n e r g y t h a n the c o n t r o l , b u t w a s c o m p a r a b l e to t ha t o f t h e i r 

r espec t i ve b u l k e p o x y p o l y m e r s , whe reas the C F R P l a m i n a t e w i t h 19.5 w t . % h a d a 

c o m p a r a b l e i n t e r l a m i n a r f r ac tu re e n e r g y to t h a t o f the c o n t r o l l am ina te . T h e C F R P 

l a m i n a t e s w i t h 5 a n d 10 w t . % n a n o - s i h c a d i d n o t h a v e v e r y g o o d f i b r e - m a t r i x a d h e s i o n , 

a n d t he c r a c k p r o p a g a t e d t h r o u g h an e p o x y r i c h r e g i o n . T h e s a m p l e w i t h 19.5 w t . % 

n a n o - s i l i c a s h o w e d be t te r f i b r e - m a t r i x adhes ion , a n d so m o r e e n e r g y w a s n e e d e d f o r the 

f i b r e s to d e b o n d a n d p u l l - o u t . T h i s agrees w e l l w i t h the w o r k o f K i n l o c h a n d T a y l o r 

[ 8 3 ] w h o sugges ted tha t there w a s an o p t i m u m a d h e s i o n s t reng th tha t w o u l d p r o d u c e 

t o u g h lam ina tes . 

T h e b u l k e p o x y p o l y m e r c o n t a i n i n g C T B N w a s f o u r t i m e s as t o u g h as the c o n t r o l , a n d 

th i s h i g h t oughness t r a n s f e r r e d w e l l t o i ts l a m i n a t e (as s h o w n in F i g u r e 5 .3 .1 ) , w h i c h 

h a d t w i c e the i n t e r l a m i n a r f r a c t u r e e n e r g y o f the c o n t r o l l a m i n a t e . T h i s w a s because o f 

the g o o d adhes ion b e t w e e n the f i b r e s a n d the m a t r i x . W h e n 10 w t . % n a n o - s i l i c a w a s 

a d d e d to the b u l k samp le w i t h 8 w t . % C T B N , the toughness inc reased b y 1 5 % , b u t the 

i n t e r l a m i n a r f r ac tu re e n e r g y o f the l a m i n a t e decreased b y 3 0 % due to l i m i t e d p l a s t i c 
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d e f o r m a t i o n o f t h e m a t r i x . H o w e v e r , t h e m e a n f r a c t u r e e n e r g y w a s s t i l l 5 0 % greater 

t h a n t h e c o n t r o l . 
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Figure 5.3.1. C o m p a r i s o n b e t w e e n t h e F R P a n d b u l k f r a c t u r e e n e r g i e s o f t h e a m i n e -

c u r e d T G M D A - b a s e d s y s t e m . ( D a s h e d l i n e i n d i c a t e s t h e 1:1 r e l a t i o n s h i p b e t w e e n t h e 

f r a c t u r e e n e r g i e s o f t h e C F R P s a n d b u l k e p o x y p o l y m e r s [ i e . t h e m a t r i c e s ] ) 

5.4 Conclusions 
T h i s c h a p t e r h a s i n v e s t i g a t e d t h e m i c r o s t r u c t u r e , m e c h a n i c a l p r o p e r t i e s a n d f r a c t u r e o f 

a n a m i n e - c u r e d T G M D A - b a s e d b u l k e p o x y p o l y m e r t h a t w a s t o u g h e n e d w i t h C T B N 

r u b b e r a n d n a n o - s i l i c a p a r t i c l e s . I t h a s a l s o e x p l o r e d t h e t o u g h n e s s o f l a m i n a t e s t h a t 

w e r e c o m p o s e d o f c a r b o n f i b r e s u s i n g t hese b u l k e p o x y p o l y m e r s as t h e m a t r i c e s . S i n c e 

b u l k e p o x i e s b a s e d u p o n t h i s s y s t e m is n o t p r e s e n t l y b e i n g u s e d c o m m e r c i a l l y , o n l y t h e 

m a i n c o n c l u s i o n s a b o u t t h e F R P s w i l l b e s ta ted . 

I t c a n b e c o n c l u d e d f r o m t h i s s t u d y t h a t a h y b r i d l a m i n a t e w i t h 8 w t . % C T B N a n d 10 

w t . % n a n o - s i l i c a has : 

• a c o m p a r a b l e g l a s s t r a n s i t i o n t e m p e r a t u r e t o t h e c o n t r o l ( i e . t h e l a m i n a t e w i t h an 

u n m o d i f i e d e p o x y m a t r i x ) . 

• a h i g h e r f l e x u r a l m o d u l u s t h a n t h e c o n t r o l . 

• a h i g h e r f r a c t u r e e n e r g y t h a n t h e c o n t r o l . 

T h i s s t u d y h a s s h o w n t h a t w h i l s t l a m i n a t e s b a s e d u p o n t h i s s y s t e m , t o u g h e n e d w i t h 

C T B N r u b b e r , h a v e n o t p r e v i o u s l y b e e n u s e d c o m m e r c i a l l y b e c a u s e o f t h e r e d u c t i o n i n 

s t i f f n e s s , t h e a d d i t i o n o f n a n o - s i l i c a ( i e . t o f o r m a h y b r i d ) c a n y i e l d a l a m i n a t e t h a t h a s 

b o t h h i g h s t i f f n e s s a n d v e r y h i g h f r a c t u r e e n e r g y . 
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C H A P T E R 6 

RESULTS AND DISCUSSION: THE 

ANHYDRIDE-CURED DGEBA-BASED 

SYSTEM 

6 Introduction 
T h i s C h a p t e r i nves t i ga tes the m i c r o s t r u c t u r e , m a t e r i a l p r o p e r t i e s a n d f r a c t u r e o f a 

D G E B A - b a s e d e p o x y s y s t e m tha t w a s c u r e d u s i n g acce le ra ted m e t h y l h e x a h y d r o p t h a l i c 

a c i d a n h y d r i d e , a n d has h a d c o m b i n a t i o n s o f b o t h r u b b e r a n d n a n o - s i l i c a p a r t i c l e s 

added . T h e samp les w e r e c u r e d f o r 1 h o u r at 9 0 ° C , f o l l o w e d b y a p o s t - c u r e o f 2 h o u r s at 

160°C. 

T h e resu l t s have b e e n d i v i d e d i n t o those o b t a i n e d f r o m t e s t i n g the b u l k e p o x y p o l y m e r 

( ie . t h i s a n h y d r i d e - c u r e d D G E B A - b a s e d e p o x y c o n t a i n i n g c o m b i n a t i o n s o f r u b b e r a n d 

n a n o - s i l i c a pa r t i c l es ) , a n d the resu l ts o b t a i n e d f r o m t e s t i n g the c a r b o n f i b r e r e i n f o r c e d 

p o l y m e r s ( C F R P s ) w h i c h used sa id b u l k e p o x y p o l y m e r s as i ts m a t r i x . 

T h e sec t i on t ha t d iscusses the b u l k e p o x y p o l y m e r has been d i v i d e d i n t o subsec t i ons 

w h i c h d iscuss the m i c r o s t r u c t u r e , the t h e r m a l a n d m e c h a n i c a l p rope r t i es , a n d f r a c t u r e 

sur faces . E a c h has a s u m m a r y at the end , a n d there is a gene ra l d i s c u s s i o n a t the e n d o f 

the sec t i on w h i c h r e v i e w s a l l the resu l ts a n d e x a m i n e s h o w each m a t e r i a l p r o p e r t y 

a f f ec t s the o thers . A s i m i l a r f o r m a t is f o l l o w e d f o r the C F R P resu l ts , w i t h a C h a p t e r 

D i s c u s s i o n at the v e r y end. 
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6.1 Bulk Epoxy Polymer Results 
T h e samp les i n v e s t i g a t e d are s u m m a r i s e d i n T a b l e 6 .1 .1 a n d i t m a y be seen tha t an 

u n m o d i f i e d s a m p l e ( the c o n t r o l ) w a s c o m p a r e d to samp les t o u g h e n e d w i t h v a r y i n g 

a m o u n t s o f n a n o - s i l i c a ( b e t w e e n 0 a n d - 2 0 w t . % ) , C T B N r u b b e r ( b e t w e e n 0 a n d 18 w t . 

% ) , a n d h y b r i d samp les t o u g h e n e d w i t h v a r y i n g a m o u n t s o f r u b b e r a n d nano -s i l i ca . T h e 

m i c r o s t r u c t u r e w a s s t u d i e d to see h o w the r u b b e r a n d n a n o - s i l i c a pa r t i c l es w e r e 

d i s t r i b u t e d , a n d a n u m b e r o f tests w e r e p e r f o r m e d o n the samp les to d e t e r m i n e the 

t h e r m a l a n d m e c h a n i c a l p r o p e r t i e s o f the b u l k m a t e r i a l . T h e f r a c t u r e sur faces w e r e t h e n 

i n v e s t i g a t e d to ascer ta in the f r ac tu re m e c h a n i s m s . I t s h o u l d be n o t e d tha t a l l tests w e r e 

p e r f o r m e d o n c u r e d samples . 

Table 6.1.1. S u m m a r y o f a l l the a n h y d r i d e - c u r e d D G E B A - b a s e d samp les i nves t i ga ted . 

wt. % CTBN wt. % nano-silica 

0 0 

0 4 

0 7.8 

0 11.1 

0 14^ 

0 202 

6 0 

5.17 2 ^ 9 

5.03 5.03 

9 0 

9 2.3 

9 4.5 

9 9 

9 10.5 

9 15.4 

12 6 

12 12 

18 0 

18 9 

18 18 
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6.1.1 Microstructure 
A t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e ( T E M ) w a s used to v i e w m i c r o t o m e d s l ices o f the 

c u r e d b u l k samp les u n d e r h i g h m a g n i f i c a t i o n . T h e a i m w a s to obse rve h o w the n a n o -

s i h c a a n d r u b b e r pa r t i c l es w e r e d i spersed i n the e p o x y , as w e l l as r e l a t i v e to each o the r . 

A n a t o m i c f o r c e m i c r o s c o p e ( A F M ) w a s used to g i v e f i i r t h e r i n f o r m a t i o n a b o u t the 

m i c r o s t r u c t u r e , i n c l u d i n g h e i g h t a n d phase i m a g i n g . I t has been s h o w n tha t A F M a n d 

T E M i m a g e s are i n t e r changeab le [ 1 2 7 , 1 2 8 ] , so f o r s o m e samp les e i the r t ype o f i m a g e is 

s h o w n . 

6.1.1.1 Unmodified Epoxy 

T h e t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s h o w n i n F i g u r e 6 .1 .1 (a) is f o r a c o n t r o l s a m p l e 

o f u n m o d i f i e d e p o x y . T h e a r c - l i k e fea tu re is f r o m the c o p p e r g r i d , a n d the s w i r l - l i k e 

f ea tu re is an a r te fac t , a n d b o t h can be i gno red . T h i s c o n t r o l s a m p l e is fea tu re less 

o t h e r w i s e , w h i c h is expec ted f o r a h o m o g e n o u s t h e r m o s e t t i n g p o l y m e r . T h e A F M 

i m a g e i n F i g u r e 6 .1 .1 (b ) a lso s h o w s a ba r ren sur face. 

(a) I 

Figure 6.1.1. (a) T r a n s m i s s i o n e l ec t r on m i c r o g r a p h o f a s a m p l e c o n t a i n i n g u n m o d i f i e d 

e p o x y (b ) A F M i m a g e o f a samp le c o n t a i n i n g u n m o d i f i e d e p o x y . 
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6.1.1.2 Nano-silica Modified Epoxy 

T h e T E M m i c r o g r a p h i n F i g u r e 6 .1 .2 is o f a samp le c o n t a i n i n g 5 w t . % n a n o - s i l i c a . I t 

s h o w s the s i l i c a p a r t i c l e s b e i n g w e l l - d i s p e r s e d spheres o f a p p r o x i m a t e l y 2 0 n m i n 

d i a m e t e r . 

Figure 6.1.2. T r a n s m i s s i o n e l ec t r on m i c r o g r a p h o f a s a m p l e c o n t a i n i n g 5 w t . % n a n o -

s i l i ca . ( B l u e a r r o w s p o i n t to s o m e n a n o pa r t i c l es ) 

T h e m i c r o g r a p h s h o w n i n F i g u r e 6 .1 .3 is o f a samp le c o n t a i n i n g 14.8 w t . % n a n o - s i l i c a 

a n d c l e a r l y s h o w s the n a n o - s i l i c a pa r t i c l es b e i n g w e l l d i s t r i b u t e d t h r o u g h o u t the e p o x y 

as s m a l l c lus te rs . T h e A F M i m a g e i n F i g u r e 6 .1 .4 s h o w s the n a n o par t i c les as b e i n g 

w e l l - d i s p e r s e d single pa r t i c les . T h i s is because the s m a l l c lus te rs seen in the T E M 

i m a g e are n a n o - s i l i c a pa r t i c l es s tacked o n top each o the r i n th ree d i m e n s i o n s , due to 

t h e i r d i ame te r s b e i n g 2 0 n m a n d the m i c r o t o m e d s l ices b e i n g a b o u t l O O n m t h i c k . T h e 

A F M , h o w e v e r , o n l y e x a m i n e s the sur face. T h i s s h o w s tha t n a n o - s i l i c a r e m a i n s w e l l 
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d i s p e r s e d i n an a n h y d r i d e - c u r e d D G E B A e p o x y , e v e n w h e n r e l a t i v e l y h i g h a m o u n t s o f 

n a n o - s i l i c a are added . G o o d d i s p e r s i o n o f n a n o - s i l i c a i n a n h y d r i d e - c u r e d epox ies , e v e n 

at h i g h n a n o - s i l i c a con ten ts , has b e e n repo r ted b e f o r e [ 1 6 7 ] . 

. % A \ -

" 

Figure 6.1.3. T r a n s m i s s i o n e lec t ron m i c r o g r a p h o f a s a m p l e c o n t a i n i n g 14.8 w t . % 

n a n o - s i l i c a . ( B l u e a r r o w s p o i n t to s o m e nano pa r t i c l es . ) 

400 nm 

Figure 6.1.4. A F M i m a g e o f a s a m p l e c o n t a i n i n g 14.8 w t . % n a n o - s i l i c a . ( B l u e a r r o w s 

p o i n t to s o m e n a n o pa r t i c les . ) 
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6.1.1.3 Rubber Modified Epoxy 

T h e m i c r o t o m e d shoes c o n t a i n i n g C T B N w e r e s ta ined w i t h o s m i u m t e t r o x i d e to m a k e 

the C T B N p a r t i c l e s v i s i b l e ( ie . u n d e r a T E M ) as s h o w n i n the subsequen t m i c r o g r a p h s . 

T h e m i c r o g r a p h i n F i g u r e 6 .1 .5 is f o r a samp le c o n t a i n i n g 9 w t . % C T B N a n d l i k e the 

A F M i m a g e i n F i g u r e 6 .1 .6 , c l e a r l y s h o w s the phase separated r u b b e r pa r t i c les . T h e 

r u b b e r pa r t i c l es are b e t w e e n 1 a n d 2\im i n d i ame te r . I t has b e e n s h o w n i n p r e v i o u s w o r k 

t ha t C T B N p a r t i c l e s are b e t w e e n 0 .1 to 5}j.m i n d i a m e t e r [ 7 5 , 1 2 5 ] , so the pa r t i c l es i n 

these samp les c o m p a r e w e l l . T h e c i r c l es i n the T E M m i c r o g r a p h are f r o m the c o p p e r 

g r i d t ha t the s l ices w e r e p l a c e d o n b e f o r e b e i n g p u t i n t o the m i c r o s c o p e , a n d s h o u l d be 

i g n o r e d . T h e r u b b e r pa r t i c l es are o v a l - s h a p e d i n the T E M i m a g e , b u t are r o u n d i n the 

A F M i m a g e . T h i s is because the T E M s l i ce w a s n o t m i c r o t o m e d at a s u f f i c i e n t l y l o w 

t e m p e r a t u r e , a n d as a resu l t the r u b b e r pa r t i c l es w e r e s l i g h t l y c o m p r e s s e d d u r i n g c u t t i n g 

b y t he d i a m o n d k n i f e o f the m i c r o t o m e . V o l u m e f r a c t i o n ana lys i s o f these i m a g e s s h o w 

tha t - 4 . 5 w t . C T B N ( ie. - 5 0 % ) phase separated i n t o r u b b e r par t i c les . 

i: 

t H fyJ-J J. 

Figure 6.1.5. T r a n s m i s s i o n e lec t ron m i c r o g r a p h o f a s ta ined s a m p l e c o n t a i n i n g 9 w t . % 

C T B N . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es . I g n o r e c i r c u l a r g r i d . ) 
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l u . U n m 

Figure 6.1.6. A F M i m a g e o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N . ( W h i t e a r r o w s p o i n t 

to s o m e r u b b e r pa r t i c l es . ) 

T h e m i c r o g r a p h i n F i g u r e 6 .1 .7 is o f a s ta ined samp le c o n t a i n i n g 18 w t . % C T B N o n l y . 

T h e w e l l - d i s p e r s e d phase separated r u b b e r pa r t i c l es o f up to l | i m are c l e a r l y v i s i b l e . 

V o l u m e f r a c t i o n ana lys i s s h o w e d tha t - 4 . 5 w t . % C T B N ( ie . - 2 5 % ) phase separa ted 

i n t o pa r t i c l es . I t is e v i d e n t tha t w i t h i n c r e a s i n g r u b b e r con ten ts , i n c r e a s i n g a m o u n t s o f 

r u b b e r r e m a i n e d i n s o l u t i o n i n the e p o x y phase. 

2 1 7 



C H A P T E R 6 ANHYDRIDE-CURED D G E B A - R A S F . n SYSTEM 

f 4* 

3 
1 j i m 

Figure 6.1.7. T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h o f a s a m p l e c o n t a i n i n g 18 w t . % 

C T B N . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es . ) 

6.1.1.4 Hybrid Modified Epoxy 

T h e m i c r o g r a p h i n F i g u r e 6 .1 .8 is o f a s a m p l e c o n t a i n i n g 5 .03 w t . % C T B N a n d 5 .03 

w t . % n a n o - s i l i c a . I t w a s m i c r o t o m e d at r o o m t e m p e r a t u r e w h i c h is w h y the C T B N w a s 

c o m p r e s s e d d u r i n g c u t t i n g , a n d appears to be ova l - shaped . T h e b r i g h t w h i t e o v a l is a 

h o l e tha t w a s l e f t w h e n a r u b b e r p a r t i c l e w a s r e m o v e d d u r i n g m i c r o t o m i n g . I t can be 

seen h o w e v e r , t ha t the 2 0 n m d i a m e t e r n a n o - p a r t i c l e s r e m a i n w e l l d i spe rsed in the e p o x y 

a n d the r u b b e r pa r t i c l es are w e l l - d i s p e r s e d a n d up to l ) j .m i n d i a m e t e r ( ie . the same size 

as i n the p r e v i o u s C T B N - o n l y samp les c o n t a i n i n g 9 a n d 18 w t . % C T B N ) . I t s h o u l d be 

n o t e d tha t the re w a s an i n s u f f i c i e n t n u m b e r o f m i c r o s t r u c t u r e i m a g e s f o r a n y o f the 

h y b r i d samp les to p e r f o r m accura te v o l u m e f r a c t i o n ana lyses . I ndeed , the o n l y r e l i a b l e 

i n d i c a t i o n o f the ex ten t o f r u b b e r phase separa t ion is f r o m the glass t r a n s i t i o n 

t e m p e r a t u r e data, w h i c h can be f o u n d in Sec t i on 6 .1 .2 .1 . 
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Figure 6.1.8. T r a n s m i s s i o n e l ec t r on m i c r o g r a p h o f a s a m p l e c o n t a i n i n g 5 .03 w t . % 

C T B N a n d 5 .03 w t . % nano -s i l i ca . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es a n d 

b l u e a r r o w s p o i n t t o s o m e n a n o pa r t i c les . ) 

T h e m i c r o g r a p h s i n F i g u r e 6 .1 .9 are f o r a s a m p l e c o n t a i n i n g 9 w t . % C T B N a n d 2 .3 w t . 

% n a n o - s i l i c a . U n l i k e the p r e v i o u s h y b r i d s a m p l e ( ie . c o n t a i n i n g 5 .03 w t . % C T B N a n d 

5 .03 w t . % n a n o - s i l i c a ) , the n a n o - s i l i c a pa r t i c l es i n th i s p resen t s a m p l e are no l o n g e r 

w e l l d i spe rsed , s i ng l e pa r t i c l es , b u t are a g g l o m e r a t e d i n t o t h r e e - d i m e n s i o n a l n e c k l a c e -

l i k e fea tures o f u p to 2\m\ i n l eng th a n d 0 .1 ^ im i n w i d t h . These fea tures , h o w e v e r , are 

w e l l d i spe rsed t h r o u g h o u t the samp le . T h e r u b b e r p a r t i c l e s ize , shape and d i s t r i b u t i o n 

r e m a i n u n c h a n g e d c o m p a r e d to a l l t he p r e v i o u s samp les . 
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# * ' W ' f 

I p m ' B * ' : # | 0 " 2 D D n m 

Figure 6.1.9. T r a n s m i s s i o n e lec t ron m i c r o g r a p h s o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N 

a n d 2 .3 w t . % n a n o - s i l i c a . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es a n d b l u e a r r o w s 

p o i n t to s o m e n a n o - s i l i c a agg lomera tes . ) 

T h e A F M i m a g e i n F i g u r e 6 . 1 . 1 0 is o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N a n d 10.5 w t . 

% n a n o - s i l i c a . B o t h the phase a n d h e i g h t images are s h o w n , s ince ne i t he r i m a g e o n i ts 

o w n w a s ab le to c l e a r l y s h o w b o t h the r u b b e r a n d n a n o - s i l i c a m o r p h o l o g y . T h e r u b b e r 

p a r t i c l e s are u p to l | i m i n d i a m e t e r , a n d the n a n o - s i l i c a p a r t i c l e s coa lesce i n t o w e l l 

d i s p e r s e d t h r e e - d i m e n s i o n a l n e c k l a c e - l i k e fea tures o f u p to 2 | xm i n l eng th a n d 0 .1 | i m in 

w i d t h . 

0.0 2: Height 10.0 lim 

Figure 6.1.10. A F M i m a g e o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N a n d 10.5 w t . % n a n o -

s i l i ca . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es and b l u e a r r o w s p o i n t to s o m e n a n o -

s iHca agg lomera tes . ) 
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T h e m i c r o g r a p h i n F i g u r e 6 .1 .11 is f o r a s a m p l e c o n t a i n i n g 9 w t . % C T B N a n d 15.4 w t . 

% n a n o - s i l i c a . T h e n a n o pa r t i c l es coa lesce i n t o l a rge r t h r e e - d i m e n s i o n a l n e c k l a c e - l i k e 

s t ruc tu res t h a n the p r e v i o u s s a m p l e b y v i r t u e o f the re b e i n g m o r e n a n o pa r t i c l es p resen t . 

T h e cha ins are u p to 3 | i m i n l e n g t h a n d 0.5)a.m i n w i d t h . T h e s w i r l s i n d i c a t e d b y the 

g r e e n a r r o w s are a r te fac ts tha t w e r e a c q u i r e d w h e n s c a n n i n g the T E M f i l m - n e g a t i v e , 

a n d are to be i g n o r e d . T h e A F M i m a g e i n F i g u r e 6 . 1 . 1 2 c o n f i r m s th is m i c r o s t r u c t u r e . 

% 

Figure 6.1.11. T r a n s m i s s i o n e l ec t r on m i c r o g r a p h o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N 

a n d 15.4 w t . % nano -s i l i ca . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es , b l u e a r r o w s 

p o i n t to s o m e n a n o - s i l i c a a g g l o m e r a t e s a n d g reen a r r o w s p o i n t to s c a n n i n g a r te fac ts . ) 
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.f 

H i l l 
' - B E « F E . R , 

10.Q lint 

Figure 6.1.12. A F M i m a g e o f a s a m p l e c o n t a i n i n g 9 w t . % C T B N a n d 15.4 w t . % n a n o -

s i l i ca . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es , b l u e a r r o w s p o i n t to s o m e n a n o -

s i l i c a a g g l o m e r a t e s . ) 

T h e f o l l o w i n g m i c r o g r a p h i n F i g u r e 6 .1 .13 is o f a s a m p l e c o n t a i n i n g 12 w t . % C T B N 

a n d 12 w t . % n a n o - s i l i c a . A v i s u a l i n s p e c t i o n suggests tha t w h i l s t the r u b b e r p a r t i c l e s 

are a b o u t the same s ize as i n the p r e v i o u s samp les , less r u b b e r pa r t i c l es h a v e phase 

separa ted i n t h i s s a m p l e c o m p a r e d to the p r e v i o u s h y b r i d samp les c o n t a i n i n g 9 w t . % 

C T B N . T h e n a n o pa r t i c l es are a g g l o m e r a t e d a n d these w e l l d i s t r i b u t e d a g g l o m e r a t e s are 

~2 | j ,m i n l e n g t h a n d ~0 .4 i . im i n w i d t h . 
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Figure 6.1.13. T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h f o r a s a m p l e c o n t a i n i n g 12 w t . % 

C T B N a n d 12 w t . % nano -s i l i ca . ( W h i t e a r r o w s p o i n t to s o m e r u b b e r pa r t i c l es , b l u e 

a r r o w s p o i n t to s o m e n a n o - s i l i c a agg lomera tes . ) 

T h e f o l l o w i n g m i c r o g r a p h s i n F i g u r e 6 . 1 . 1 4 a n d F i g u r e 6 .1 .15 are f o r samp les 

c o n t a i n i n g 18 w t . % C T B N a n d 9 a n d 18 w t . % n a n o - s i l i c a r e s p e c t i v e l y . B o t h i m a g e s 

s h o w w e l l d i s t r i b u t e d t h r e e - d i m e n s i o n a l n e c k l a c e - l i k e cha ins o f n a n o - s i l i c a u p to 3|_im 

i n l e n g t h a n d 0.5|a,m i n w i d t h . A l t h o u g h these samp les w e r e s ta i ned u s i n g the s a m e 

c h e m i c a l s a n d s t a i n i n g r e g i m e as the p r e v i o u s samp les , the r u b b e r p a r t i c l e s are 

i m p e r c e p t i b l e . T h e m i c r o g r a p h f o r the 18 w t . % C T B N - o n l y s a m p l e i n F i g u r e 6 . 1 . 7 

c l e a r l y s h o w s the phase separa ted r u b b e r pa r t i c les . T h i s suggests t ha t the p resence o f 

n a n o pa r t i c l es i n a s a m p l e c o n t a i n i n g 18 w t . % C T B N suppresses the phase sepa ra t i on 

o f r u b b e r pa r t i c l es f r o m the e p o x y , b y c h a n g i n g the cu re k i n e t i c s [ 1 3 4 ] . 
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-i > -

Figure 6,1.14. T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h f o r a s a m p l e c o n t a i n i n g 18 w t . % 

C T B N a n d 9 w t . % nano -s i l i ca . ( B l u e a r r o w s p o i n t to s o m e n a n o - s i l i c a a g g l o m e r a t e s . ) 

- 1 ^ 

Figure 6.1.15. T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h f o r a s a m p l e c o n t a i n i n g 18 w t . % 

C T B N a n d 18 w t . % nano -s i l i ca . ( B l u e a r r o w s p o i n t to s o m e n a n o - s i l i c a a g g l o m e r a t e s . ) 
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H o w e v e r , the A F M i m a g e f o r a samp le c o n t a i n i n g 18 w t . % C T B N a n d 18 w t . % nano -

s i h c a i n F i g u r e 6 . 1 . 1 6 suggests t ha t a l t h o u g h the C T B N is w e l l d i s t r i b u t e d i n the e p o x y , 

i t has n o t phase separa ted i n t o sphe r i ca l r u b b e r pa r t i c les . I t is p o s s i b l e tha t the r u b b e r 

p a r t i c l e s are u n d e t e c t a b l e i n the s ta ined T E M samp les because the C T B N is e v e n l y 

d i s t r i b u t e d i n the e p o x y at an i n s u f f i c i e n t l o c a l i s e d c o n c e n t r a t i o n to appear as d a r k 

pa tches [ 1 6 8 , 1 6 9 ] . I t has b e e n r e p o r t e d b y L i n et al. [ 1 6 9 ] tha t a l l t he r u b b e r can r e m a i n 

i n the e p o x y phase at h i g h C T B N con ten ts , w h i c h agrees w e l l w i t h w h a t is o b s e r v e d i n 

t he h y b r i d samp les w i t h 18 w t . % C T B N . T h e n a n o - s i l i c a has c h a n g e d the cu re k i n e t i c s 

o f t h i s s y s t e m [ 1 3 4 ] . 

Figure 6.1.16. A F M i m a g e f o r a s a m p l e c o n t a i n i n g 18 w t . % C T B N a n d 18 w t . % n a n o -

s i l i ca . ( B l u e a r r o w s p o i n t to s o m e n a n o - s i l i c a a g g l o m e r a t e s , w h i t e a r r o w s p o i n t to 

p o s s i b l e C T B N pa r t i c l es ) 

6.1.1.5 Summary 

A F M a n d T E M i m a g e s w e r e b o t h used to i n ves t i ga te the m i c r o s t r u c t u r e o f the 

a n h y d r i d e - c u r e d D G E B A b u l k e p o x y p o l y m e r samp les , a n d b o t h gave e x c e l l e n t images . 

T h e m i c r o s t r u c t u r e o f the d i f f e r e n t samp les is s u m m a r i s e d i n T a b l e 6 .1 .2 . 
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Table 6.1.2. S u m m a r y o f the r u b b e r a n d n a n o - s i l i c a m o r p h o l o g y i n the a n h y d r i d e - c u r e d 

D G E B A - b a s e d b u l k e p o x y p o l y m e r s . ( N A = N o t A p p H c a b l e ) 

wt. % 
CTBN 

wt. % 
nano-silica 

Rubber Microstructure Nano-silica 
Microstructure 

0 0 NA NA 

0 5 NA Well-dispersed spherical 
single particles, 02Onm 

0 1 4 ^ NA Well-dispersed spherical 
single particles, 02Onni 

5.03 5.03 Well dispersed rubber 

spheres, 0 0 . 4 - l | i m 

Well-dispersed spherical 
single particles, 02Onm 

9 0 Well dispersed rubber 

spheres, 0 0 . 4 - l | j m 

NA 

9 2.3 Well dispersed rubber 

spheres, 0 0.4-1 pm 

Necklace- l ike chains of up 

to 2 | im X 0.1 [.im in size 

9 10.5 Well dispersed rubber 

spheres, 0 0 . 4 - l | i m 

Necklace- l ike chains of up 

to 2|.UTI X 0.1 | im in size 

9 15.4 Well dispersed rubber 

spheres, 0 0.4-1 pm 

Necklace- l ike chains of up 

to 3|xm X 0.5 p n in size 

12 12 Well dispersed rubber 

spheres, 0 0.4-1 

Necklace- l ike chains of up 

to 2 | im X 0.4j im in size 

18 0 Well dispersed rubber 

spheres, 0 0 . 4 - I p m 

NA 

18 9 Rubber remained in 

solution in the epoxy phase 

Necklace- l ike chains of up 

to 3 p m X 0.5|.im in size 

18 18 Rubber remained in 

solution in the epoxy phase 

Necklace- l ike chains of up 

to 3 p m X 0.5|.un in size 

6.1.2 Thermal and Mechanical Properties 

T h i s sec t i on i nves t i ga tes the t h e r m a l a n d m e c h a n i c a l p r o p e r t i e s o f the b u l k e p o x y 

p o l y m e r s w h e r e the resu l ts f r o m d y n a m i c m e c h a n i c a l t h e r m a l ana lys i s ( D M T A ) , tens i l e 

tests a n d s i ng le edge n o t c h b e n d tests are repor ted . 

6.1.2.1 Glass transition temperature test results 

T h e glass t r a n s i t i o n t e m p e r a t u r e (7^ ) va lues w e r e d e t e r m i n e d b y p e r f o r m i n g d y n a m i c 

m e c h a n i c a l t h e r m a l ana lys i s ( D M T A ) . A s a m p l e D M T A t race is s h o w n in F i g u r e 6 . 1 . 1 7 

(a ) , w i t h tan 5 da ta f o r a test f r e q u e n c y o f 1 H z , a n d the l o g a r i t h m (base 10) o f the loss 
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m o d u l u s , G'. T h e tan S g r a p h c l e a r l y s h o w s the e p o x y p e a k ( i n d i c a t i n g the Tg o f t he 

e p o x y ) a n d s m a l l e r p e a k i n d i c a t i n g the Tg o f the C T B N . T h e s m a l l e r peak b e c o m e s 

m o r e d e f i n e d w h e n the Y - a x i s scale is ad jus ted as s h o w n i n F i g u r e 6 . 1 . 1 7 (b ) . 

(a) 

Epoxy Tg 

0.4 Q 
log G' 

- tan delta 

CTBN Tg 

Si 
-r 

25 50 75 

Temperature (°C) 

100 125 150 175 

( b ) 

CTBN Tg 

tan delta 

0.01 -

-75 -50 -25 

- r 

25 50 75 

Temperature (°C) 

100 125 150 175 

Figure 6.1.17. (a) S a m p l e D M T A t race p e r f o r m e d at 1 H z f o r a s a m p l e c o n t a i n i n g 9 w t . 

% C T B N a n d 10.5 w t . % n a n o - s i l i c a . ( b ) T r a c e o f same s a m p l e w i t h ad jus ted Y - a x i s 

s h o w i n g the r u b b e r peak m o r e c l ea r l y . 
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I t w a s f o u n d tha t the TV o f the C T B N w a s the same f o r a l l t he samp les ( ie . ~ - 5 0 ° C ) a n d 

m o s t o f the samp les c o n t a i n i n g C T B N s h o w e d a p e a k at a r o u n d th is t e m p e r a t u r e . T h i s is 

a v e r y s i m i l a r g lass t r a n s i t i o n t e m p e r a t u r e to w h a t w a s r e p o r t e d i n o the r p u b l i c a t i o n s o n 

th i s g rade o f C T B N ( ie . H y c a r 1 3 0 0 x 8 ) [ 1 3 4 , 1 3 5 ] . T h e e p o x y g lass t r a n s i t i o n resu l ts are 

s h o w n i n F i g u r e 6 . 1 . 1 8 , a n d the n u m e r i c a l va lues c a n be f o u n d i n T a b l e 6 .1 .3 . N o t e t h a t 

the e r r o r i n each v a l u e is ± 2 ° C . 

180 

160 

o 

140 

120 

100 

80 

60 

40 

20 -H 

0 

% 

i 

Control 4% 7 ^ % 1 1 ^ 1 4 ^ % 20j2% 6% 5.17% 5.03% 9% 9% 9% 9% 9% 12% 12% 18% 18% 
nano nano nano nano nano CTBN CTBN. CTBN, CTBN. CTBN. CTBN. CTBN. CTBN, CTBN, CTBN, CTBN CTBN. 

2.59% 5.03% 2.3% 4.5% 9% 10.5% 15.4% 6% 12% 9% 
nano nano nano nano nano nano nano nano nano nano 

Figure 6.1.18. G lass t r a n s i t i o n t empe ra tu res f o r the a n h y d r i d e - c u r e d D G E B A - b a s e d 

b u l k e p o x y p o l y m e r s at a test f r e q u e n c y o f 1 H z . T h e dashed l ines separate the s a m p l e s 

i n t o s u b - s y s t e m s o f s i m i l a r C T B N con ten t . 
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Table 6.1.3. S u m m a r y o f the glass t r a n s i t i o n t e m p e r a t u r e s o f the e p o x y f o r a l l t he 

a n h y d r i d e - c u r e d D G E B A - b a s e d b u l k e p o x y p o l y m e r s , tes ted at a f r e q u e n c y o f 1 H z . 

wt. % CTBN wt. % nano-silica Tg r c ; 

0 0 153 

0 4 152 

0 7.8 154 

0 11.1 151 

0 14^ 152 

0 2&2 150 

6 0 152 

5.03 5^3 144 

5 . 1 7 2 5 9 150 

9 2 .3 149 

9 4 .5 147 

9 9 147 

9 ]&5 145 

9 15.4 141 

12 6 139 

12 12 146 

18 0 146 

18 9 131 

18 18 126 

O t h e r w o r k has s h o w n v a r y i n g glass t r a n s i t i o n t e m p e r a t u r e s f o r an u n m o d i f i e d D G E B A 

e p o x y c u r e d w i t h an a n h y d r i d e ha rdener . T h e w o r k o f T c h a r k h t c h i el al. [ 1 7 0 ] h a d a 7^ 

o f ~ 1 4 0 ° C , w h e r e a s the w o r k o f B r a d y et al. [ 1 7 1 ] s h o w e d a glass t r a n s i t i o n 

t e m p e r a t u r e o f ~ 1 6 0 ° C . T h e v a l u e o b t a i n e d in th i s s t u d y ( 1 5 3 ° C ) cor re la tes w e l l w i t h 
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t he h te ra tu re . N a n o - s i h c a pa r t i c l es a lone d o n o t change the g lass t r a n s i t i o n t e m p e r a t u r e 

o f the e p o x y . 

O n l y t w o f o r m u l a t i o n s c o n t a i n i n g C T B N - o n l y w e r e tes ted (6 w t . % a n d 18 w t . % 

C T B N ) a n d the re w a s a s l i gh t decrease i n g lass t r a n s i t i o n t e m p e r a t u r e because s o m e o f 

t he r u b b e r r e m a i n e d i n s o l u t i o n i n the e p o x y . C a l c u l a t i o n s u s i n g the F o x - F l o r y E q u a t i o n 

(see E q u a t i o n 2 . 2 3 i n C h a p t e r 2 ) s h o w e d tha t f o r the 18 w t . % C T B N samp le , - 2 . 5 w t . 

% o f r u b b e r r e m a i n e d i n s o l u t i o n i n the e p o x y phase to a c c o u n t f o r the s m a l l decrease i n 

t he g lass t r a n s i t i o n t empe ra tu re . V o l u m e f r a c t i o n ana lys i s o f the m i c r o s t r u c t u r e i m a g e s 

h o w e v e r , suggests tha t - 1 3 . 5 w t . % r e m a i n e d i n the e p o x y phase. A l t h o u g h the F o x -

F l o r y E q u a t i o n is o n l y i n t e n d e d as a gu ide , th i s la rge d i s c r e p a n c y is p r o b a b l y because 

t he m i c r o g r a p h s w e r e o b t a i n e d f r o m a r u b b e r - d e f i c i e n t r e g i o n , o r the s t a i n i n g o f the 

T E M s l ices w a s n o t p e r f o r m e d f o r a s u f f i c i e n t l e n g t h o f t i m e to a l l o w a l l t he r u b b e r 

p a r t i c l e s to d a r k e n . 

I n the h y b r i d samp les c o n t a i n i n g 9 w t . % C T B N , s m a l l a m o u n t s o f n a n o - s i l i c a d i d n o t 

a l te r the e p o x y Ta, b u t 15.4 w t . % n a n o - s i h c a r e d u c e d the T „ s l i g h t l y , p o s s i b l y because i t 

c h a n g e d the cu re k i n e t i c s o f the s a m p l e a n d i n h i b i t e d the phase sepa ra t i on o f the r u b b e r . 

A t h i g h e r C T B N con ten ts ( ie . 18 w t . % ) i t can be seen tha t i n c r e a s i n g n a n o - s i l i c a 

c o n t e n t caused a decrease i n Tg b y c h a n g i n g the cu re k i ne t i c s . A d e t a i l e d v o l u m e 

f r a c t i o n ana lys i s o f at least t w e l v e m i c r o s t r u c t u r e images c o u l d be d o n e i n the f u t u r e to 

m o r e a c c u r a t e l y c o m p a r e the m i c r o s t r u c t u r e to the glass t r a n s i t i o n tempera tu res . T h i s 

w o u l d assist i n e x p l a i n i n g h o w n a n o - s i l i c a a f fec ts the phase separa t ion o f r u b b e r 

pa r t i c l es . 

6.1.2.2 Tensile test results 
T e n s i l e tests w e r e p e r f o r m e d u s i n g d u m b b e l l s p e c i m e n s at a rate o f I m m / m i n at 2 0 ° C , 

to d e t e r m i n e the Y o u n g ' s m o d u l u s o f the d i f f e r e n t c o m p o s i t i o n s . ( N o t e tha t tens i le 

resu l ts f o r f o r m u l a t i o n s c o n t a i n i n g 12 a n d 18 w t . C T B N are n o t i n c l u d e d , s ince the re 

w a s i n s u f f i c i e n t p la te to m a k e tens i l e d u m b b e l l s . ) T h e m a i n resu l ts are s u m m a r i s e d i n 

F i g u r e 6 . 1 . 1 9 a n d a s u m m a r y o f the n u m e r i c a l va lues o f the Y o u n g ' s m o d u l i f o r the 

d i f f e r e n t f o r m u l a t i o n s can be f o u n d i n T a b l e 6 .1 .4 . 
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• 0 % CTBN 

9% CTBN 

10 12 14 16 18 20 

wt. % nano-silica 

22 

Figure 6.1.19. Y o u n g ' s m o d u l i f o r samp les c o n t a i n i n g 0 % a n d 9 % C T B N . ( e r r o r bars 

are ± one s t a n d a r d d e v i a t i o n ) 

Table 6.1.4. S u m m a r y o f Y o u n g ' s m o d u l i f o r the a n h y d r i d e - c u r e d D G E B A - b a s e d b u l k 

e p o x y p o l y m e r s ( ± one s tanda rd d e v i a t i o n ) . 

wt. % CTBN wt. % nano-silica Young's Modulus, E (GPa) 

0 0 2.96 ± 0.20 

0 4 3 .21 ± 0 . 1 5 

0 7.8 3.43 ±0 .18 

0 11.1 3 . 5 7 ± 0 . 1 3 

0 14^ 3.60 ± 0.05 

0 20L2 3.85 ± 0.24 

5^3 5.03 2.85 ±0 .25 

5 . 1 7 2 5 9 2 . 8 6 ± 0 . 0 6 

9 0 2.44 ± 0.06 

9 2 .3 2.66 ± 0.04 

9 4 .5 2.77 ± 0.09 

9 9 2.79 ±0 .06 

9 15.4 2.85 ± 0.07 
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Mauri et al. [172] found that unmodified DGEBA cured with an anhydride hardener had 

a Young's modulus of 2.8GPa, which compares well with the modulus of 2.96GPa 

recorded in this work. The stiffness of the nano-only samples increases with increasing 

nano-silica content. This is expected, since silica particles are known to have a much 

higher modulus than the epoxy ie. (~70GPa) [137,138], A comparison with analytical 

models predicting the Young's moduli can be found in Chapter 7. 

All of the samples containing CTBN are less stiff than the unmodified epoxy. Indeed, 

an examination of the samples containing 9 wt. % CTBN shows that the rubber 

produces up to a 15% decrease in the Young's modulus compared to the unmodified 

epoxy. This is expected, since rubber has a much lower stiffness than the epoxy [129] 

and Pearson and Yee [7] showed an - 2 0 % decrease in stiffness with a similar rubber 

content, which correlates well with this study. 

6.1.2.3 Fracture Test Results 
At least triplicate three-point bend tests were performed at a rate of Imm/min at 20°C, 

to ascertain the critical mode I stress intensity factor {K]c). This fracture toughness value 

was then converted to the mode I critical fracture energy, using Equation 2.9 in Chapter 

2. (Note that where there was no tensile data available, a value extrapolated from the 0 

and 9 wt. % CTBN was used.) The pre-crack was formed by drawing a new razor blade 

through the notch tip. 

Figure 6.1.20 shows graphs of the fracture energies for samples containing no rubber 

and 9 wt. % CTBN, with increasing nano-silica content. Figure 6.1.21 shows two 

graphs of fracture energies for samples containing no nano-silica, and ~9 wt. % nano-

sihca, with increasing CTBN content. Table 6.1.5 shows a summary of all the numerical 

values of the fracture tests results, and includes data for some samples not considered in 

the graphs. It should be noted that these values are all initiation values since there was 

no stable crack growth in the short height of the specimen. 
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Figure 6.1.20. Fracture energy versus nano-silica content, for samples containing 0 and 
9 wt. % CTBN. 
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Figure 6.1.21. Fracture energy versus CTBN content for samples containing 0 and 9 wt. 
% nano-silica content. 
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Table 6.1.5. Summary of fracture toughness and fracture energies for the bulk 
anhydride-cured DGEBA-based epoxy polymers (± one standard deviation). 

wt. % CTBN wt. % nano-silica Kie (MPa m'^) Gic 

0 0 0.59 ±0 .03 103 

0 4 1.03 ±0 .24 291 

0 7.8 1 .17±0 .14 352 

0 11.1 1 .18±0 .17 343 

0 14.8 1.29 ±0 .20 406 

0 2&2 1.42 ±0 .15 461 

6 0 0.84 ±0.11 221 

5.03 5.03 1.86 ±0 .24 1068 

5.17 2.59 1.70 ±0.11 889 

9 0 1.11 ±0 .17 444 

9 2.3 1.71 ±0 .03 1050 

9 4.5 1.7 ±0.21 918 

9 9 1 .76±0.11 977 

9 10.5 1.99 ±0 .03 1240 

9 15.4 2 . 1 9 ± 0 . 1 6 1480 

12 6 1 .83±0.1 1050 

12 12 1.75 ±0 .16 960 

18 0 1 .56±0 .18 763 

18 9 1.32 ±0.11 546 

18 18 1.93 ±0 .05 1167 

The work of Natarajan et al. [173] showed that unmodified DGEBA cured with an 

anhydride hardener can have a toughness of ~0.60MPa m"^, which agrees well with the 

results from this study (0.59MPa m'^^). 
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Figure 6.1.20 shows that there is a steady increase in fracture energy for the 9 wt. % 

CTBN samples as the nano-silica content is increased, with the maximum fracture 

energy being 1480J/m^ for a sample toughened with 15.4 wt. % nano-silica. Indeed, 

Moloney et al. [174] showed that CTBN can produce spectacular increases (up to five 

times) in toughness compared to unmodified anhydride-cured epoxy. There is also a 

steady increase in fracture energy for the 0 wt. % CTBN formulations, from 103J/m^ for 

unmodified epoxy, to 461 J/m^ for a sample toughened with 20.2 wt. % nano-silica. 

Figure 6.1.21 shows that there is a linear increase in fracture energy (as the percentage 

of CTBN is increased) for 0 wt. % nano-sihca, from 103 J/m' for unmodified epoxy to 

763 J/m^ for a sample containing 18 wt. % CTBN. For samples containing 9 wt. % 

nano-silica, the fracture energy first increases, and then decreases as the percentage of 

CTBN increases. The maximum fracture energy is 977J/m^ for a CTBN content of 9 wt. 

%. 

It can be seen that the series of samples containing 9 wt. % CTBN gave the highest 

fracture energy values and best synergy between rubber and nano-silica, and the fracture 

mechanisms will be discussed in more detail in the next section (in conjunction with the 

fractography), as well as in Chapter 7. (For this reason, the 9 wt. % CTBN series of 

samples was chosen as the matrix for CFRP samples, as discussed later in this Chapter.) 

This agrees well with the work of Azimi et al. [96] who showed that the volume 

fraction of rubber should not be less than the rigid particle content to obtain good 

toughness in hybrid polymers. 

6.1.2.4 Summary 

The addition of nano-silica has no adverse effect on the glass transition temperature, 

whilst the CTBN reduces the Tg because some CTBN remains in solution in the epoxy 

phase. Nano-silica counteracts the reduction in epoxy stiffness caused by the CTBN, 

and at the same time it improves the toughness of the samples. 

6.1.3 Bulk Fracture Surfaces 
Scanning electron microscopy was performed on some of the fracture surfaces of the 

SENB samples to investigate the fracture mechanisms responsible for the change in 
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toughness that was observed. It should be noted that the pre-crack was formed by 

drawing a new razor blade through the notch tip, and this pre-crack is usually visible in 

the low magnification images as a vertical line to the far left of the micrograph. 

6.1.3.1 Unmodified Epoxy 

The fracture surface of the unmodified epoxy is shown in Figure 6.1.22, where the 

direction of crack propagation is from left to right. The fracture surface is relatively 

smooth and glassy, which is typical of a brittle thermosetting polymer [83], and shows 

that no large-scale plastic deformation has occurred during fracture. This agreed well 

with the low toughness of 0.59MPa m'^. In addition, there are apparent steps and 

changes of the level of the crack (feather markings), which are caused by the crack 

forking due to the excess of energy associated with the relatively fast crack growth. This 

repeated forking and the multi-planar nature of the surface are ways of absorbing this 

excess energy in a very brittle material [145]. The unmodified epoxy sample was then 

placed under the high resolution SEM with a field emission gun attached (FEG-SEM), 

giving the image in Figure 6.1.23. Even at very high magnification, the fracture surface 

is featureless. 
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Figure 6.1.22. Fracture surface of unmodified epoxy (crack propagation from left to 

right). 
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Figure 6.1.23. Fracture surface of a unmodified epoxy sample (crack propagation from 

right to left). 
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6.1.3.2 Nano-silica Modified Epoxies 

The micrograph in Figure 6.1.24 is of the fracture surface of a sample containing 4.1 wt. 

% nano-silica with the crack propagating from left to right. The pre-crack from the razor 

blade can clearly be seen. The surface is very similar to that of the unmodified epoxy 

and is relatively flat, except for the feather markings. The nano-silica particles cannot be 

seen at this magnification because of their very small diameter. 

PlOCMck 

r -

mnm 
' . , - . 1 r r W 

Figure 6.1.24. Fracture surface of a sample containing 4.1 wt. % nano-silica only (crack 
propagation from left to right). 

The micrograph in Figure 6.1.25 shows the fracture surface of a sample containing 20.2 

wt. % nano-silica. Its appearance shows no apparent increase in the roughness, unlike 

what is observed in epoxies with micron-sized particles (as reported by Kin loch and 

Taylor [175]), despite having a higher toughness than the previous samples. Thus at low 

magnifications, the fracture surfaces do not explain why the addition of nano-silica 

increases the toughness of the epoxy. 
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I 

DOjjm i 

Figure 6.1.25. Fracture surface of a sample containing 20.2 wt. % nano-silica only 
(crack propagation from left to right). 

When some of the samples were placed under the FEG-SEM, the micrographs in Figure 

6.1.26 and Figure 6.1.27 were obtained. Figure 6.1.27 is an enlarged area indicated by 

the red box in Figure 6.1.26. Voids around the nano particles are clearly visible, 

suggesting that plastic void growth is one of the fracture mechanisms by which nano-

silica increases toughness. The micrograph of the unmodified epoxy viewed at similar 

magnification and focus in Figure 6.1.23 (ie. in the previous section) showed no nano-

silica-sized particles, or void-like features, confirming that the features seen in the 

sample containing nano-silica, are indeed voids. This possible fracture mechanism will 

be discussed in further detail in Chapter 7. 
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Figure 6.1.26. Fracture surface of a sample containing 14.8 wt. % nano-silica only. 
Blue arrows point to some nano particles. Box indicates area to be enlarged in the 
following figure, (crack propagation from top right to bottom left). 

(A, 

4 - : 

' 

:x % ' 
T » _ •« 

* 1» 

200nm • • - - •• : 

Figure 6.1.27. Enlargement of boxed area in previous Figure. Blue arrows point to 
some nano particles and voids around them. 

6.1.3.3 Rubber Modified Epoxies 

The micrographs in Figure 6.1.28 and Figure 6.1.29 are the fracture surfaces of a sample 

containing 6 wt. % CTBN. There is no large scale plastic deformation, but there is some 
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evidence of cavitated rubber particles in Figure 6.1.29. The cavitated rubber particles 

are ~l]am in diameter, which is comparable to the size of rubber particles observed in 

the microstructure images for other samples containing CTBN-only. 

I M S PlLLIJlk 

Figure 6.1.28. Fracture surface of a sample containing 6 wt. % CTBN. (crack 
propagation from left to right). 

Figure 6.1.29. Fracture surface of a sample containing 6 wt. % CTBN. Cavitated rubber 
particles are indicated by white arrows (crack propagation from left to right). 
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The micrographs in Figure 6.1.30 and Figure 6.1.31 are of a sample containing 9 wt. % 

CTBN. There is more plastic deformation of the epoxy and cavitated rubber particles 

than in the previous sample. This explains why the toughness was higher than the 

sample with 6 wt. % CTBN. 

. r i • • -

Figure 6.1.30, Fracture surface of a sample containing 9 wt. % CTBN. (crack 
propagation from left to right). 

Figure 6.1.31. Fracture surface of a sample containing 9 wt. % CTBN. Cavitated rubber 
particles are indicated by white arrows (crack propagation from left to right). 
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The fracture surface of the sample with 18 wt. % CTBN is shown in Figure 6.1.32 and 

Figure 6.1.33. Although the microstructure images show that there were some phase 

separated rubber particles, there is no evidence in these micrographs of cavitation of the 

rubber particles having taken place. It is believed that this sample was more than twice 

the toughness of the unmodified epoxy because of shear yielding of the epoxy between 

the phase separated rubber particles, and the plasticisation of the epoxy by the rubber 

that remains in the epoxy phase [15,16]. This is confirmed by glass transition 

temperature reductions (see Section 6.1.2.1) which show that some rubber does indeed 

remain in solution in the epoxy phase. 

Precrack 

11$ # 

Figure 6.1,32. Fracture surface of a sample containing 18 wt. % CTBN. (crack 
propagation from left to right). 
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% 

Figure 6.1.33. Fracture surface of a sample containing 18 wt. % CTBN at higher 
magnification, (crack propagation from left to right). 

6.1.3.4 Hybrid Modified Epoxies 

The micrograph in Figure 6.1.34 shows the fracture surface of a sample containing 9 wt. 

% CTBN and 2.3 wt. % nano-silica, taken near the precrack, with the crack front 

moving from left to right. The surface appears to be rougher than that of the previous 

samples and there are cavitated rubber particles, which account for an increase in 

fracture energy. The 20nm diameter nano particles, however, are not visible at this 

magnification. 

244 



CHAPTER 6 ANHYDRIDE-CURED D G E B A - B A S E D SYSTEM 
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Figure 6.1.34. Fracture surface of a sample containing 9 wt. % CTBN and 2.3 wt. % 
nano-silica. (crack propagation from left to right). 

The micrographs in Figure 6.1.35 and Figure 6.1.36 are for a sample containing 9 wt. % 

CTBN and 10.5 wt % nano-silica. The micrograph in Figure 6.1.35 is very similar in 

appearance to the previous sample (hence the inclusion of only a few micrographs, since 

all the hybrid samples had similar fracture surfaces). From the fracture surface, there is 

no apparent reason why the hybrid sample containing 10.5 wt. % nano-silica has a 

higher fracture energy than the one containing 2.3 wt. %. Figure 6.1.36 clearly shows 

the cavitation of the rubber particles but nano particles are still indiscernible. 
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Figure 6.1.35. Fracture surface of a sample containing 9 wt. % CTBN and 10.5 wt. % 
nano-silica. (crack propagation from left to right). 

Figure 6.1.36. Fracture surface of a sample containing 9 wt. % CTBN and 10.5 wt. % 
nano-silica at higher magnification. Cavitated rubber particles are indicated by white 
arrows, (crack propagation from left to right). 
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When the sample containing 9 wt. % CTBN and 10.5 wt. % was examined using a 

FEG-SEM, the micrograph in Figure 6.1.37 was obtained. The nano particles are now 

clearly visible as both individual particles, and as agglomerates. Although not as clear 

as the FEG-SEM images of the nano-only samples, cavities around some nano particles 

are visible in this sample. Due to the roughness of the surface, and the angle of 

inclination of different regions of the fracture surface, voids are not visible for all 

particles. Indeed, it is beheved that hke the nano-only samples, not all the nano-silica 

particles debond from the epoxy matrix. The possible toughening mechanisms of the 

nano-silica particles will be discussed in greater detail in Chapter 7. 

4% 

Figure 6.1.37. FEG-SEM image of the fracture surface of a sample containing 9 wt. % 
CTBN and 10.5 wt. % nano-silica. A possible rubber cavity is indicated by the white 
arrow. Agglomerates of nano-silica are indicated by the dark blue arrows, and voids by 
light blue arrows, (crack propagation from left to right). 

The micrographs in Figure 6.1.38 are examples of the fracture surfaces of the other 

hybrid samples. The fracture surfaces at higher CTBN contents are similar, and there is 

almost no evidence of cavitated rubber particles. Indeed, it is believed that the dominant 

rubber toughening mechanisms are shear yielding, and the plasticisation of the epoxy by 

the rubber that remains in the epoxy phase [15,16], This is confirmed by glass transition 
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temperature reductions which show that some rubber does indeed remain in solution in 

the epoxy phase. The mechanisms by which the nano-silica particles improve the 

toughness, cannot be ascertained at this magnification, but can be pursued in the future 

using FEG-SEM investigations. 

V V»'-

Figure 6.1.38. Fracture surfaces of hybrid samples containing: (a) 12 wt. % CTBN and 
6 wt. % nano-silica, (b) 12 wt. % CTBN and 12 wt. % nano-silica, (c) 18 wt. % CTBN 
and 9 wt. % nano-silica, and (d) 18 wt. % CTBN and 18 wt. % nano-silica (crack 
propagation from left to right). 

6.1.3.5 Summary 

The feather marks and glassy appearance of the unmodified epoxy's fracture surface, as 

well as the surfaces of the samples containing only nano-silica, correlates well with the 

low toughness recorded (compared to the samples containing CTBN). At much higher 

magnifications it becomes apparent that the nano-silica increases the fracture toughness 

of the epoxy by the formation of plastically deformed voids around the particles. The 

cavitation of the rubber particles is visible in some of the hybrid samples, but the major 

toughening contributions are believed to be from shear yielding, and the plasticisation 

of the epoxy by the rubber that remains in the epoxy phase. 
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6.2 Carbon Fibre Reinforced Polymer Results 
Laminates were manufactured by VARTM, using some of the bulk epoxy polymers 

(examined earlier in this Chapter) as their matrices. Mode I fracture tests, flexural 

modulus tests, and volume fraction analyses were performed on the laminates, and the 

results are presented in the following Sections. 

6.2.1 Mode I Fracture Results 
The double cantilever beam (DCB) CFRP specimens were loaded under uni-axial 

tension (Mode I) to determine their interlaminar fracture energies. At least three repeat 

tests were performed for each formulation. An example graph in Figure 6.2.1 shows that 

there was no major R-curve behaviour in any of the samples. 

£ 
3 
d 

1 2 0 0 - -

70 

Crack length (mm) 

100 

Figure 6.2.1. Sample graph showing the mode I interlaminar fracture energy (initiation 
and arrest) versus the crack length for a sample containing 9 wt. % CTBN and 10.5 wt. 
% nano-silica. 

The graph in Figure 6.2.2, illustrates the initiation interlaminar fracture energies. Error 

bars of ± one standard deviation are included to show the variability of the results. 

Failure occurred in an unstable fashion (stick-slip) for these specimens. Table 6.2.1 

contains the numerical values of the fracture energies for the different formulations. 
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Figure 6.2.2. Mode I interlaminar fracture energy for CFRPs with an anhydride-cured 
DGEBA matrix, (error bars are ± one standard deviation) 

Tab le 6.2.1. Summary of the mode I interlaminar fracture energy for CFRPs with an 
anhydride-cured DGEBA matrix. ( ± one standard deviation) 

wt. % CTBN wt. % nano-silica Gic (J/m^) 

0 0 4 3 9 ± 9 1 

0 11.9 4 8 9 ± 7 I 

9 0 1044 ± 8 7 

9 2.3 1261 ± 1 4 1 

9 4.7 1078 ± 3 1 

9 7.2 1106 ± 4 1 

9 10.5 1 3 1 6 ± 1 3 2 

Compared to the control laminate, nano-silica on its own does not improve the 

interlaminar fracture energy, but CTBN on its own causes a doubling in interlaminar 

fracture energy. The improvement in fracture resistance when CTBN is present, has 

been seen in the other two systems discussed in Chapters 4 and 5. The hybrid CFRP 

sample with 9 wt. % CTBN and 2.3 wt. % nano-silica showed a 200% increase in 
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interlaminar fracture energy (to over 1200J/m"), compared to the control CFRP. 

Laminates containing nano-silica and rubber particles are more fracture resistant than 

rubber-only or nano-only laminates. The possible reasons for this will be explored in the 

following Section which examines the fracture surfaces of the laminates. 

6.2.2 Mode I CFRP Fracture Surfaces 
Scanning electron microscopy was performed on some of the CFRP fracture surfaces to 

investigate the fracture mechanisms responsible for the changes in toughness that were 

observed. 

6.2.2.1 Unmodified Epoxy Matrix 

The micrographs in Figure 6.2.3 and Figure 6.2.4 are of a CFRP sample with an 

unmodified epoxy matrix. The lower magnification micrograph in Figure 6.2.3 shows 

large areas of cohesive failure [155] through the epoxy matrix. There is hardly any 

plastic deformation of the epoxy matrix, and the fracture surface is very similar to the 

fracture surface of the unmodified bulk epoxy polymer. The micrograph at higher 

magnification in Figure 6.2.4 shows evidence of good interfacial strength between the 

fibres and the matrix. Fibre debonding and pullout is also visible. The good fibre-matrix 

bonding, and the additional fibre toughening mechanisms account for the increase in 

interlaminar fracture energy of the laminate compared to the bulk epoxy [155]. 
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Smooth 
epoxy 
matrix 

Figure 6.2.3. Fracture surface of a CFRP sample with an unmodified anhydride-cured 
epoxy matrix (crack propagation from right to left). 

Malnx resm 
failure 

Fibre 
pulloiit 

Cohesive 
failure 

Figure 6.2.4. Fracture surface of a CFRP sample with an unmodified anhydride-cured 
epoxy matrix at higher magnification (crack propagation from right to left). 
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6.2.2.2 Nano-silica Modified Epoxy Matrix 

The micrographs in Figure 6.2.5 and Figure 6.2.6 are the fracture surfaces of a laminate 

toughened with 11.9 wt. % nano-silica. The interlaminar fracture surface is similar to 

that of the control laminate because there are large areas of epoxy matrix indicating 

cohesive failure. There is also good interfacial strength between the fibres and the 

matrix, and the continuous channels [156] indicate that the fibres debonded and pulled 

out. Indeed, this sample had a similar interlaminar fracture energy to the control 

laminate, and a slightly higher fracture energy than its nano-only bulk epoxy polymer 

counterpart. (Note that the nano-silica particles are not visible at this magnification due 

to their small size.) 

Figure 6.2.5. Fracture surface of a CFRP sample with an anhydride-cured epoxy matrix 
containing 11.9 wt. % nano-silica only (crack propagation from right to left). 
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Continuous 
channels 

\ 
Figure 6.2.6. Fracture surface of a CFRP sample with an anhydride-cured epoxy matrix 
containing 11.9 wt. % nano-silica only at higher magnification (crack propagation from 
right to left). 

6.2.2.3 Rubber Modified Epoxy Matrix 

The micrograph in Figure 6.2.7 is a low magnification image of the fracture surface of a 

sample containing 9 wt. % CTBN. There is widespread evidence of cohesive failure, 

suggesting that failure occurred through the epoxy matrix, hideed, the higher 

magnification micrographs in Figure 6.2.8 and Figure 6.2.9 show evidence of cavitated 

rubber particles. Compared to its bulk epoxy polymer fracture surface, there are more 

cavitated rubber particles in the laminate's matrix which would account for an increase 

in fracture energy compared to its bulk counterpart. It is possible that there was more 

rubber cavitation in the laminate because more rubber particles phase separated on 

curing. There was also evidence of fibre toughening mechanisms, like fibre debonding 

and pullout, as well as good fibre-matrix bonding, which increased the interlaminar 

fracture energy further. 
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Inter6cial 
Mlure 

Figure 6.2.7. Fracture surface of a CFRP sample with an anhydride-cured epoxy matrix 
containing 9 wt. % CTBN (crack propagation from right to left). 

a 

Rubber 
cavitation 

Figure 6.2.8. Fracture surface of a CFRP sample with an anhydride-cured epoxy matrix 
containing 9 wt. % CTBN at higher magnification (crack propagation from right to left). 
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Figure 6.2.9. Fracture surface of a CFRP sample with an anhydride-cured epoxy matrix 
containing 9 wt. % CTBN only at higher magnification. White arrows point to some 
cavitated rubber particles (crack propagation from right to left). 

6.2.2.4 Hybrid Modified Epoxy Matrices 

The fracture surfaces of the laminates in this system all appeared quite similar. For this 

reason, only two of the hybrids are included in this Section since the fracture surfaces of 

the hybrids were indistinguishable compared to each other. It can be seen from the 

micrographs in Figure 6.2.10 and Figure 6.2.11 of a sample with 9 wt. % CTBN and 2.3 

wt. % nano-silica, that there was widespread failure through the epoxy matrix, as well 

as good fibre-matrix bonding. There was also some fibre debonding and pullout, which 

accounted for the hybrids all having a slightly higher interlaminar fracture energy than 

their respective bulk epoxy polymers. Although the micrograph in Figure 6.2.12 is from 

the fast fracture region, there is evidence that rubber cavitation occurred. 
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Figure 6.2.10, Fracture surface of a CFRP sample with an anhydride-cured epoxy 
matrix containing 9 wt. % CTBN and 2.3 wt. % nano-silica (crack propagation from 
right to left). 

Fibres well 
bonded to 
matrix 

Figure 6.2.11. Fracture surface of a CFRP sample with an anhydride-cured epoxy 
matrix containing 9 wt. % CTBN and 2.3 wt. % nano-silica at higher magnification 
(crack propagation from right to left). 
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Rubber 
cavitation? 

Figure 6.2.12. Fracture surface of a CFRP sample with an anhydride-cured epoxy 
matrix containing 9 wt. % CTBN and 2.3 wt. % nano-sihca at higher magnification 
(crack propagation from right to left). 

The micrographs in Figure 6.2.13 and Figure 6.2.14 are the fracture surfaces of a sample 

with 9 wt. % CTBN and 10.5 wt. % nano-silica. There is less cohesive failure in this 

sample, and more evidence of toughening from the fibres. Indeed, as in all the previous 

samples, there is good fibre-matrix bonding, fibre debonding and fibre pullout. In 

addition, evidence of fibre bridging is visible, which would have contributed to the 

small R-curve that was observed in this sample. 
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Fibre 
bridging 

Figure 6.2.13. Fracture surface of a CFRP sample with an anhydride-cured epoxy 
matrix containing 9 wt. % CTBN and 10.5 wt. % nano-silica (crack propagation from 
right to left). 

Figure 6.2.14. Fracture surface of a CFRP sample with an anhydride-curcd epoxy 
matrix containing 9 wt. % CTBN and 10.5 wt. % nano-silica at higher magnification 
(crack propagation from right to left). 
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6.2.2.5 Summary 

A common feature in all the laminates was the good fibre-matrix adhesion. There was 

also widespread evidence of cohesive failure of the epoxy matrix and rubber cavitation, 

but the nano-silica particles were not visible (due to their small size). Fibre debonding, 

pullout and bridging provided some extra interlaminar fracture energy, so that all the 

laminates had higher interlaminar fracture energies than their corresponding bulk epoxy 

polymer fracture energies. 

6.2.3 Flexural Modulus 
The laminates underwent three point elastic loading at a constant strain rate of 0.01/min. 

Load-displacement graphs were recorded and the flexural moduli were calculated. The 

results are shown in Figure 6.2.15 with error bars of ± one standard deviation. 
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2.3% nano 4.7% nano 7.2% nano 10.5% nano 

Figure 6.2.15. Flexural modulus results for CFRPs with an anhydride-cured DGEBA 
matrix, (error bars are ± one standard deviation) 

The control had a flexural modulus of ~24GPa and adding nano-silica particles raised 

the modulus to 26GPa. Since rubber is much more compliant than epoxy, adding rubber 

lowered the modulus of the laminates to 21GPa. The hybrid samples had varying results 

which did not correlate to what was expected, since the moduli should have followed 
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the same trend (albeit less pronounced) than their corresponding bulk moduli (ie. rubber 

should have decreased the modulus, and nano-silica should have increased it). Indeed, 

the modulus of the epoxy was much lower than the fibre modulus, and there should not 

have been such a large fluctuation of results as observed. 

6.2.3.1 Fibre Volume Fraction Analysis 

After reviewing the fracture and modulus results (the large variation in modulus results 

was unexpected), it was decided to investigate the volume fraction of carbon-fibres in 

the specimens to see if this could have explained the results. Figure 6.2.16 shows that 

fibre volume percentages varied between formulations and repeats of each formulation. 

The mean fibre volume fraction for the specimens was 26.5%. 
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Figure 6.2.16. Fibre volume fraction for CFRPs with an anhydride-cured DGEBA 
based matrix, (error bars are + one standard deviation) 

There is a strong correlation between the measured fibre volume fraction and the 

modulus, showing that as the volume fraction of fibres increases, the modulus of the 

CFRP increases, as shown in Figure 6.2.17. This confirms that the flexural modulus of 

the CFRPs is dominated by the carbon fibres. 
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Figure 6,2.17. A comparison of the flexural moduli, with the fibre volume fractions for 
the CFRPs. 

If the moduh of the specimens are calculated (using the Rule of Mixtures as given in 

Equation 2.15 in Chapter 2) assuming constant fibre modulus (91GPa [176]) and 

volume fraction (26.5%), then the results shown in Figure 6.2.18 are obtained. 
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Figure 6.2.18. Comparison of calculated and measured moduli for the CFRPs. 
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Figure 6.2.18 (the calculated values) shows that the modulus increases slightly when 

only nano-silica is added (due to nano-silica having a higher modulus, but being present 

in low concentrations). The modulus decreases slightly when only rubber is added (due 

to rubber having a lower modulus, but being present in low concentrations), and 

remains relatively constant for hybrid formulations. All the laminates have a calculated 

flexural modulus of ~26.2GPa and the numerical values can be found in Table 6.2.2. 

Table 6.2.2. Summary of the calculated flexural moduli of the CFRPs. 

wt. % CTBN wt. % nano-silica E (GPa) 

0 0 2 6 3 

0 11.9 2&8 

9 0 25^ 

9 2.3 26 1 

9 4.7 26J 

9 7.2 2&2 

9 10.5 2&2 

6.2.3.2 Summary 

The trend of the measured flexural moduli did not correlate with what was expected, 

and fibre volume analyses were performed. It was found that there was a strong 

correlation between the fibre volume fraction and the flexural modulus; the modulus 

increased with increasing fibre volume fraction. When corrected (assuming constant 

fibre volume fraction and fibre modulus), it was found that the flexural modulus for all 

the laminates was ~26.2GPa. 
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6.3 Chapter Discussion 
This chapter has investigated the microstructure, mechanical properties and fracture of 

an anhydride-cured DGEBA-based bulk epoxy polymer that was toughened with CTBN 

rubber and nano-silica particles. It has also explored the toughness and flexural modulus 

of laminates that were composed of carbon fibres. Both the bulk epoxy polymer and the 

CFRPs have commercial applications. Indeed, the bulk epoxy polymer is used to coat 

electrical transformers, and the CFRPs are being used in sporting equipment such as 

hockey sticks, ski poles and tennis racquets [150]. Accordingly, the results from the 

bulk epoxy polymer and the CFRPs will be discussed separately, and then the transfer 

of fracture energy from bulk epoxy polymer to CFRP will be examined. 
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6.3.1 Bulk Epoxy Polymers 
Table 6.3.1 shows all the results (for easy reference) for the various samples tested. 

Table 6.3.1. Summary of the mean values of the material properties for the anhydride-
cured DGEBA-based bulk samples. ( 'ND' means No Data) 

wt. % 
CTBN 

wt. % 
nano-silica 

TG 

r c ; 
Young's Modulus 

E (GPa) 
Kie (MPa m'^^) GIC 

0 0 153 2 9 6 0.59 103 

0 4 1 5 2 121 1.03 291 

0 7 . 8 1 5 4 143 1 . 1 7 352 

0 11.1 151 3.57 1 .18 343 

0 14^ 1 5 2 1 6 0 L29 406 

0 2&2 1 5 0 185 1.42 461 

6 0 1 5 2 &84 221 

5.03 5^3 1 4 4 285 186 1068 

5 . 1 7 2 5 9 150 2 8 6 1.70 889 

9 0 M ) M ) 1.11 4 4 4 

9 2 . 3 1 4 9 2.44 1.71 453 

9 4 . 5 , 1 4 7 2.66 1.7 918 

9 9 1 4 7 2 7 7 1.76 977 

9 1&5 145 2 J 9 199 1 2 4 0 

9 15^ 141 285 2 J 9 1480 

12 6 139 yvD 1.83 1 0 5 0 

12 12 146 yvD 1 .75 960 

18 0 146 1 .56 763 

18 9 131 L32 546 

18 18 126 1.93 1 1 6 7 
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TEM and AFM images of the nano-only bulk epoxies showed excellent dispersion of 

the nano-silica, even at higher concentrations. The presence of the nano-silica particles 

had no effect on varying the value of the glass transition temperature beyond that of the 

unmodified epoxy. However, the presence of the nano particles increases the Young's 

modulus of the polymer, with the value of E increasing steadily as the wt. % of the 

nano-silica is increased. The inclusion of only 4 wt. % nano-silica doubles the fracture 

energy of the bulk polymer and thereafter, further increases in the amount of nano-silica 

produce a small, but steady increase in the measured toughness. The fracture surfaces 

for the unmodified epoxy and samples containing nano-silica only, are glassy and show 

feather markings; classic brittle failure features. Micrographs at higher magnification 

suggest that the nano-silica toughens the epoxy by the particles debonding and relieves 

the constraint in the epoxy so that the epoxy plastically deformed around each particle, 

to form voids. This toughening mechanism shall be discussed in greater detail in 

Chapter 7. 

The rubber particles that have phase separated are easily seen in the TEM micrographs 

and AFM images, as clearly defined spherical domains of up to 1 pm in diameter. Where 

volume fraction analysis was performed, it was found that 50% and 25% of the rubber 

phase separated in the samples containing 9 and 18 wt. % CTBN respectively. When 

only CTBN is added to the epoxy, the glass transition temperature decreases because 

not all of the CTBN phase separates into rubber particles (which was confirmed by the 

volume fraction analysis). The CTBN has a much lower stiffness compared to the 

unmodified epoxy or nano-silica, so its inclusion decreased the Young's modulus of the 

samples but increased the fracture energy with increasing rubber content. The cavitation 

of the rubber particles is clearly visible in some of the micrographs, but it is believed 

that the dominant rubber toughening mechanisms are shear yielding and the 

plasticisation of the epoxy matrix, since volume fraction analysis and thermal analysis 

showed that some of the rubber remains in solution in the epoxy phase. 

For hybrid samples, the TEM micrographs show that at low amounts of CTBN the 

nano-silica remains well dispersed. However, when 9 wt. % CTBN or more was 

incorporated into a sample, the nano-silica started to coalesce into necklace-like, three-

dimensional structures. One hypothesis is that the rubber increases the surface energy of 

the particles, thereby causing the nano-silica particles to agglomerate [168], These 
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agglomerates, however, are well dispersed throughout the samples. For a given CTBN 

content (except 12 wt. %) the glass transition temperature decreases as the nano-silica 

content increases. This suggests that increasing the amount of nano-silica causes more 

CTBN to remain in the epoxy phase. This phenomenon is most apparent in the samples 

containing 18 wt. % CTBN, but more TEM micrographs and AFM images would have 

to be obtained for volume fraction analysis to confirm this. The Young's modulus of the 

hybrids increases steadily as the wt. % of the nano-silica is increased, because the silica 

particles have a higher modulus than the unmodified DGEBA or CTBN. The sample 

with 9 wt. % CTBN and 15.4 wt. % nano-silica had a fracture energy that was fourteen 

times more than that of the unmodified epoxy, and three times more than that of its 

CTBN-only counterpart. Indeed, there is a good synergy between rubber and nano-silica 

in this system. 

6.3.2 CFRP Laminates 
The flexural modulus data had to be corrected because of the varying fibre volume 

fraction. It was found that when corrected, the average flexural modulus of all the 

samples was ~26.2GPa. 

A comparison of the fracture energies of the bulk epoxy polymer and CFRPs is 

summarised in Figure 6.3.1. The graph shows that the CFRP fracture energies are 

higher than those of the bulk epoxy polymer, as discussed in Sections 6.1.2.3 and 6.2.1. 

However, there is a good correlation between the two, suggesting that the tougher the 

epoxy, the tougher the CFRP. Under mode I conditions, a nano-modified epoxy matrix 

gives similar fracture resistance but increases the modulus compared to the control 

laminate. A rubber-modified resin yields a very tough, but less stiff laminate. 

Combining both CTBN and nano-silica, gives a CFRP with a high toughness and 

stiffness, with an increase in toughness of almost 300% above that of a CFRP 

containing unmodified epoxy. The fracture surfaces of the laminates have shown that 

there is good deformation of the epoxy matrix (including some rubber cavitation), and 

that there is good adhesion between the fibres and the matrix. The extra fracture 

resistance is provided by fibre debonding, pullout and bridging. 
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Figure 6,3.1. Comparison of bulk and CFRP fracture energies. 

6.4 Conclusions 
This chapter has investigated the microstructure, mechanical properties and fracture of 

an anhydride-cured DGEBA-based bulk epoxy polymer that was toughened with CTBN 

rubber and nano-silica particles. It has also explored the toughness of laminates that 

were composed of carbon fibres using these bulk epoxy polymers as the matrices. 

It was found that for the bulk epoxy polymers, the addition of CTBN-only led to a 

decrease in stiffness and glass transition temperature, but an increase in fracture energy. 

Microstructural analysis showed that the rubber phase-separated in varying amounts as 

spherical particles, whilst some rubber remained in solution in the epoxy phase (which 

accounted for the decrease in glass transition temperature). Hybrid bulk epoxy polymers 

containing both rubber and nano-silica showed a small change in 7^ (because in some 

cases the nano-silica suppressed the phase separation of the rubber), an increase in 

stiffness (due to the higher stiffness of silica particles). In the hybrids containing 9 wt. 

% CTBN, it was found that the fracture toughness increased with increasing nano-silica 

content, and there was a synergistic effect between the rubber and the nano-silica. 

There was an enhancement of toughness from the bulk epoxy polymers to the CFRPs 

possibly because of the good adhesion at the fibre-matrix interface. The hybrid 

laminates were found to have the highest interlaminar fracture energies. 

26* 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

CHAPTER 7 

SYSTEM COMPARISONS AND TOUGHENING 

MECHANISMS: BULK EPOXY POLYMERS 

7 Introduction 
During the course of this Thesis, the reader has been introduced to the theories which 

attempt to explain and model the material properties and fracture mechanisms of the 

bulk epoxy polymers, and FRPs which used these bulk epoxies as the matrices. The 

results from investigations of three different systems have been presented: 

1. The amine-cured DGEBA-based system (see Chapter 4); 

2. The amine-cured TGMDA-based system (see Chapter 5); 

3. The anhydride-cured DGEBA based system (see Chapter 6). 

This Chapter will review the results from the bulk epoxy polymers of all three systems 

and discuss them with respect to each other. The similarities and differences between 

the systems will be critically assessed and, in keeping with the main theme of this 

Thesis, emphasis will be placed on identifying and modelling the operative fracture 

mechanisms. 
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7.1 Microstructural Aspects 

Atomic force and transmission electron microscopes (ie. an AFM and TEM) were used 

to ascertain the microstructure of the bulk epoxy polymers. It has been established that 

images from either technique can be used, since they showed similar features. All the 

figures presented in this Section can be found in the earlier Chapters. However, the 

main ones have been included again for ease of reference and to enable comparisons to 

be readily seen and reached between the three different systems. (Note that the arrows 

pinpointing various features have been omitted in many of the figures presented in this 

Chapter because of the reduced size of the images.) 

7.1.1 Unmodified Epoxies 

The TEM micrographs of ultra-thin slices in Figure 7.1.1 (a) and (c), and the AFM 

micrograph in Figure 7.1.1 (b), are of the unmodified epoxies of the three systems 

investigated in this study. It can be seen that the micrographs of these epoxies are all 

featureless, which is expected for unmodified homogenous thermosetting polymers. 

(Ignore the arc-like feature in Figure 7.1.1 (c), which was the copper grid that the 

microtomed slice was placed on.) 
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Figure 7,1.1. Microscopy images showing the microstructure of the unmodified epoxies 
of the: (a) amine-cured DGEBA-based system, (b) amine-cured TGMDA-based system 
and (c) anhydride-cured DGEBA-based system (ignore arc-like feature). 

7.1.2 Rubber Modified Epoxies 

All three systems showed some phase separation of the CTBN into spherical rubbery 

domains that can easily be discerned with the AFM and TEM (when stained with 

osmium tetroxide). However, the differences between the three systems in the size of 

the rubber particles and the degree of phase separation, can be seen from the samples 

containing a comparable amount of rubber (ie. ~ 8 wt. %) in Figure 7.1.2. Indeed, the 

rubber particles are up to 0.5pm in diameter in the amine-cured DGEBA-based system 

and about -80% of the rubber phase (according to volume fraction analysis) separates, 

regardless of the CTBN content. The amine-cured TGMDA-based system shows 

particles up to 1pm in diameter, but only about -25% of the CTBN phase separates. The 
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anhydride-cured DGEBA-based system also has particles up to Ipm in diameter, with 

up to about 50% of the CTBN phase separating. 

10.0 pm 

Figure 7.1.2. AFM images of (a) an amine-cured DGEBA-based sample with 6.9 wt. % 
CTBN, (b) an amine-cured TGMDA-based sample with 8 wt. % CTBN, and (c) an 
anhydride-cured DGEBA-based sample with 9 wt. % CTBN. 

It is interesting to note that the volume fraction of rubber that phase separates in the 

amine-cured DGEBA-based system increases linearly with increasing rubber content 

(see Table 4.1.2 in Chapter 4), but remains relatively constant in the anhydride-cured 

DGEBA-based system. Overall, there seems to be a correlation between the degree of 

phase separation and particle size: small particles lead to more phase separation, and 

vice versa. Since both of these systems are DGEBA-based epoxies, and both are 

toughened with the same type of CTBN (Hycar 1300x8), it follows that the morphology 
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and phase distribution varies due to the different curing agents and curing regimes. The 

work of Russell and Chartoff [126] showed that the cure conditions change the 

morphology and phase distribution of rubber in a rubber-modified epoxy polymer, 

which is in agreement with the observations from the present work. 

The rubber morphology for all three systems is summarised in Table 7.1.1. It shows the 

wt. % CTBN added to each system, the wt. % CTBN that phase separated according to 

volume fraction analysis, and the wt. % CTBN that phase separated calculated using the 

glass transition temperatures (see Section 7.2.1 for details). (It should be noted that 

volume fraction analysis was performed and then converted to wt. % values for ease of 

comparison.) It can be seen that the visually ascertained wt. % of CTBN that phase 

separated and the calculated values are only in good agreement in the amine-cured 

DGEBA-based system. (It is possible that the discrepancy for the other systems 

occurred because the images were taken from a rubber deficient area. Performing 

volume fraction analysis on at least a dozen images would be necessary to get a more 

accurate estimate of the amount of rubber that phase separates.) 

Table 7,1.1. Summary of the rubber morphology. (ND - No Data) 

System wt. % 
CTBN 
added 

Visual wt. % 
CTBN phase 

separated 

Calculated wt. 
% CTBN phase 

separated 

Particle 
diameter, 

pm 

Amine-
cured 

DGEBA-
based 
system 

4.6 3.5 2.1 0.1 - 0 . 5 Amine-
cured 

DGEBA-
based 
system 

6.9 6 4.4 0 . 1 - 0 . 5 

Amine-
cured 

DGEBA-
based 
system 10.9 9 8.4 0.1 - 0 . 5 

Amine-
cured 

TGMDA-
based 
system 

8 2 6 0 . 1 - 1 

Anhydride-
cured 

DGEBA 
based 
system 

9 4.5 ATD 0 . 4 - 1 Anhydride-
cured 

DGEBA 
based 
system 

18 4.5 15.5 0 . 4 - 1 

273 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

7.1.3 Nano-silica Modified Epoxies 

No samples toughened with nano-silica only were supplied by hanse chemie for the 

amine-cured DGEBA-based system. However, there was a systematic range of nano-

only epoxy polymers for the other two systems. The micrographs in Figure 7.1.3 are 

from these two systems containing similar concentrations of nano-silica particles. 

In the amine-cured TGMDA-based system, the nano-silica particles coalesce into 

agglomerates containing larger numbers of particles with increasing nano-silica content. 

This observation is in good agreement with the work of Wu et al. [178] and Vladimirov 

et al. [179] who also showed an increase in the size of nano-silica agglomerates with 

increasing nano-silica content. A possible explanation for the agglomeration of nano-

silica particles has been proposed by Vega-Baudrit et al. [ 1 5 8 ] . These authors suggested 

that the silanol content causes moisture adsorption on the sihca surface and therefore the 

filler-filler interactions increase, which in turn leads to agglomeration of the nano-silica 

particles. Their work suggests why the nano-silica particles agglomerate, but does not 

explain why agglomeration increases with increasing nano-silica content. One possible 

reason is that the different epoxies, curing agents, and curing regimes used, affect the 

surface tension of the nano-silica particles and therefore cause them to agglomerate 

[168]. 

The nano-silica particles in the anhydride-cured DGEBA-based system are well 

dispersed regardless of the nano-silica content. It should be noted that the micrograph in 

Figure 7.1.3 (b) appears to have a relatively very high concentration of nano-silica 

particles. However, this is misleading, since the AFM image shows only the surface of 

the sample, whereas the TEM micrographs are transparent slices of-lOOnm thickness; 

and three or four 20nm diameter particles that appear to be next to each other may 

indeed be below the surface - thus giving the impression of more particles. The 

morphology of the nano-silica particles in the nano-only bulk epoxy polymers for all 

three systems is summarised in Table 7.1.2. 
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Figure 7.1.3. Micrographs of (a) an amine-cured TGMDA-based sample with 5 wt. % 
nano-silica, and (b) an anhydride-cured DGEBA-based sample with 5 wt. % nano-silica 
[116]. 

Table 7.1.2. Summary of the nano-silica moiphology. 

System wt. % 
nano-
silica 

Nano-silica Microstructure Typical 
formation 

size 

Amine-cured 
TGMDA-

based system 

5 Single spherical particles, and small 
agglomerates consisting of up to two 

particles 

02Onm, 20nm x 
45nm 

Amine-cured 
TGMDA-

based system 

10 Single spherical particles, and small 
agglomerates consisting of up to about six 

particles 

02Onm, 60nm x 
50nm 

Amine-cured 
TGMDA-

based system 

1 9 j Few single spherical particles. Mostly small 
agglomerates consisting of up to about 

twelve particles 

02Onm. 80nm x 
BOnm 

Anhydride-cured 
DGEBA 

based system 

4 Well-dispersed single spherical particles 02Onm 

Anhydride-cured 
DGEBA 

based system 

7.8 Well-dispersed spherical single particles 02Onm 

Anhydride-cured 
DGEBA 

based system 

11.1 Well-dispersed spherical single particles 02Onm 
Anhydride-cured 

DGEBA 
based system 

14^ Well-dispersed spherical single particles 02Onm 

Anhydride-cured 
DGEBA 

based system 

2&2 Well-dispersed spherical single particles 02Onm 
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7.1.4 Hybrid Modified Epoxies 

The TEM micrographs in Figure 7.1.4 are of selected amine-cured DGEBA-based 

hybrid samples. The micrographs are of samples containing 4 .1 ,7 and ~11 wt. CTBN 

and it can be seen that the rubber particles are well dispersed and are less than 1 pm in 

diameter. (They appear oval-shaped (instead of spherical) because of compression 

during microtoming.) Volume fraction analysis suggests that the presence of nano-silica 

does not affect the amount of phase separation of the CTBN that occurs, or the size of 

the rubber particles. It should be noted that this series of micrographs was chosen to 

show that the rubber morphology is not influenced by the nano-silica content, and more 

importantly, to also illustrate the different morphologies of the nano-silica particles, as 

discussed below. 

Figure 7.1.4 (a) shows a sample with 2 wt. % nano-silica, and the nano-silica particles 

can be seen to be well dispersed. Figure 7.1.4 (b) shows a sample with 5.7 wt. % nano-

sihca, and they agglomerate into three dimensional 'necklace-like' chains. Figure 7.1.4 

(c) is of a sample with 7 wt. % nano-sihca, and the dominating features are the 5|am 

diameter agglomerates ('super-clumps'), in addition to the smaller necklace-like chains. 

Figure 7.1.4 (d) shows a sample with 11.6 wt. % nano-silica, and the super-clumps are 

very clearly visible. This shows that for this system the propensity for agglomeration, 

and the size of the agglomerates, are dependent on the nano-silica content but 

independent of the CTBN content. Thus, to summarise, the nano-silica remains well 

dispersed up to ~4.5 wt. %, and forms necklace-like chains up to ~6 wt. %. At higher 

nano-silica contents, regardless of the CTBN content, super-clumps form. (The 

difference between the necklace-like chains and the super-clumps, is that the former are 

smaller and not as 'approximately spherical' as the latter.) 
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(c) __Jnm. 

Figure 7.1.4. TEM images of amine-cured DGEBA-based samples containing: (a) 4.1 
wt. % CTBN and 2 wt. % nano-silica, (b) 11.3 wt. % CTBN and 5.7 wt. % nano-silica, 
(c) 7 wt. % CTBN and 7 wt. % nano-silica, and (d) 11.6 wt. % CTBN and 11.6 wt. % 
nano-silica. (White arrow points to some rubber particles, blue arrows point to some 
nano particles, green arrows point to some three dimensional necklace-like structures 
and pink arrows point to super-clumps.) 

The AFM image in Figure 7.1.5 (b) is of an amine-cured TGMDA-based sample with 8 

wt. % CTBN and 10 wt. % nano-silica. The well dispersed rubber particles are ~1 pm in 

diameter, and volume fraction analysis suggests that ~2 wt. % CTBN phase separates; 

both features are similar to the CTBN-only sample in Figure 7.1.5 (a). The nano-silica 

particles agglomerate into three-dimensional necklace-like structures of - 2 p m in 

diameter. A comparison with the 10 wt. % nano-only sample in Figure 7.1.3 (b) shows 

277 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

that the presence of rubber causes the nano-sihca to coalesce into larger agglomerates 

containing many more particles. 

(b)ffli 

Figure 7.1.5. AFM image of an amine-cured TGMDA-based samples with (a) 8 wt. % 
CTBN-only, and (b) 8 wt. % CTBN and 10 wt. % nano-silica. 

The TEM micrographs in Figure 7.1.6 are of hybrid anhydride-cured DGEBA-based 

samples. The phase-separated, well-dispersed, spherical rubber particles are up to 1 pm 

in diameter, except in the hybrid sample with 18 wt. % CTBN and 18 wt. % nano-silica. 

Indeed, in this particular sample, no rubber particles are visible. This is because at high 

concentrations of CTBN, the nano-silica appears to suppress phase separation, and most 

of the rubber remains in the epoxy phase. Therefore, the nano-silica is affecting the 

cure-kinetics, which influences the phase separation of the rubber [126,112]. (It should 

be noted that the 18 wt. % CTBN-only sample clearly showed the presence of phase 

separated rubber particles (see Table 7.1.1).) Volume fraction analysis suggests that up 

to 9 wt. % CTBN, the nano-silica does not affect the propensity for phase separation 

and the nano-silica particles remain well dispersed at low CTBN contents, as is evident 

from Figure 7.1.6 (a). However, as the CTBN content increases to more than 9 wt. %, 

the nano particles agglomerate into necklace-like, three dimensional structures. Even at 

very high nano-silica contents, as in Figure 7.1.6 (d), necklace-like structures of up to 

4pm in length persist. This is in direct contrast with the amine-cured DGEBA-based 

system, where agglomeration was dependent on nano-silica content {not CTBN 

content), and super-clumps were formed at ~7 wt. % nano-silica. 
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Figure 7.1.6. TEM micrographs of anhydride-cured DGEBA-based samples containing: 
(a) 5.03 wt. % CTBN and 5.03 wt. % nano-silica, (b) 9 wt. % CTBN and 2.3 wt. % 
nano-silica, (c) 9 wt. % CTBN and 15.4 wt. % nano-silica, and (d) 18 wt. % CTBN and 
18 wt. % nano-silica. 

The morphology of the CTBN rubber and the nano-silica particles is summarised in 

Table 7.1.3. The interaction between the rubber and nano-silica was different for each 

system. Firstly, in the amine-cured DGEBA-based system, the presence of nano-silica 

and rubber had no effect on each other's morphology. But, agglomerates of nano-silica 

of increasing size were formed with increasing nano-silica content. Secondly, in the 

amine-cured TGMDA-based system, the presence of CTBN rubber prompted the 

formation of larger agglomerates of nano-silica. Thirdly, images from the anhydride-

cured DGEBA-based system show that the rubber content determines the particle 

distribution of the nano-silica, with agglomerates forming after a certain CTBN-content 
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threshold was exceeded. At very high CTBN concentrations in this system, the presence 

of nano-silica suppressed the phase separation of the rubber. (The reasons for the 

particular nano-silica/CTBN interactions observed, will form the basis of some very 

interesting future studies.) 

Thus, these studies reveal that the nano-siUca cannot simply be treated as a 'simple' 

filler, since the nano-silica phase affects the microstructure, depending on the type of 

epoxy and the nano-silica content. In addition, the nano-silica phase affects the phase 

separation of the CTBN rubber (and hence affects the glass transition temperature of the 

epoxy). 

Table 7.1.3. Summary of the rubber anc nano-silica morphology of the hybrid samples. 

System wt. % 
CTBN 

wt. % 
nano-
silica 

Rubber 
microstructure 

Nano-silica 
microstructure 

Amine-cured DGEBA-
based system 

4.1 2 
Well dispersed rubber 

spheres, 0.1-0.5|im diameter 
Well dispersed 20nm spheres 

Amine-cured DGEBA-
based system 

4.1 4.1 
Well dispersed rubber 

spheres, 0.1 -0.5| im diameter 
Well dispersed 20nm spheres 

Amine-cured DGEBA-
based system 

6.9 3.5 
Well dispersed rubber 

spheres, 0.1-0.5|xm diameter 
Well dispersed 20nm spheres 

Amine-cured DGEBA-
based system 7 7 

Well dispersed rubber 

spheres, 0.1-0.5fim diameter 

Super-clumps 4nm in 
diameter, as well as chains 

Amine-cured DGEBA-
based system 

11.3 5.7 
Well dispersed rubber 

spheres, up to 1 nm diameter 

Chains l|i.m in length, 0.2nm 

in width. Well dispersed 

Amine-cured DGEBA-
based system 

11.6 11.6 
Well dispersed rubber 

spheres, up to 1 [im diameter 

Super-clumps 4 | im in 
diameter, as well as chains 

Amine-cured 
TGMDA-based system 

8 10 Well dispersed rubber 
spheres, up to 1 | im diameter 

Necklace-like chains of up to 
l.S^im X 0.5| im in size 

Anhydride-cured 
DGEBA based system 

5.03 5.03 Well dispersed rubber 
spheres, up to 1 | im diameter 

Well dispersed 20nm spheres 

Anhydride-cured 
DGEBA based system 

9 2.3 Well dispersed rubber 

spheres, up to 1 (xm diameter 

Necklace-like chains of up to 
2|xm X 0.1 (im in size 

Anhydride-cured 
DGEBA based system 

9 10.5 
Well dispersed rubber 

spheres, up to 1 jim diameter 

Necklace-like chains of up to 

2nm X O.lfrm in size Anhydride-cured 
DGEBA based system 

9 15.4 
Well dispersed rubber 

spheres, up to 1 |im diameter 

Necklace-like chains of up to 

3)im X 0.5|im in size 

Anhydride-cured 
DGEBA based system 

12 12 
Well dispersed rubber 

spheres, up to 1 |j,m diameter 

Necklace-like chains of up to 

2|im X 0.4nm in size 

Anhydride-cured 
DGEBA based system 

18 9 
Rubber remained in solution 

in the epoxy phase 

Necklace-like chains of up to 

Sjiim X O.Sjim in size 

Anhydride-cured 
DGEBA based system 

18 18 
Rubber remained in solution 

in the epoxy phase 

Nccklace-likc chains of up to 

3)rm X 0.5nm in size 
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7.1.5 Summary 

All the images for the unmodified epoxies (ie. the 'control' materials) of the three 

systems were featureless. No nano-only samples were available for the amine-cured 

DGEBA-based system, but the amine-cured TGMDA-based system showed increasing 

agglomeration with increasing nano-silica content, whilst the anhydride-cured DGEBA-

based system showed good particle dispersion at all nano-silica contents. In the CTBN-

only samples, about -80% of the CTBN phase separated into comparatively small 

particles in the amine-cured DGEBA-based system. The amine-cured TGMDA-based 

system showed larger particles, but only ~25% phase separated. Samples from the 

anhydride-cured DGEBA-based system show slightly larger particles, but phase 

separation decreased with increasing CTBN content. The hybrid samples of the amine-

cured DGEBA-based system showed large agglomerate formation with increasing nano-

silica content, and beyond a threshold nano-silica content, super-clumps formed. The 

amine-cured TGMDA-based system showed that CTBN caused larger agglomerates of 

nano-silica to form than the nano-only sample. Images from the anhydride-cured 

DGEBA-based system suggest that agglomerates (similar in size and shape to that of the 

amine-cured TGMDA-based system) form after a certain CTBN-content threshold is 

passed, but no super-clumps form even at high nano-silica contents. 

7.2 Thermal and Mechanical Properties 
This Section will compare and contrast the glass transition temperatures, the Young's 

moduli, and the fracture toughness of the bulk epoxies of the three systems. 

7.2.1 Glass Transition Temperature 

Figure 7.2.1 summarises the glass transition data for all three systems. On examining 

just the control Tg of each system, it can be seen that the glass transition temperature of 

the amine-cured DGEBA-based system is ~120°C and that of the anhydride-cured 

DGEBA-based system is ~150°C. However, the amine-cured TGMDA-based system 

has a Tg of ~250°C. This is expected for a TGMDA epoxy, since it is a tetrafunctional 

epoxy and is more highly crosslinked than DGEBA which is a difunctional epoxy [180]. 
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Figure 7.2.1. Graphs showing the glass transition temperature at 1 Hz for the; (a) amine-
cured DGEBA-based system, (b) amine-cured TGMDA-based system, and (c) 
anhydride-cured DGEBA-based system. 
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The nano-only samples from both the amine-cured TGMDA-based system and 

anhydride-cured DGEBA-based system showed no changes in their glass transition 

temperatures, regardless of the nano-silica content. This shows that the addition of the 

nano-silica causes no change in the crosslink density [112]. 

In the amine-cured DGEBA-based system, the addition of CTBN produced a decrease 

in the glass transition temperature. Indeed, all the CTBN-only samples had the same 

mean Tg, which suggests that the same wt. % of CTBN remained dissolved in the epoxy 

phase. This was confirmed by volume fraction analysis of the microstructure images. 

(See Table 4.1.3 in Chapter 4 for Tg data, and Table 7.1.1 in Chapter 7 for volume 

fraction analysis.) 

The amine-cured TGMDA-based system with 8 wt. % CTBN also showed a small 

decrease in Tg, since again some of the rubber remained in solution. The volume 

fraction analysis of the AFM images suggested that ~6 wt. % remained in solution. (See 

Table 5.1.3 in Chapter 5 for Tg data, and Table 7.1.1 in Chapter 7 for volume fraction 

analysis.) It should be noted that calculations performed using the Fox-Flory equation 

suggest that ~2 wt. % of the rubber should have remained in solution to produce the 

small decrease in Tg, but only one AFM image was investigated so this image may have 

been from a relatively rubber-deficient area. 

For the anhydride-cured DGEBA-based system, results from the volume fraction 

analysis and the Fox-Flory equation agreed quite well. (See Table 7.1.1 for the details.) 

Indeed, with increasing amounts of CTBN, the glass transition temperature decreased, 

showing that more rubber remained in solution. (See Table 6.1.2 in Chapter 6 for the Tg 

data.) Thus, in all three epoxy systems, some rubber remains in solution, but the relative 

amounts are dependent on the exact details of the system (ie. they depend on the exact 

epoxy and curing agent used). 

The hybrid samples of the amine-cured DGEBA-based system and the anhydride-cured 

DGEBA-based system show a lower glass transition temperature than their CTBN-only 

counterparts. This is because as more nano particles are added, more of the long, 

flexible rubber molecules are being crosslinked into the epoxy matrix instead of 

participating in domain formation. There is no change in Tg in the hybrid sample of the 
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amine-cured TGMDA-system, compared to the CTBN-only sample; and this 

observation is confirmed by volume fraction analysis of the AFM images, when it was 

found that the same amount of rubber appeared to phase separate in the hybrid as in its 

CTBN-only counterpart. 

Thus to summarise, in all three systems, some rubber remains in solution in the epoxy 

phase, but the relative amounts are system (ie. epoxy and curing agent) dependent. 

Furthermore, the nano-silica affects the phase separation of the CTBN rubber, and 

hence the glass transition temperatures of the amine and anhydride-cured DGEBA-

based systems. 

7.2.2 Young's Modulus 

Figure 7.2.2 shows graphs of the tensile moduli of the three systems. There were no 

samples containing only nano-silica in the amine-cured DGEBA-based system, but the 

other two systems showed increasing moduli with increasing nano-silica content. This is 

expected [137,138], since silica has a very high modulus (ie. ~70GPa) compared to that 

of the epoxy. The gradients of the linear best-fit lines were similar, as would be 

expected, since it was the same type of nano-silica particles used in both systems. 

Figure 7.2.2 (b) shows the trends in the samples of the three systems containing CTBN 

only. It should be noted that there was only one CTBN-only result available for the 

amine-cured TGMDA-based and anhydride-cured DGEBA-based systems, and this is 

not sufficient for an in-depth discussion on the trends. However, it can be seen that the 

moduli for all three systems decrease with increasing amounts of CTBN. This was as 

expected, due to the low modulus of the CTBN. It was not possible to make a useful 

comparison of hybrid moduli for the three systems, due to the many different 

permutations of nano-silica and CTBN content. Nevertheless, in all the systems, 

increasing the nano-silica content increased the modulus, often recouping the stiffness 

lost due to the presence of the CTBN. 

(It should be noted that for the analytical models, the Young's modulus of the silica and 

rubber were taken to be 70GPa [137,138] and 7MPa [126] respectively. C= 2/3 [41] was 

used for the Halpin-Tsai model, and for the Lewis and Nielsen model V,„ax = 0.632 [2] 

and kE ~ 0.867 [44] were used. See Section 2.3.2 for more details about the analytical 

models used in this study.) 
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Figure 7.2.2. Graphs comparing the Young's moduli for all three systems containing: 
(a) nano-silica only, and (b) CTBN only. The points are the experimental data, and the 
lines are a linear best-fit to the data. 

The tensile moduli for the nano-only samples for the amine-cured TGMDA-based and 

anhydride-cured DGEBA-based systems were compared to the predictions from the 

various analytical models (which were discussed in Section 2.3.2 in Chapter 2) and the 

comparison is shown in Figure 7.2.3. It can be seen that the trends in both systems are 

similar, in that the two models show increasing modulus with increasing nano-silica 
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content. The Halpin-Tsai model overpredicts the modulus, since it assumes that there is 

perfect bonding between the particles and the matrix which is normally not the case 

[108]. The Lewis & Nielsen model assumes that slippage occurs between the particles 

and the epoxy matrix, and tends to underpredict the modulus. For both systems, there is 

better correlation with the two models at lower concentrations of nano-silica. 
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Figure 7.2.3. Comparison of predicted tensile modulus with experimental results of 
samples with only nano-silica from the: (a) amine-cured TGMDA-based system, and (b) 
anhydride-cured DGEBA-based system. 
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Figure 7.2.4 shows a comparison between the experimental data and the theoretical 

predictions for the amine-cured DGEBA-based system containing only CTBN as the 

toughener. (Note that the other systems were not considered, since there was only one 

data point for each.) It can be seen that there is a relatively good agreement between the 

trend for the experimental data and the analytical models, since both show a decrease in 

modulus with increasing CTBN content. This decrease, as has been mentioned before, 

occurs because the rubber particles have a very low stiffriess (~7MPa according to the 

work of Russell et al. [126]) compared to the epoxy polymer. However, again the 

Halpin-Tsai model overpredicts the modulus, and the Lewis & Nielsen model 

underpredicts the modulus. 

• Experimental 

— Halpin-Tsai prediction 

Lewis & Nielsen 

10 12 

wt. % CTBN 

Figure 7.2.4. Comparison of predicted tensile modulus with experimental results of 
samples with CTBN-only from the amine-cured DGEBA-based system. 

7.2.3 Fracture Toughness 

It has been mentioned a number of times in the course of this Thesis that although 

thermosetting polymers have some attractive properties, their brittleness often limits 

their use. A focal point of the research has therefore been on the toughening of the 

epoxies using CTBN rubber and nano-silica. Each system investigated for this Thesis 

has a different application, thus it would be inappropriate to compare their absolute 

fracture energies. As a result, the fracture energies have been normalised relative to a 

control (unmodified) sample of the respective system. For graphical clarity, the error 

bars have been omitted, but the standard deviation of the results may be found in 

Chapters 4, 5 and 6. 
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7.2.3.1 Nano-silica Modified Epoxies 

Figure 7.2.5 shows a comparison of the fracture energies of samples containing only 

nano-silica, from the amine-cured TGMDA-based system and the anhydride-cured 

DGEBA-based system. (In order to link the microstructure of the samples to their 

fracture toughness, it is very useful to review the summary of the microstructures of the 

nano-only samples, which can be found in Table 7.1.2.) 

The amine-cured TGMDA-based system shows a slight increase in toughness with 

increasing nano-silica content, followed by a decrease to a value below that of the 

control at high concentrations of nano-silica. The initial increase is caused by the 

increase in the nano-silica content, which shows that small agglomerates do not have an 

adverse effect on toughness. The decrease is possibly caused by the increase in the 

number and size of agglomerates, due to the diminished amount of epoxy available for 

plastic deformation [85], and because of the increased difficulty in debonding of the 

individual nano-silica particles. In contrast, the anhydride-cured DGEBA-based system 

shows an increasing fracture resistance with increasing nano-silica content, with a 

plateau at a relatively high nano-silica content. Now, for this system, the results shown 

in Table 7.1.2 showed that the nano-silica particles remain well dispersed even at high 

amounts of nano-silica. The toughening mechanism responsible for this increase in 

toughness will be discussed later in this Chapter. 

• amine-TGMDA 

• anhy-DGEBA 

10 15 

wt. % nano-silica 

25 

Figure 7.2.5. Graph showing the relative fracture energy results of the nano-only 
samples for the amine-cured TGMDA-based system and the anhydride-cured DGEBA-
based system. The lines are the polynomial best-fit lines to the data. 
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7.2.3.2 Rubber Modified Epoxies 

Figure 7.2.6 compares the normalised fracture energies of the CTBN-only samples for 

all three systems. In all three systems, there is an increase in fracture energy with 

increasing CTBN content, which is expected, and has been discussed in the respective 

Chapters on the experimental results. What is interesting to note, however, is that the 

amine-cured DGEBA-based system shows the smallest increase in fracture resistance 

with increasing CTBN content. Here, the phase-separated rubber particles were smaller 

than those of the other systems. (See Table 7.1.1 for a summary of the rubber 

morphology in the CTBN-only samples, and Figure 7.1.2 for AFM images which 

compare the general size of the rubber particles in the CTBN-only samples of the three 

systems.) Previous researchers, such as Kim et al. [76] and Lazzeri et al. [77], have 

commented that particles less than O.Sjam in diameter (as are many particles in this 

system) are more difficult to cavitate, and would therefore not give a very large increase 

in toughness. They also suggested that the optimal particle diameter is -1pm, which is 

confirmed by the larger increases in fracture energy displayed by the amine-cured 

TGMDA-based and the anhydride-cured DGEBA-based systems, which had particle 

sizes in this range. 
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Figure 7.2.6. Graph showing the relative fracture energy results of the CTBN-only 
samples for all three systems. The lines are the polynomial best-fit lines to the data. 
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7.2.3.3 Hybrid Modified Epoxies 

Due to the many permutations of the hybrid samples, it was not readily possible to 

compare 'like with like'. The most numerous hybrid samples of all three epoxy systems, 

were those with ~9 wt. % CTBN. (These were also of importance since the anhydride-

cured DGEBA-based CFRPs were toughened with hybrids containing 9 wt. % CTBN.) 

It was therefore decided to compare the hybrid samples of the three systems that 

contained approximately 7-9 wt. % of CTBN. For the amine-cured DGEBA-based 

system, the hybrid samples containing ~7 wt. % CTBN were chosen, and were 

normalised relative to the sample with ~7 wt. % CTBN-only. A similar format was 

followed for the amine-cured TGMDA-based system (which contained 8 wt. % CTBN); 

and the samples containing 9 wt. % CTBN were chosen from the anhydride-cured 

DGEBA-based system. The results are presented in Figure 7 .2 .7 . (A summary of the 

microstructure of the rubber and nano-silica particles in the hybrid systems can be found 

in Table 7 . 1 . 3 . ) 

It may be seen that the best synergy between the CTBN and nano-silica occurs in the 

anhydride-cured DGEBA-based system, since for a given CTBN content, the fracture 

energy increases with increasing nano-silica content. A review of the microstructure 

(see Table 7 . 1 . 3 ) shows that the nano-silica particles in this system formed three-

dimensional necklace-like chains. This suggests that this nano-silica morphology is 

desirable to produce increases in fracture toughness with increasing nano-silica content 

in this system. 

The amine-cured TGMDA-based system shows a relatively small increase when nano-

silica is added, but there was only one hybrid sample which is insufficient to discern a 

trend. It is interesting to note, however, that the nano-silica particles formed three-

dimensional necklace-like chains (see Table 7 . 1 .3 ) , very similar in appearance to the 

anhydride-cured DGEBA-based system. 

The amine-cured DGEBA-based system shows that small amounts of nano-silica do not 

improve the fracture energy, but higher concentrations have a detrimental effect on the 

fracture energy. The microstructure of the hybrid samples (see Table 7 . 1 . 3 ) suggests 

that three-dimensional necklace-like chains (as seen in the anhydride-cured DGEBA-

based and the amine-cured TGMDA-based systems) slightly improve the fracture 

2 9 0 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

energy. However, the formation of super-clumps at higher nano-silica contents has a 

detrimental effect on the fracture resistance. The next Section will explore the 

toughening mechanisms in the three systems in more detail. 
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Figure 7.2.7. Graph showing the relative fracture energy results of the hybrid samples 
containing ~8 wt. % CTBN relative to their respective ~8 wt. % CTBN-only fracture 
energies for all three systems. The lines are the polynomial best-fit lines to the data. 

7.3 Bulk Epoxy Toughening Mechanisms 
This section will explore the evidence supporting the various means by which CTBN 

and nano-silica toughen the three epoxy-based systems. The rubber toughening effect 

will be discussed first since this has been well documented in the literature, and then the 

nano-silica toughening will be investigated. 

7.3.1 Rubber Toughening 

SEM micrographs are the best way of ascertaining the way in which rubber toughens 

the epoxy systems. Note that the micrographs in this section were chosen because the 

samples all contained ~7-9 wt. % of CTBN. These micrographs are typical and 

representative of the CTBN-only samples for their respective systems. The pre-cracks 

are the vertical lines at the far left of the low magnification micrographs, and the crack 

propagated from left to right. 
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Micrographs of samples from the amine-cured DGEBA-based system containing only 

CTBN, showed evidence of a stress-whitened region as can be seen in the micrograph in 

Figure 7.3.1 (a) (the stress-whitened region is indicated by the pink parenthesis). A 

visual inspection of the fracture surfaces prior to SEM analysis, confirmed the existence 

of the stress-whitening phenomena where the cavitated rubber particles interact with 

incident light to give the appearance of a white band near the crack tip. (See Section 

2 . 5 . 2 . 1 in Chapter 2 . ) These regions increased in length ahead of the rack tip with 

increasing CTBN content, and led to an increase in fracture energy which agrees with 

the work of Kim et al. [148] who showed a strong correlation between the size of the 

stress-whitened region and toughness. It should be noted that rubber cavitation alone 

does not provide a significant amount of fracture resistance. According to researchers 

such as Kinloch et al. [4], Bagheri and Pearson [58], and Wang and Guild et al. [62] 

rubber cavitation allows the matrix to deform by plastic yielding, and this plastic 

yielding is one of the main contributors to fracture resistance. (See Section 2 . 5 . 2 . 3 in 

Chapter 2.) 

Figure 7.3.1 (b) is a micrograph of the fracture surface of a sample from the amine-

cured TGMDA-system with 8 wt. % CTBN and Figure 7.3.1 (c) is from the anhydride-

cured DGEBA-based system containing 6 wt. % CTBN. There is no evidence of a 

stress-whitened region in either sample. 
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Figure 7.3.1. SEM micrographs of the fracture surfaces of samples from: (a) the amine-
cured DGEBA-based system containing 6.9 wt. % CTBN (the stress-whitened region is 
indicated by the pink parenthesis), (b) the amine-cured TGMDA-based system 
containing 8 wt. % CTBN, and (c) the anhydride-cured DGEBA-based system 
containing 6 wt. % CTBN. 

The micrographs in Figure 7.3.2 are of the same samples in the previous Figure, but at a 

higher magnification. It can be seen that there are many cavitated rubber particles in the 

first sample, but hardly any evidence in the other two samples. Since all micrographs 

were taken from near the crack-tip, it can be deduced that the visual evidence of the 

stress-whitening phenomenon is due to the cavitation of the rubber particles [4,7]. The 

reader may recall that the amine-cured DGEBA-based sample in Figure 7.3.2 had a 

fracture energy of ~1600J/m^, whereas the amine-cured TGMDA-based and anhydride-

cured DGEBA-based samples had fracture energies of 640J/m^ and 221 J/m^ 

respectively. The series of micrographs suggests that the fracture energy increases 

because of the amount of cavitation that occurs (which allows plastic hole growth of the 

epoxy to occur, and thereby increases the fracture energy). However, a comparison with 

their respective unmodified (control) epoxy fracture energy paints a different picture. 

Compared to their respective control epoxies, the samples that are considered in this 
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Section (ie. samples containing similar amounts of CTBN) show a 2.5 times increase in 

fracture energy in the amine-cured DGEBA-based system, a 3.5 times increase in the 

amine-cured TGMDA-based system, and a doubling in the anhydride-cured DGEBA-

based system. This shows that there is no direct correlation between the amount of 

cavitation observed, and the relative increase in fracture energy. 

SEM micrographs can only conclusively show evidence of rubber cavitation, but the 

fracture energy results strongly suggest that other rubber toughening mechanisms may 

occur. Since httle or no rubber cavitation was observed in the amine-cured TGMDA-

based system and in the anhydride-cured DGEBA-based system, the dominant rubber 

toughening mechanisms in these systems would appear to be shear yielding of the 

epoxy between the phase-separated rubber particles [4,7]. Finally, the plasticisation of 

the epoxy caused by the rubber that remains in solution in the epoxy phase would 

probably assist these mechanisms by making the epoxy matrix more amenable to 

undergoing plastic deformation. 

Figure 7.3.2. Higher magnification SEM micrographs of the fracture surfaces of 
samples from: (a) the amine-cured DGEBA-based system containing 6.9 wt. % CTBN, 
(b) the amine-cured TGMDA-based system containing 8 wt. % CTBN, and (c) the 
anhydride-cured DGEBA-based system containing 6 wt. % CTBN. 
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7.3.2 Nano-silica Toughening 

In this section, the toughening mechanisms by which the nano-sihca particles may 

increase the toughness of the epoxies will be considered. In particular, emphasis will be 

placed on the anhydride-cured DGEBA-based system, since only in this system was a 

good dispersion of nano-silica particles obtained (see Table 7 . 1 . 2 ) , which led to 

significant increases in the toughness of the nano-silica modified epoxies (see Figure 

7 . 2 . 5 ) . Various toughening mechanisms have been proposed for the increases in the 

fracture energy, Gic, that may be observed when rigid, hard particles are added to 

thermosetting polymers (see Section 2.6 in Chapter 2). These mechanisms are discussed 

below with respect to the anhydride-cured DGEBA-based system. 

7.3.2.1 Crack Pinning 

As was discussed in Chapter 2, crack pinning is one possible method by which rigid 

particles can toughen an epoxy. However, in the previously reported work [63,88] crack 

pinning occurred when the particles were larger than the crack opening displacement. 

To see if a pinning argument is reasonable for nano-sized particles, the crack opening 

displacement, 5tc, was calculated and compared to the particle size using Equation 2.14 

(see Chapter 2). 

For the unmodified epoxy the crack opening displacement is 1.7|j.m. For the maximum 

toughness measured in the present work (ie. the sample toughened with 20.2 wt. % 

nano-silica) a value of <5^=7.5)am may be calculated. The crack tip is shown 

schematically in Figure 7.3.3, which shows the relative size of the nano particles 

compared to the crack opening displacement. From this figure, it can be seen that such 

comparatively small particles are unlikely to cause crack pinning. 
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20nm 
particles 

Figure 7.3.3. Schematic showing the crack tip, with the calculated crack opening 
displacement and nano particles for the epoxy polymer containing approximately 4.1 
wt. % nano-silica. 

As noted above, where crack pinning has been proposed as the main toughening 

mechanism, the particle diameter is much larger than the crack opening displacement. 

Kinloch et al [63] quoted ^,c=l-8|a,m at room temperature while the mean particle 

diameter was 50|im, using an epoxy matrix with glass particles. Similarly, Green et al 

[88] demonstrated pinning with 132pm diameter glass particles, but ^V=0.3|j,m (a 

conservative estimate calculated assuming that the yield stress is equal to the quoted 

fracture stress). 

Thus, since in the present materials the nano-silica particles are so much smaller than 

the crack opening displacement, then they are unlikely to cause crack pinning. 

Furthermore, the lack of direct experimental evidence, specifically the absence of 

bowed crack-front markings on the fracture surfaces in the present work, indicates that 

crack pinning is unlikely to be responsible for the observed increases in toughness. 
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7.3.2.2 Crack Deflection 

The toughening effect could be due to crack deflection occurring, where the crack front 

tilts and twists when it encounters the particles and hence passes around them [81,83]. 

This causes firstly an increase in the total fracture surface area and secondly causes the 

crack to grow locally under mixed-mode I/II conditions. The former toughening effect 

can be evaluated by comparing the measured fracture toughness with the surface 

roughness, and the latter toughening effect can be evaluated using the analysis by Faber 

and Evans [81]. 

Work by Arakawa and Takahashi [181] showed that the toughening effect due to an 

increase in the true fracture surface area gives a linear relationship between the surface 

roughness and the overall toughening contribution, W. The average surface roughness, 

Ra, of the fracture surfaces was therefore measured (see Section 3.2.1.1 in Chapter 3). 

For the unmodified epoxy polymer it was relatively low with i?„=0.04iam, which is 

typical for the fracture surface of an unmodified epoxy [175]. The fracture surface 

roughness generally increased with an increasing concentration of nano-silica, from a 

minimum of i?„=0.03|j,m at 4.1 wt. % nano-silica to a maximum of /?„=0.15iim at 20.2 

wt. % nano-silica. The data are shown in Figure 7.3.4 where the measured roughness is 

plotted against the overall toughening contribution, from the presence of the nano-

sihca. The data does not show a linear relationship, and hence it appears that the 

increases in the fracture surface area cannot be directly correlated to the increases in the 

toughness. Indeed, examination of the nano-only fracture surfaces in Chapter 6, 

confirmed that there are no discernible differences in their appearance compared to the 

fracture surface of the unmodified epoxy. 
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Figure 7.3.4, Mean roughness of the fracture surfaces versus measured toughening 
increment, W. The wt. % of nano-silica is shown in brackets. 

The measured fracture energies may also be compared to the model proposed by Faber 

and Evans [81], which considers that crack deflection causes the crack to grow locally 

under mixed-mode l/II conditions. This analysis uses the shape of the particles 

(spherical in this case) and their volume fraction in the prediction of toughness. For 

example, the Faber and Evans model predicts that the fracture energy for a volume 

fraction of 2.5% (ie. 4.1 wt. %) of silica spheres will be 1.2 times that of the unmodified 

epoxy. The Gic of the unmodified epoxy is 103J/m^ and hence the predicted fracture 

energy from using the Faber and Evans model is 120J/m^. However, the measured 

fracture energy of 291J/m^ is more than twice this predicted value. Indeed the Faber and 

Evans model consistently under-predicts the fracture energy, and this suggests that this 

mechanism is unlikely to fully explain the increase in toughness. 

In addition, as noted in Section 7.3.2.1 and Figure 7.3.3, the nano particles are so much 

smaller than the crack opening displacement that they are unlikely to cause the crack to 

deflect. This argument, and the relatively poor agreement with the crack deflection 
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models, indicates that crack deflection is unlikely to fully explain the observed 

toughening effects. 

7.3.2.3 Plastic Void Growth 
The toughening mechanisms associated with micrometre-sized particles have frequently 

been shown to be due to debonding of the particles followed by plastic void growth of 

the matrix [15,85]. Micrographs showing the plastic void growth phenomena can be 

seen in Figure 2.6.4 in Chapter 2. Further, Kinloch and Taylor [83] have demonstrated 

that the voids around the micrometre-sized glass spheres closed-up when the epoxy 

polymer was heated above its Tg and allowed to relax. This observation showed that 

prior to fracture, there was good adhesion between the glass spheres and the epoxy 

matrix, and hence the voids occurred as a result of fracture. 

High resolution scanning electron microscopy (ie. using a field emission gun source 

(FEG-SEM)) of a fracture surface of a sample containing 14.8 wt. % nano-silica shown 

in Figure 7.3.5, reveals the presence of voids around several of the nano particles. This 

indicates that plastic void growth of the epoxy matrix, initiated by debonding of the 

nano particles, has occurred. The diameter of these voids is typically 30nm and the 

voids were also observed in the fracture surfaces of samples with different contents of 

nano-silica. (It should be noted that although the samples are coated to prevent charging 

in the electron microscope, the voids are not artefacts of the coating as they could not be 

observed on a coated fi-acture surface of the unmodified epoxy (see Figure 7.3.6). Also, 

the samples containing nano-silica appeared similar whether they were coated with 

either platinum or gold.) 
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Figure 7.3.5. FEG-SEM micrographs of the fracture surface of a sample containing 
14.8 wt. % nano-silica. (Voids with nano-silica particles are circled in the middle and 
last image.) 
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Figure 7.3.6. FEG-SEM micrograph of the fracture surface of the unmodified epoxy. 

In addition, similar voids were observed from AFM micrographs of uncoated fracture 

surfaces of the nano-silica modified epoxies, as shown in Figure 7.3.7. (Note that this 

image is presented in black and white because of the better contrast.) However, the 

apparent diameter of the nano particle in the void highlighted in Figure 7.3.7 is 30nm, 

as shown in Figure 7.3.8; whereas transmission electron microscopy has shown that the 

mean particle size is actually ~20nm. This discrepancy is due to the 'tip-broadening 

effect' when the AFM is used to identify such small features. Namely, as the tip radius 

of the AFM probe is about lOnm, this makes features that are protruding out of a 

surface appear larger than their true size in the micrographs. Thus, the AFM can only be 

reliably used to quantitatively assess the size of relatively large voids. 
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T ^ 1 

Figure 7.3.7. AFM height image of a fracture surface of the epoxy polymer containing 
14.8 wt. % nano-silica. 
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Figure 7.3.8. Surface profile of the dashed line drawn across the nano-silica particle and 
void in the previous Figure. 

Voids with no nano-silica particles apparently present were also observed with the 

FEG-SEM. However, here the particles associated with these voids are either situated in 

the other half of the fracture surface, or are assumed to have fallen out of the surface 
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completely during fracture, as is commonly observed with micrometre-sized particles 

[83]. (It should be noted that the diameters of most of the holes are less than those 

discussed above, as the matrix is unlikely to fail across the widest point of the void. 

Additionally, the coating, which is 5nm thick, will partially fill the voids, and hence the 

observed size may be smaller than the true (uncoated) diameter.) 

Thus, the FEG-SEM mirographs show voids around some of the nano-silica particles, 

and the subsequent AFM analysis of the height images confirm that plastic deformation 

of the epoxy around some of the nano-silica particles (ie. void growth) occurs. 

7.3.2.4 Modelling the Contribution from Plastic Void Growth 
To confirm whether the observed debonding and plastic void growth which occur for 

the nano-modified epoxy could be responsible for the toughening effect, the increase in 

toughness can be compared to the results predicted from a theoretical model. A suitable 

model for this has been proposed by Huang and Kinloch [56]. This model assumes that 

the fracture specimens behave in a bulk linear-elastic manner, and that the energy 

dissipation is localised to a small plastic zone at the crack tip, as observed in the present 

work. The theory and equations presented in the present Section have been discussed in 

Section 2 . 5 . 2 . 5 in Chapter 2 , but will be briefly reviewed again to aid in the 

understanding of the arguments. 

Huang and Kinloch [56] suggested that the overall toughening contribution, was 

composed of contributions from particle bridging, localised shear banding in the epoxy 

matrix, and plastic void growth of the epoxy matrix which is initiated by cavitation or 

debonding of the particulate phase. Now, the plastic void growth mechanism has been 

reported [ 5 6 , 8 2 ] to be often the dominant toughening micromechanism, and thus the 

relationship may be written: 

Gic = Gicu +AG,, Equation 7.1 

Where AGv is the contribution to the increase in fracture energy from plastic void 

growth of the epoxy matrix. For simplicity, it will be initially assumed that the adhesion 

between the silica and epoxy phases is relatively poor, and hence debonding will not 
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contribute to the toughening effect. The contribution to the increase in fracture energy 

from the plastic void growth mechanism, AGv, is given [56] by: 

A G . = ( l - n i / 3 ) ( V . - V , ) o „ r , . K ; ' 2 
v̂m Equation 7.2 

Where is a material constant, is the volume fraction of voids, Vf is the volume 

fraction of particles, Oyc is the compressive yield stress of the unmodified epoxy 

polymer, is the radius of the plastic zone of the unmodified epoxy polymer, and K̂ m 

is the maximum stress concentration factor of the von Mises stress in the plastic matrix. 

The value of fXm, which describes the pressure sensitivity of the material in the von 

Mises yield criterion, has been reported [46] to be between 0.175 and 0.225, and is 

normally taken to be 0.2, as reported by Huang and Kinloch. The material properties for 

the calculation of AGv are summarised in Table 7.3.1. The maximum stress 

concentration factor, was found from a finite element analysis [56] to be 2.22 

around a void in an epoxy matrix. 

Table 7.3.1. Material properties of the unmodified epoxy, and constants used for 
calculation of the fracture energy, Gjc, and for the contribution to the increase in fracture 
energy from the plastic void growth mechanism, AGy. (Ref I - measured in present 
work) 

Property Symbol Ref. Units Value 

Fracture toughness K i c 1 MNm'^'^ 0.59 

Modulus E m 1 GPa 2.96 

Poisson's ratio v [ 3 1 ] - 0 . 3 5 

Tensile yield stress O y 1 MPa 6 1 . 1 

Compressive yield stress CTyc 1 MPa 7 7 J 

Von Mises pressure sensitivity M ' l T l [ 4 6 ] - 0 . 2 

Max. stress concentration factor K - v m [ 4 6 ] - 2.22 

The size of the plastic zone ahead of the crack tip can be calculated assuming linear-

elastic fracture-mechanics (LEFM) behaviour using Equation 2.12 in Chapter 2 for 

plane strain conditions. This gave a plastic zone crack tip radius of 5|im. 
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Now, Equation 7.3 requires a knowledge of the volume fraction of voids and it is 

difficult to measure this parameter accurately from the micrographs, as it is difficult to 

identify all the voids due to the resolution of the microscopes used. Nevertheless, a 

mean void diameter can be calculated from the features which are clearly voids in the 

micrographs of Figure 7.3.5, which gave a mean void diameter of 30nm. (It should be 

noted that micrographs of the formulation containing 4.1 wt. % nano-silica indicated an 

average void diameter of just below 30nm. However, some voids up to 50nm in 

diameter are observed in all formulations, where micrographs from FEG-SEM analysis 

are available.) 

The predicted toughening increment, W, was calculated using Equations 7.1 and 7.2 and 

it was assumed that the measured toughening increment is entirely caused by plastic 

void growth (i.e. *F= AGy), and that all the particles initiated the growth of voids which 

have a final diameter of 30nm. For the epoxy with 14.8 wt. % of nano-silica, the 

measured toughening increment is 303J/m^ and the predicted toughening increment is 

394J/m^. The toughening increment can also be predicted for the other formulations, for 

which FEG-SEM images are not available, assuming that the average void diameter is 

constant and that all of the particles initiate void growth. The results are shown in Table 

7.3.2. 

Table 7.3.2. Measured and predicted toughening increments. Predicted values 
calculated assuming that 'F= AG,,. (Note G/cu - 103J/m^.) 

Nano-silica content Nano-silica content Toughening increment, (J/m^) 

(wt. %) (vol. %) Measured Predicted 

4.1 2.5 188 107 

7.8 4.9 249 209 

11.1 7.1 240 297 

I4k8 9.6 303 394 

20/2 13.4 358 540 

Considering the assumptions made in the above quantitative modelling calculations, 

then firstly, it is highly unlikely that all of the particles will debond and initiate void 
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growth. Indeed, from the FEG-SEM images of the fracture surfaces in Figure 7.3.5 it 

can be seen that not all of the nano-silica particles seem to initiate void growth. The 

difficulty of quantifying the number of debonded particles, when considering the 

present nano-silica particles, has been discussed above and has been reported by van 

Hartingsveldt and van Aartsen [182] who studied the debonding of glass particles with a 

diameter of 20 to 50pm in a polyamide matrix. They clearly demonstrated that only a 

fraction of the particles debonded, but that this fraction could be as high as about 0.8 to 

0.9. Furthermore, such a value was attained at levels of applied strain which are 

relatively low compared to those which exist in the region of the crack tip, as is being 

considered in the present work. Also, the present nano-silica particles have a very 

narrow distribution of particle size. Thus, they would be expected to possess an almost 

constant value of the applied stress needed to debond them [182, 183], and hence might 

be expected to exhibit a relatively high fraction of particles which show a similar 

behaviour. (Although, previous work [182, 183] has suggested that, for a given level of 

interfacial adhesion, the nano-silica particles should require a relatively high level of 

debonding stress compared to glass particles which are many micrometres in diameter.) 

Thus, on balance, it is reasonable to assume that most of the nano-silica particles will 

debond and initiate plastic void growth in the epoxy matrix. However, clearly, if only a 

fraction of the particles initiate void growth, or if only partial debonding occurs, then 

the predicted toughening increments would be reduced compared to the values shown in 

Table 7.3.2. 

Secondly, for simplicity, it has been assumed that the adhesion between the silica and 

epoxy phases was poor. If this is not the case, then the energy absorbed by the 

debonding process will also contribute to the toughening effect. Thirdly, the presence of 

nano particles in the hgaments between the debonded nano particles will increase the 

stiffness of the plastically-deforming ligaments and the failure strain, and hence might 

be expected to increase the strain-energy density absorbed by the ligaments during their 

plastic deformation. Indeed, the data from tensile tests showed that the modulus (and the 

failure strain) increased with increasing nano-silica content (see Figure 7.2.2 (a)), and 

that the strain-energy density at fracture of the nano-silica-modified epoxy is greater 

than that of the unmodified epoxy. Clearly, both of these effects would tend to lead to 

the experimentally measured values of Gu- being greater than the predicted values. 

Hence, these effects would offset the above effect of not all of the particles debonding. 
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Nevertheless, there is no direct evidence for these effects being of significance and, for 

the present, will not be considered further. 

In summary, considering the simplifying assumptions made, the agreement between the 

measured and the predicted toughening increments is very reasonable. The predicted 

values are somewhat larger than the measured values for the high nano-silica contents, 

but the predicted values agree very well with the experimental data for the lower nano-

silica contents. This confirms that plastic void growth of the epoxy matrix, initiated by a 

void being formed by debonding of the nano-silica, can indeed produce the major 

increases in the values of the fracture energy, Gic, recorded for the nano-only samples 

from the anhydride-cured DGEBA-based system. 

7.3.3 Hybrid Toughening 

In the preceding Sections, the toughening micromechanisms of the rubber-only and 

nano-silica only materials were investigated. This Section will briefly consider the 

toughening mechanisms and synergy that occur in the hybrid samples from the three 

epoxy-based systems. 

7.3.3.1 Hybrid Toughening - Rubber 

The toughening mechanisms of the CTBN rubber remain the same in the hybrids of the 

three systems as they were in their CTBN rubber-only counterparts (see Sections 7.1.4 

and 7.3.1). That is to say, that when shear yielding was the major toughening 

mechanism in a rubber-only sample in a particular system, shear yielding was also the 

major rubber toughening mechanism in the hybrid sample of that particular system. 

7.3.3.2 Hybrid Toughening - Nano-silica 

In the amine-cured DGEBA-based system, no nano-only samples were examined due to 

time constraints. Microscopy (see Table 7.1.3) showed that for the hybrid samples at 

low nano-silica contents, the nano-silica remained well dispersed, but there was no 

statistical increase in the fracture toughness compared to a CTBN-only sample. This 

suggests that if debonding of the nano-silica particles and subsequent void growth in the 

epoxy occurred, it did so on a very limited scale. What is clear, however, is that when 

307 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

large amounts of nano-silica are present, super-clumps form which reduce the fracture 

toughness to a similar level to that of the unmodified epoxy. This is because the large 

agglomerates act like very brittle defects, and also reduce the amount of epoxy available 

for deformation [85]. Other work has shown a similar reduction in toughness because of 

large agglomerates [178,179], This would suggest that the toughness should be less than 

that of the unmodified epoxy, but some fracture resistance is still provided by the CTBN 

rubber (see Section 7.3.1 for more details on the rubber toughening mechanisms). 

For the amine-cured TGMDA-based system, it is imperative to consider the nano-only 

samples before considering the hybrid sample. The nano-only samples showed an 

increasing degree of agglomeration with increasing nano-silica content. There was no 

statistical increase in the fracture energies from the addition of nano-silica, which 

suggests that the void growth observed in the anhydride-cured DGEBA-based system 

(see Section 7.3.2.3), was not present in the amine-cured TGMDA-based system. 

Indeed, the FEG-SEM images of the nano-only latter system with 10 wt. % nano-silica 

did not show any evidence of void growth around the nano-silica particles, as may be 

seen in Figure 7.3.9. 

100 nm EHT = 5 . 0 0 kV 

W D = 6 mm 

% 

Signal A = InLens 

Mag = 180.85 K X 
Date ;13 Sep 2006 

Time : 12 :25 :48 

Figure 7,3.9. FEG-SEM micrograph of the fracture surface of an amine-cured 
TGMDA-based sample with 10 wt. % nano-silica. 
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7.3.3.3 Hybrid Toughening - Synergy 

Synergy may be defined as the change in toughness of a hybrid sample (relative to the 

unmodified epoxy) being numerically greater than the sum of the changes in toughness 

of the rubber-only sample and the nano-only sample. Synergy may therefore be 

expressed mathematically as follows: 

Equation 7.3 

Where AG is the difference in fracture energy between a toughened sample and the 

unmodified epoxy, and the subscripts hybrid, rubber and nano-silica denote the type of 

toughening. 

This synergistic effect was only observed in the anhydride-cured DGEBA-based system 

and the relevant calculations are shown in Table 7 .3 .3 . (It should be noted that where a 

hybrid sample has no exact rubber-only or nano-only counterpart, the fracture energy of 

the sample with the closest wt. % is used. For example, the hybrid sample containing 

5.03 wt. % CTBN and 5.03 wt. % nano-sihca is compared to the rubber-only sample 

containing 6 wt. % CTBN and the nano-only sample containing 4 wt. % nano-silica.) 

The table shows that all the hybrid samples based upon this epoxy system show synergy 

(ie. the AGhybnd in the fourth column is larger than the sum of AGrubber and AG„ano-siiica in 

the fifth column), except for the sample containing 18 wt. % CTBN and 9 wt. % nano-

sihca. (Whilst this sample may be an anomaly, it should still be the source of future 

research to ascertain why there was no synergy for this particular formulation.) 
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Table 7.3.3. Summary of the fracture energy results to show synergy for epoxy 
polymers based upon the anhydride-cured DGEBA-based system. The blue cells denote 
the hybrids. The fourth column, AG, denotes the difference in the measured fracture 
energy for the rubber-only, nano-only and hybrid samples compared to the unmodified 
epoxy. (NA - Not applicable) 

wt. % 
CTBN 

wt, % 
nano-silica 

G i c A G A G r u b b e r 

A G nano-s i l i ca 

0 0 1 0 3 0 

0 4 291 188 

0 7 . 8 352 249 

0 1 1 . 1 343 240 

0 14^ 406 303 AW 

0 2&2 461 358 

6 0 221 1 1 8 

5.03 5^3 1068 965 118+188 = 346 

5 . 1 7 2.59 889 786 118+188 = 306 

9 0 4 4 4 3 4 1 

9 2 . 3 1 0 5 0 P'XZ 341+188 = 129 

9 4 . 5 918 815 341+188 = 590 

9 9 977 341+249 = 590 

9 1&5 1 2 4 0 1137 3 4 1 + 2 4 0 = 5 5 / 

9 1 5 . 4 1 4 8 0 7377 341+303 = 644 

1 8 0 763 660 

1 8 9 546 443 660+249 = 909 

1 8 1 8 1 1 6 7 1064 6 6 0 + 3 5 8 = 1 0 1 8 

Whilst future work will investigate the toughening micromechanisms for the synergy 

observed in this system (ie. from having both rubber and nano-silica particles present) 

in more detail, one possible explanation will be suggested below. 

3 1 0 



CHAPTER 7 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: BULK EPOXY 

Using Equation 2.12 in Chapter 2 to calculate the plastic zone size ahead of the crack 

tip, it was found that for the unmodified epoxy i^m, for a nano-only sample 

r^-lOiJ-m, and for a rubber-only sample rp~20\mi. Thus, compared to the unmodified 

epoxy and nano-modified epoxy, the triaxial stresses are large for a greater distance 

ahead of the crack tip in the rubber-modified epoxy. It follows that in the hybrid 

samples (because of the presence of the rubber particles, and the subsequent larger 

plastic zone), more nano-silica particles would have a sufficiently higher triaxial stress 

acting on them to cause debonding and subsequent plastic void growth of the epoxy 

(compared to a nano-only sample). In addition, the debonding and subsequent plastic 

void growth in the hybrid modified epoxy would further increase the plastic zone size, 

and the stresses would be relatively larger for an even greater distance ahead of the 

crack tip (and even more nano-silica particles would debond), which would lead to an 

increase in toughness. 

7.4 Chapter Summary 
This Chapter has compared and contrasted the microstructure, material properties and 

fracture of bulk epoxy polymers from an amine-cured DGEBA-based system, an amine-

cured TGMDA-based system, and an anhydride-cured DGEBA-based system. The 

rubber, nano-silica, and hybrid fracture mechanisms were also investigated. 

It was found that the major rubber toughening mechanisms were shear yielding, 

plasticisation of the epoxy, rubber cavitation and plastic void growth of the epoxy. The 

dominant nano-silica toughening mechanism in the anhydride-cured DGEBA-based 

system was found to be due to the debonding of the nano-silica particles and the 

subsequent plastic void growth in the epoxy around the nano particles. In the anhydride-

cured DGEBA-based system's hybrid samples, a synergistic effect was observed. This 

was possibly caused by the rubber enabling higher triaxial stresses in a relatively large 

plastic zone ahead of the crack tip, leading to more nano-silica particles debonding (and 

more plastic void growth in the epoxy) than in its nano-only counterpart. 

The next Chapter will compare and contrast the material properties, fracture and 

toughening mechanisms in fibre reinforced polymers (FRPs) that use the bulk epoxy 

polymers discussed in this Chapter, as their matrices. 
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CHAPTER 8 

SYSTEM COMPARISONS AND TOUGHENING 

MECHANISMS: FRPS 

8 Introduction 
This Chapter will compare and contrast the mode 1 interlaminar fracture energies, the 

flexural moduli and discuss possible toughening mechanisms of the FRPs of the three 

epoxy-based systems. Thus, three sets of laminates were manufactured by vacuum-

assisted resin transfer moulding (VARTM) and were supplied using the formulations 

and systems discussed in the previous Chapter as the matrices. These were therefore; 

1. The amine-cured DGEBA-based system reinforced with glass fibres. Eight plies 

of isotropic linen-weave glass fibre fabric with a density of 200g/m^, arranged in 

a 0/90° pattern, were used. 

2. The amine-cured TGMDA-based system reinforced with carbon fibres. Eight 

plies of isotropic linen-weave carbon fibre fabric with a density of 370g/m^, 

arranged in a 0/90° pattern, were used. 

3. The anhydride-cured DGEBA-based system reinforced with carbon fibres. Six 

plies of isotropic linen-weave carbon fibre fabric with a density of 168g/m^, 

arranged in a 0/90° pattern, were used. 

It should be reiterated that nano-silica particles do not adversely affect manufacturing 

processes such as VARTM, since the particles are not 'strained out' (which limits the 

use of micron-sized glass particles in FRPs), nor is the viscosity of the resin 

significantly increased. 
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8.1 Mode I Fracture Energy 
Figure 8.1.1 shows bar charts of the mode I (initiation) interlaminar fracture energies 

calculated using the CBT method (see Equations 3.6-8 in Chapter 3) for all three 

systems. As discussed in Section 3.1 in Chapter 3, the three laminates have different 

applications and are therefore reinforced with different types of fibres, so it may be 

inappropriate to make a direct comparison of the values of the absolute fracture 

energies. 

What is apparent, however, is that compared to the respective control (ie. the laminate 

with an unmodified epoxy matrix) even the most apparent fracture-resistant laminate 

based on the amine-cured DGEBA-based system is not actually statistically tougher 

than the control (see Figure 8.1.1 (a)). Nevertheless, the amine-cured TGMDA-based 

system demonstrates a 1.5 times increase in the interlaminar fracture energy. The 

anhydride-cured DGEBA-based system demonstrates a 2.5 times increase in the 

interlaminar fracture energy using the best modified epoxy compared to the 

corresponding unmodified epoxy matrix. Clearly the biggest improvement due to the 

inclusion of nano-silica and CTBN rubber as the matrix tougheners comes from the 

FRPs employing an anhydride-cured DGEBA matrix. Now, a better comparison of the 

results may be between the bulk fracture energies and the FRP fracture energies for a 

given system, as will be discussed below. 
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Figure 8.1.1. Mode I (initiation) interlaminar fracture energies calculated using the 
CBT method for laminates with matrices of: (a) amine-cured DGEBA, (b) amine-cured 
TGMDA, and (c) anhydride-cured DGEBA. (The 'control' employs the appropriate 
unmodified epoxy as the matrix for the FRP.) 
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Therefore, Figure 8.1.2 shows a comparison between the interlaminar fracture energies 

of the FRPs and the corresponding bulk fracture energies for the three systems 

investigated. These graphs illustrate the transfer (or lack thereof) of fracture resistance 

from the bulk epoxy systems to the corresponding FRPs. 

It can be seen from Figure 8.1.2 (a) that the fracture resistance of the control (ie. the 

unmodified) FRP for the amine-cured DGEBA-based system is enhanced compared to 

the bulk epoxy, since Gic(FRP)>Gic(Buik)- The fracture resistance is transferred from the 

bulk epoxy to the FRP in two of the hybrids and the CTBN-only sample (ie. 

Gic(FRP)~Gic(Buik))- However, in the five remaining hybrid epoxy systems, there is no 

transfer of toughness (ie. Gic(frp) < Gic(Buik))-

All the laminates manufactured using the amine-cured TGMDA-based system (see 

Figure 8.1.2 (b)) and the anhydride-cured DGEBA-based system (see Figure 8.1.2 (c)) 

show a transfer or enhancement of fracture resistance from the bulk epoxy polymer to 

the FRPs, since Gic(FRP)>Gic(Buik)- Indeed, only the two nano-only samples in the amine-

cured TGMDA-based system showed merely a transfer of toughness, whereas all other 

samples in that system, as well as all the samples in the anhydride-cured DGEBA-based 

system, showed an enhancement of toughness. The laminates with the largest increase 

in fracture energy, compared to their bulk counterparts, were the CTBN-only samples in 

both systems: both of which had an approximate CTBN concentration of 8.5 wt. %. 

Overall, therefore, the anhydride-cured DGEBA-based system demonstrated the best 

enhancement of bulk toughness to the corresponding FRP. In addition, the hybrid 

laminates from this system had the highest fracture energies of this system, and these 

results are circled in pink in Figure 8.1.2 (c). A more in-depth discussion on the 

toughening mechanisms in the FRPs can be found in the next Sections. 
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Figure 8.1.2. Comparison between the interlaminar FRP and bulk epoxy fracture 
energies for the: (a) amine-cured DGEBA-based system, (b) amine-cured TGMDA-
based system, and (c) anhydride-cured DGEBA-based system (Note: the hybrid 
toughened systems are circled in pink in Figure 8.1.2 (c)). 
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S.2 FRP Fracture Comparisons and Toughening l\/lechanisms 
Micrographs of the fracture surfaces of the mode I FRP samples were obtained in order 

to ascertain the toughening mechanisms that occur during fracture. Such micrographs 

are considered below to help explain the results shown in Figure 8.1.2. 

8.2.1 Unmodified Epoxy Matrices 

Figure 8.2.1 shows a comparison of laminates from the three systems, each having 

unmodified matrices, and crack propagation from right to left. Firstly, the micrograph in 

Figure 8.2.1 (a) is from the amine-cured DGEBA-based system and shows poor 

adhesion between the fibres and the matrix. Indeed, this FRP was only ~2 times more 

fracture resistant than its bulk epoxy counterpart. Secondly, the FRPs shown in Figure 

8.2.1 (b) and (c) (from the amine-cured TGMDA-based system and the anhydride-cured 

DGEBA-based system respectively) show a relatively high degree of deformation of the 

matrix compared to the laminate from the amine-cured DGEBA-based system. Indeed, 

these two laminates also show better adhesion between the fibres and matrix, than the 

laminate from the amine-cured DGEBA-based system. This good adhesion between 

fibres and matrix undoubtedly contributes to these laminates having -3.5 times the 

fracture energy of the corresponding bulk epoxy (see Figure 8.1.2 (b) and (c)). 

mmrnmssmn 

Figure 8.2.1. Micrographs of the fracture surface of laminates with unmodified matrices 
from the: (a) amine-cured DGEBA-based system, (b) amine-cured TGMDA-bascd 
system, and (c) anhydride-cured DGEBA-based system. 
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8.2.2 Nano-silica Modified Matrices 

No laminates from the amine-cured DGEBA-based system that were toughened with 

only nano-silica were examined, due to time constraints. However, FRP laminates were 

manufactured using nano-silica modified epoxy matrices based on the other two 

systems. Micrographs of the fracture surfaces of these FRPs are shown in Figure 8.2.2, 

where the crack growth is from right to left. There appears to be good adhesion between 

the matrix and fibres in all of the samples, as well as some deformation of the epoxy 

matrix. This suggests that the fracture energy of the laminates should at least be of a 

similar magnitude to that of the corresponding bulk epoxy system, which is exactly 

what was observed as shown in Figure 8.1.2 (b) and (c). 

The fracture surfaces of the FRPs in Figure 8.2.2 (a) and (b) containing 5 and 10 wt. % 

nano-silica respectively, from the amine-cured TGMDA-based system, have similar 

fracture energies compared to that of their corresponding bulk epoxy (see Figure 8.1.2 

(b)). There is evidence of fibre pull-out, debonding, and good fibre-matrix adhesion, so 

this might suggest a higher fracture energy than that of the bulk epoxy. However, in the 

absence of AFM or TEM images, it can only be postulated that agglomeration of the 

nano-silica occurred during manufacture of the laminates, and hence had a detrimental 

effect on their inter laminar fracture energies. It is noteworthy that these two FRPs also 

possessed a much lower interlaminar fracture energy than the control laminate, which 

again suggests a change in the morphology of the matrix during FRP manufacture. 

From Figure 8.1.2 (b) and (c) it can be seen that the only nano-only FRP laminates that 

showed an improvement in their fracture energies compared to their corresponding bulk 

epoxy, were those from the amine-cured TGMDA-based system containing 19.5 wt. % 

nano-silica (see Figure 8.2.2 (c)), and from the anhydride-cured DGEBA-based system 

containing 11.5 wt. % nano-silica (see Figure 8.2.2 (d)). However, neither FRP showed 

a significant improvement in their interlaminar fracture energy compared to their 

respective control FRP laminate. This reveals that nano-silica particles alone do not 

enhance the interlaminar fracture energy of either the amine-cured TGMDA-based 

system or the anhydride-cured DGEBA-based system, compared to the fracture energy 

of the respective bulk epoxy. This implies that the debonding of the nano-silica particles 

and subsequent epoxy void growth that was observed and discussed in Chapter 7, 
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probably does not occur in this FRP laminate based upon the anhydride-cured DGEBA-

based system. 

' :t 

50.0 |im 

Figure 8.2.2. Micrographs of the fracture surface of laminates with the following 
matrices: (a) 5 wt. % nano-silica in an amine-cured TGMDA-based system, (b) 10 wt. 
% nano-silica in an amine-cured TGMDA-based system, (c) 19.5 wt. % nano-silica in 
an amine-cured TGMDA-based system, and (d) 11.5 wt. % nano-silica in an anhydride-
cured DGEBA-based system. 

8.2.3 Rubber Modified Matrices 
The CTBN-only laminates based upon the amine-cured DGEBA-based system were the 

only CTBN-only laminates that showed no enhancement in fracture energy compared to 

their respective bulk epoxy system (see Figure 8.1.2). Indeed, an examination of the 

fracture surface (a representative example of which is shown in Figure 8.2.3 (a), where 

the crack growth is from right to left), shows that although there was evidence of 

cavitated rubber particles, failure occurred due to poor adhesion between the fibre and 

matrix (as suggested by the 'clean' fibres). As a result, the epoxy matrix was not 

allowed to deform to its full potential, since the crack propagated between the fibres and 

matrix and not exclusively through the epoxy. It should also be noted that the addition 
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of only CTBN to the epoxy matrices did not improve the interlaminar fracture energy of 

the amine-cured DGEBA-based FRP compared to the control FRP. 

The fracture energies of the CTBN-only laminates based upon the amine-cured 

TGMDA-based system and the anhydride-cured DGEBA-based system were higher 

than that of their corresponding bulk epoxies and control laminates (see Figure 8.1.2 (b) 

and (c)). This is assumed to arise from the observation that in both systems (as shown in 

Figure 8.2.3 (b) and (c), where the crack growth is from right to left) there was good 

adhesion between the fibres and the matrix, and there was extensive plastic deformation 

of the matrix as well as rubber cavitation. However, the cavitation was not extensive, 

and indeed appeared to be as infrequent, and of the same size, as was observed for the 

respective bulk epoxies. 

Figure 8.2,3. Micrographs of the fracture surface of laminates with the following 
matrices: (a) 6.9 wt. % CTBN in an amine-cured DGEBA-based system, (b) 8 wt. % 
CTBN in an amine-cured TGMDA-based system, and (c) 9 wt. % CTBN in an 
anhydride-cured DGEBA-based system. 
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8.2.4 Hybrid Modified Matrices 

The hybrid laminates of the three systems are a complex group to discuss: indeed, the 

hybrid FRP laminates of the amine-cured DGEBA-based system had relatively low 

fracture energies compared to both the bulk epoxy and the control FRP laminate (see 

Figure 8.1.2 (a)). Although there was not sufficient time to investigate the 

microstructure of the laminates, it is reasonable to assume that the formations of super-

clumps of nano-silica (ie. at high nano-silica contents) observed in the bulk epoxy 

polymer (see the summary of the hybrid microstructures in Table 7.1.3 in Chapter 7), 

was also present in the matrix of the laminates. This would be likely to have caused a 

sharp decrease in the fracture resistance of the matrix. In addition, micrographs of the 

fracture surfaces showed that there was poor adhesion between the fibres and the 

matrix, which would also contribute to the lack of fracture resistance. This poor 

adhesion was a common feature of the laminates with an amine-cured DGEBA-based 

matrix (see Section 4.2.2 in Chapter 4 for all the SEM micrographs), and one way to 

improve the adhesion between the fibres and matrix, might be to surface-treat the fibres 

[32] with an organoflinctional alkoxysilane [31]. 

The micrographs shown in Figure 8.2.4 (a) and (b) are of hybrid laminates from the 

amine-cured TGMDA-based system and the anhydride-cured DGEBA-based system 

respectively, with comparable CTBN contents (-8.5 wt. % CTBN). Both have higher 

interlaminar fracture energies than their respective bulk epoxy polymers (see Figure 

8.1.2 (b) and (c)). However, compared to their control laminates, the interlaminar 

fracture energy of the FRP based upon the amine-cured TGMDA-based system is 

comparable, and the FRP from the anhydride-cured DGEBA-based system is twice as 

fracture resistant. Compared to their CTBN-only FRP counterparts, the further addition 

of nano-silica to the amine-cured TGMDA-based system decreases its interlaminar 

fracture energy; whereas the hybrids based upon the anhydride-cured DGEBA-based 

system have comparable interlaminar fracture energies. 
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Figure 8.2.4. Micrographs of the fracture surface of laminates with the following 
matrices: (a) 8 wt. % CTBN and 10 wt. % nano-silica in an amine-cured TGMDA-
based system, and (b) 9 wt. % CTBN and 2.3 wt. % nano-silica in an anhydride-cured 
DGEBA-based system. 

In the amine-cured DGEBA-based system, a common observation was the poor 

adhesion between the fibres and matrix, which may have led to a poor transfer of 

fracture energy from the bulk epoxy to the corresponding FRP. Kin loch and Taylor [20] 

showed that if there was perfect adhesion between the fibres and the matrix, then the 

FRP laminate would fail through the epoxy, and the fracture energy would simply be 

the same as that of the bulk matrix. If there was zero interfacial adhesion, the fracture 

energy would be slightly lower than that of the polymer, since the woven mat only 

covers a fraction of the bonded surface. However, in this amine-cured DGEBA-based 

system, the fracture surface showed a large surface area occupied by the woven mat, 

which might explain why the FRP interlaminar fracture energy was so much lower in 

some cases than the bulk epoxy. 

Indeed, it has also been noted [20] that intermediate levels of fibre-matrix adhesion 

would give the highest fracture energy. This might explain what was observed in the 

FRPs based upon the amine-cured TGMDA-based system and the anhydride-cured 

DGEBA-based system, since additional toughening was contributed by the fibres. 

Evidence of fibre debonding, pull-out and bridging was observed. It should be noted, 

however, that because of the woven nature of the fibres, they would only be able to 

bridge a short distance (unlike a unidirectional laminate) and would give small R-curves 

[11,20]. Indeed, the R-curves for all three epoxy based systems were either very small, 

or non-existent, which agrees well with the literature. 
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8-2.5 Summary 

In general, the toughness values were not transferred from the bulk epoxy to the 

laminates in the amine-cured DGEBA-based system. The main reason for this is 

suggested to be the poor interfacial bonding between the fibres and matrix. In the case 

of the amine-cured TGMDA-based system there was possibly also agglomeration of the 

nano-silica particles during the manufacture of the FRP laminates which helped lead to 

relatively low fracture energies. However, for this latter system the CTBN-only and 

hybrid FRP laminates possessed relatively high values of interlaminar toughness. The 

best laminates were from the anhydride-cured DGEBA-based system. These showed an 

enhancement of fracture energy from bulk to laminate, and the hybrid FRPs in particular 

had excellent interlaminar fracture resistance compared to the FRP control laminate. 

The dominant toughening mechanisms in these hybrid laminates were plastic 

deformation of the polymer matrix, cavitation of the rubber particles as well as some 

additional contributions from fibre debonding, pull-out and bridging. 

8.3 Flexural Modulus 
No flexural modulus tests were performed on the laminates manufactured using the 

amine-cured DGEBA-based system because of their relatively poor standard of 

manufacture and surface finish. Indeed, many of these samples were 'epoxy-rich' and 

any values of laminate modulus would have been very misleading. 

However, flexural modulus tests were performed on FRP laminates manufactured using 

the amine-cured TGMDA-based system and the anhydride-cured DGEBA-based 

system. The laminates from the amine-cured TGMDA-based system were manufactured 

to a good standard. The laminates appeared to have a good surface-finish, were 

relatively uniformly thick, and the cracks during interlaminar fracture tests generally 

propagated through the mid-plane of the laminate, and gave a small scatter of results. 

This suggests that FRPs from this latter system had a relatively consistent fibre;epoxy 

ratio. However, the results from the anhydride-cured DGEBA-based system had to be 

adjusted after detailed fibre volume analysis showed the inconsistency of the 

fibre;epoxy ratio in that system's FRPs. 

323 



CHAPTER 8 SYSTEM COMPARISONS AND TOUGHENING MECHANISMS: FRPS 

The modulus results are presented in Figure 8.3.1, and similar trends can be observed in 

both systems. Both systems show that the addition of nano-silica (which has a much 

higher modulus than the epoxy matrix [137,138]) produces a small increase in the 

flexural modulus. Conversely, the addition of CTBN (with a much lower modulus than 

the epoxy matrix [126]) causes a sUght decrease. Hybrid FRP laminates had similar, or 

even higher moduli, than their respective control samples. Both sets of laminate moduli 

are fibre-dominated, with the amine-cured TGMDA-based system having a modulus of 

~30GPa, and the anhydride-cured DGEBA-based system having a modulus of ~26GPa. 

(It should be noted that the main reason that the FRPs based upon the amine-cured 

TGMDA-based system have a higher flexural modulus is because more carbon fibre 

pHes of a higher fibre density were used than in the anhydride-cured DGEBA-based 

system.) Mouritz [37] performed flexural modulus tests on a wide variety of FRPs with 

different fibres, including woven glass and carbon fibres. He showed results of between 

25 and 30GPa which agree well with the values obtained in this study. Thus, in both 

systems it has been shown that the addition of nano-silica makes the laminates stiffer, 

and such addition can retrieve some of the stiffness lost when CTBN is added. The 

latter point is especially important for the amine-cured TGMDA-based system, since 

CTBN is not traditionally used in high performance applications [33]. However, the 

present study has shown that laminates from this system can be both fracture resistant 

and stiff if nano-silica is added. 
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Figure 8.3.1. Flexural modulus results for laminates with the following matrices: (a) 
amine-cured TGMDA, and (b) anhydride-cured DGEBA. 

8.4 Chapter Summary 
This Chapter has compared and contrasted the properties of the bulk epoxy materials 

and the corresponding FRP laminates of the three epoxy systems. The FRP laminates 

based upon the amine-cured DGEBA-based system showed a poor transfer of toughness 

from the bulk epoxy to the FRPs. This was suggested to arise from the relatively poor 
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adhesion between the fibres and the matrix. However, there was a good transfer of 

toughness, and even a significant enhancement of toughness in some instances, 

observed for FRPs based upon the amine-cured TGMDA-based system and the 

anhydride-cured DGEBA-based system. It was suggested that the major reason for this, 

was the good adhesion between the fibres and these matrices leading to the toughening 

mechanisms of the bulk epoxy being able to operate; and also enabling other additional 

toughening mechanisms from the presence of the fibres to function. Overall, the nano-

sihca particles had the most significant, positive effect on the toughness of the FRP 

laminates manufactured using the anhydride-cured DGEBA-based system. In addition, 

it was found that the nano-silica particles can reinstate any stiffness that was lost due to 

the CTBN rubber being present: an exciting development that might permit CTBN to be 

used in FRP laminates based upon the amine-cured TGMDA-based, and other similar, 

systems. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

9 Background 
Over the course of this Thesis, the reader has been introduced to the use of nano-silica 

particles and carboxyl-terminated butadiene acrylonitrile (CTBN) rubber as toughening 

agents in three epoxy-based systems, namely two different epoxies cured with three 

different hardeners. The present Chapter will firstly summarise the main findings and 

conclusions regarding the microstructure and the material properties of each epoxy-

based system. Secondly, it will compare and contrast the microstructure, material 

properties and fracture of the three epoxy-based systems. Thirdly, it will discuss and 

summarise the main toughening mechanisms in both the epoxy polymers and the fibre-

reinforced polymer (FRP) laminates, which have been manufactured using the three 

epoxy-based systems as the matrices. Finally, several areas of future work will be 

suggested to answer some of the questions arising from the present work, and to assist 

in further understanding the material properties and fracture of these nano-toughened 

epoxy systems. 

9.1 Material Properties of ttie Epoxy-Based Systems 
This Section will summarise the main findings from the research performed on the three 

epoxy-based systems to ascertain their microstructure and material properties. 

9.1.1 Amine-cured DGEBA-based System 

This system was discussed in detail in Chapter 4. No samples with only nano-silica 

were provided for this system due to time constraints. The CTBN-only bulk epoxy 
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polymers had a microstructure where up to about 80% of the CTBN rubber had phase-

separated into well-dispersed, spherical rubber particles of up to 0.5pm in diameter. 

Compared to the unmodified epoxy, increasing amounts of CTBN caused a 5% decrease 

in the glass transition temperature and up to a 30% decrease in the tensile modulus, but 

an increase in the fracture energy up to 200%. The value of Gu- of the untoughened (ie. 

unmodified) epoxy being 612J/m\ whilst that for the epoxy toughened with 10.9 wt. % 

of CTBN, which showed the maximum toughness, was 1835J/m^. 

Considering the 'hybrid' materials (ie. where both the nano-silica particles and the 

CTBN rubber were present), the nano-silica remained well-dispersed in the epoxy at 

low wt. % concentrations but formed large agglomerates of up to 4pm in diameter (ie. 

'super-clumps') at higher concentrations of nano-silica. The morphology of the nano-

sihca particles was independent of the CTBN content; and the size and shape of the 

rubber particles were unaffected by the presence of the nano-silica particles. However, 

the presence of nano-silica particles in the hybrids did suppress the degree of phase 

separation of the rubber particles, and hence lowered the glass transition temperature of 

the epoxy. The tensile modulus of these hybrids increased with increasing amounts of 

nano-silica and the stiffness that was lost by the presence of the CTBN was restored. It 

should be noted that the measured tensile moduli of all the bulk epoxy polymers agreed 

well with the predictive analytical models. Compared to the CTBN-only samples, the 

additional presence of the nano-silica did not increase the fracture energy of the epoxy 

at low wt. % concentrations and, the fracture energy actually decreased compared to 

that of the unmodified epoxy due to the formation of super-clumps at high nano-silica 

contents. It may therefore be concluded that, in the hybrids, the additional presence of 

the nano-silica in relatively low concentrations (eg. less than 5 wt. %) results in a 

similar value of the fracture energy shown by its CTBN-only counterpart, but increases 

the sfiffhess. For example, the value of Gu- of the epoxy toughened with 6.9 wt. % of 

CTBN was 1595J/m^, whilst that for the hybrid material containing 6.9 wt. % CTBN 

and 3.5 wt. % nano-silica, was 1674J/m^. The values of the moduli, E, were 2.84GPa 

and 3.09GPa, respectively. 

There was a poor transfer of the fracture energy from the variously toughened amine-

cured DGEBA-based polymers to the FRP laminates, which used this system as the 
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matrix material. Indeed, disappointingly, none of the modified laminates were more 

fracture resistant than the control laminate based upon the untoughened epoxy system. 

9.1.2 Amine-cured TGMDA-based System 

This system was discussed in detail in Chapter 5. For the bulk epoxy polymers 

containing nano-silica only, the nano-silica particles formed increasingly large 

agglomerates with increasing nano-silica content. (It should be noted that the 

agglomerates formed in the nano-only bulk epoxy polymers consisted of up to about 

twelve nano-silica particles, and were much smaller than the 'super-clumps' observed in 

the amine-cured DGEBA-based system.) As the concentration of nano-silica was 

increased no significant changes in the glass transition temperature or the fracture 

energy were observed, but the tensile moduli of these epoxy polymers which contained 

only the nano-silica particles did increase. 

Only 25% of the rubber phase-separated into spherical particles of up to 1pm in 

diameter in the CTBN-only and hybrid bulk epoxy polymers. It was found that the 

nano-silica particles in the hybrid formed three-dimensional necklace-like chains of up 

to 1.5|j.m in length and 0.5|j.m in width. Rubber on its own caused a decrease in the 

tensile modulus, but the addition of the nano-silica (ie. to form a hybrid) restored this 

lost stiffness. It should be noted that, again, the measured tensile moduli of all the bulk 

epoxy polymers agreed well with the predictive analytical models. Compared to the 

unmodified epoxy polymer, the addition of only CTBN caused the fracture energy to 

triple, and the further addition of nano-silica (ie. to form a hybrid bulk polymer) caused 

a further increase in Gic. For example, the value Gu- of the untoughened epoxy was 

176J/m^, whilst that of the 8 wt. % CTBN-only polymer was 640J/m^; and that of the 

hybrid containing 8 wt. % CTBN and 10 wt. % nano-silica, which demonstrated the 

maximum toughness, was 798J/m^. 

Considering the FRP laminates toughened with only nano-silica, it was found that, 

compared to the control laminate, which employed the unmodified epoxy matrix, the 

addition of 19.5 wt. % nano-silica produced a laminate that was slightly stiffer than the 

control laminate, but had a similar interlaminar fracture energy to that of the control 

laminate, (ie. the values of Gu- being about 750J/m^). However, lower concentrations of 
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nano-silica in the epoxy matrix produced laminates that were more brittle than the 

control laminate, but were of a similar fracture energy to that of their corresponding 

bulk epoxy polymers, (ie. the values of Gic being about 300J/m^). 

The FRP laminate with the CTBN-only modified matrix had the highest interlaminar 

fi"acture energy of these various laminates, (ie. more than twice that of the untoughened 

Gic value of 764J/m^), but the lowest flexural modulus. The addition of nano-silica (ie. 

to form a hybrid matrix) reinstated the lost stifftiess, but reduced the interlaminar 

fracture energy to a level that was slightly higher than that of the control laminate, (ie. 

~1000J/m^). Now, relatively high concentrations of CTBN are not normally used for 

high performance laminates based upon TGMDA, due to the presence of the CTBN 

causing a reduction in the stifftiess. Nevertheless, it can be concluded that using a 

hybrid matrix (ie. one containing both CTBN rubber and nano-silica) based upon this 

epoxy system can lead to FRP laminates with good stiffness and good fracture 

resistance, which represents a combination of highly desirable properties for laminates 

destined for use in the aerospace industry. 

9.1.3 Anhydride-cured DGEBA-based System 

This system was discussed in detail in Chapter 6. Considering the bulk epoxy polymers 

containing only nano-silica, it was found that even at relatively high nano-silica 

contents, the nano-silica particles remained well dispersed in the bulk epoxy. Compared 

to the unmodified epoxy, increasing the nano-silica content produced a steady increase 

in the tensile modulus (of up to 30%), up to a 300% increase in the fracture energy, and 

no change in the glass transition temperature of the epoxy. Thus, for example the value 

of Gic increased from 103J/m^ for the unmodified epoxy, to 461 J/m^ for the epoxy 

polymer containing 20.2 wt. % of nano-siUca particles. 

Compared to the unmodified bulk epoxy polymer, the addition of CTBN produced 

decreases in the tensile modulus and the glass transition temperature of the epoxy. 

However, the fracture energy increased up to 600% at relatively high amounts of CTBN 

(ie. to a value of 7 6 3 j W when 18wt. % of CTBN was present) but only a fraction of 

the CTBN phase separated into spherical rubber particles of up to 1 pm in diameter. 
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Microstructural investigation of the hybrid epoxy polymers showed that the nano-silica 

particles formed three-dimensional necklace-like structures of up to 3 jam in length and 

0.5i^m in width at high CTBN contents (eg. more than 9 wt. %), but remained well 

dispersed at lower CTBN contents (ie. the nano-silica microstructure was dependent on 

the CTBN content). The nano-silica particles increased the tensile modulus but reduced 

the glass transition temperature of the epoxy, since they appear to suppress the phase 

separation of the rubber particles. It should be noted that the measured tensile moduli of 

all the bulk epoxy polymers again agreed well with the predictive analytical models. In 

general, the fracture energy of the hybrid modified epoxies (ie. for a given CTBN 

content) increased with increasing nano-silica content, and a synergistic toughening 

effect between the CTBN and the nano-silica was observed. Thus, for example the value 

of Gic increased from 103J/m^ for the unmodified epoxy to 1480J/nf for the hybrid 

epoxy polymer containing 9 wt. % of CTBN rubber and 15.4 wt. % of nano-silica 

particles. 

Compared to the control laminate, the presence of nano-silica particles in the epoxy 

matrix improved the flexural modulus of the laminate, but produced no significant 

change in the interlaminar fracture energy. However, the addition of only CTBN 

reduced the flexural modulus, but doubled the interlaminar fracture energy compared to 

the control laminate, (ie. from 439 to 1044J/m^). When nano-silica was added (ie. to 

form a hybrid matrix), the flexural modulus increased and the interlaminar fracture 

energy either remained the same, or increased relatively slightly compared to the 

laminate toughened with only CTBN. It may be concluded that when this epoxy-based 

system is used as the matrix for FRPs, a hybrid modified laminate (ie. containing both 

CTBN and nano-sihca in the epoxy matrix) can have a relatively high fracture energy, 

as well as stiffness. The laminates using anhydride-cured DGEBA-based matrices, 

together with woven carbon-fibres, are employed in sporting equipment, such as tennis 

racquets and ski poles, and for such laminates, this combination of properties is highly 

desirable. 

9.2 Toughening Micromechanisms 
This Section will summarise the main toughening micromechanisms in the bulk epoxies 

and the FRPs, which were discussed in detail in Chapters 7 and 8 respectively. 
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9.2.1 Toughening Micromechanisms in the Bulk Epoxy Polymers 

Detailed investigations into the nano-silica toughening mechanisms were only 

performed on the bulk epoxy polymers based upon the anhydride-cured DGEBA-based 

system due to time constraints. It was concluded that there was very little evidence to 

suggest that the nano-silica particles toughen the epoxy by means of crack pinning or 

crack deflection. Indeed, the fractographical evidence suggested that the toughening 

effect was caused by the debonding of the nano-silica particles, and the subsequent 

plastic void growth of the epoxy in the immediate vicinity around the particle. A 

comparison of the fracture energies measured experimentally to the theoretical values 

obtained from an analytical model suggested that plastic hole growth in the epoxy 

polymer, following the debonding of the nano-silica particles, can indeed produce the 

major increases in toughness that were observed in this epoxy system from the presence 

of well-dispersed nano-silica particles. 

The fracture surfaces of the bulk epoxy polymers toughened with only CTBN rubber in 

the amine-cured DGEBA-based system, showed increasing amounts of cavitated rubber 

particles with increasing rubber concentrations. It may be concluded that, in the amine-

cured DGEBA-based system, the cavitated rubber particles facilitate plastic hole growth 

of the epoxy, which increases the toughness of the rubber modified epoxy polymers. 

This is in contrast to the amine-cured TGMDA-based system and the anhydride-cured 

DGEBA-based system, where there was very little evidence of rubber cavitation on the 

fracture surfaces. Indeed, the major rubber toughening mechanisms in these two 

systems are believed to be from (a) the shear yielding of the epoxy between the phase 

separated rubber particles, and (b) the plasticisation of the epoxy by the rubber that 

remained in solution in the epoxy phase. 

9.2.2 Toughening Micromechanisms in the FRPs 

There was very little transfer of toughness from the bulk epoxies to the FRPs for the 

amine-cured DGEBA-based system. However, there was a good transfer, and in many 

cases an enhancement, of toughness in the amine-cured TGMDA-based and the 

anhydride-cured DGEBA-based systems, upon comparing the interlaminar fracture 

energies of the FRP laminates to the fracture energies of the corresponding bulk epoxy 

polymers. 
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It is believed that the lack of transfer of toughness in the amine-cured DGEBA-based 

system may have been due to the poor adhesion between the fibres and the matrix. This 

would have suppressed the deformation of the epoxy matrix. Hence, the bulk 

toughening mechanisms, that were discussed in the previous Section, would not have 

been able to operate. 

There was much better adhesion between the fibres and the matrix in the FRPs based 

upon the amine-cured TGMDA-based and the anhydride-cured DGEBA-based systems. 

This is suggested to have led to the bulk toughening mechanisms being able to operate, 

which led to the transfer of toughness that was observed in many of the laminates. 

Where an enhancement of toughness was recorded in these two systems, it is believed 

that this extra toughness was provided by fibre toughening mechanisms such as fibre 

debonding, fibre pullout and a limited amount of fibre bridging. 

9.3 Concluding Remarks 
Whilst CTBN rubber and micron-sized glass particles have been used in previous 

studies as tougheners for epoxies, and the material properties and fracture of such 

toughened epoxies have been studied in great detail, the present work has examined a 

novel toughening agent; silica spheres of approximately 20nm in diameter which are 

formed in-situ in the epoxy resin to give the potential for an excellent dispersion of the 

nano particles in the cured epoxy polymer. 

The present work has shown that in three different epoxy-based systems, the addition of 

nano-silica has had no effect on the glass transition temperature of the epoxy, except 

where its presence influences the phase separation of the CTBN rubber, if present, to 

form a 'hybrid' toughened polymer. Nano-silica particles can increase the stiffness of 

the bulk epoxy polymer, and restore any decrease in the stiffness caused by the presence 

of rubber in the hybrid bulk epoxy polymers. The most significant increases in 

toughness were observed in the hybrid bulk epoxy polymers, where both CTBN rubber 

and nano-silica were employed. When the nano-silica particles are well-dispersed, or 

form three-dimensional necklace-like chains, as in the hybrids, significant increases in 

toughness were observed. Indeed, a strong synergistic toughening effect between the 
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nano-silica particles and the CTBN rubber was observed in many of the hybrid bulk 

epoxy polymers. 

Considering the FRP laminates which were manufactured employing the above epoxy 

polymers as the matrices, nano-silica particles do not cause an increase in resin viscosity 

(by virtue of their small size) and so can readily be used as tougheners for epoxy 

matrices where transfer moulding manufacture methods are to be used. The laminates 

with the highest interlaminar fracture energy, employed a hybrid toughened epoxy-

based matrix, and there was the added benefit of the nano-silica particles reinstating the 

loss in stiffness caused by the presence of the CTBN rubber. This study has shown that 

in many cases the toughness of the bulk epoxy can be transferred to the corresponding 

FRP laminate, or can even be enhanced, when both nano-silica and CTBN rubber are 

used as toughening agents. 

9.4 Future Work 
As in any type of research, although many questions have been answered in the course 

of the present Thesis, some areas of possible future work have surfaced. These areas are 

outlined below. 

1. Microstructure of the FRPs - Although the initial efforts to microtome the 

surface of an FRP were unsuccessful, future attempts could be made at lower 

temperatures and using a sharper knife. The resulting TEM and AFM 

micrographs would be able to shed some light as to why nano-silica increases 

the toughness in some FRP systems, but not in others. They would also reveal 

whether there really was a difference in morphology between the bulk epoxy 

polymers and when they are used as the matrices for FRP laminates. 

2. Additional FRP tests - Mode II and mixed-mode (l/II) fracture tests could be 

performed on laminate samples from all three systems. This would compliment 

the mode I tests performed in this study and further the knowledge of the 

fracture properties of these systems. 
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3. Better manufactured materials - This would be especially usefial in systems 

where there were large variations in results, and the overlapping error bars 

suggested that there were no significant changes in the properties. In addition, 

the laminates of the amine-cured DGEBA-based system were poorly 

manufactured. They had a poor surface finish and had poor interfacial strength 

between the fibres and the matrix. It is suggested that a new batch of laminates 

could be manufactured, with an emphasis on improving the laminate quality. 

4. Additional formulations - It would be beneficial to perform all of the tests 

discussed in this thesis on some nano-only samples from the amine-cured 

DGEBA-based system for comparison, and to test the claim that agglomeration 

occurs solely because of the nano-silica content. More tests could be performed 

on the amine-cured TGMDA-based system with different combinations of 

CTBN and nano-siHca, in a similar way that it was ascertained that 9 wt. % 

CTBN was the optimum rubber content in the anhydride-cured DGEBA-based 

system. 

5. Toughening mechanisms - The toughening mechanisms (or lack thereof) of the 

nano-silica in the amine-cured DGEBA-based system and the amine-cured 

TGMDA-based system, could be investigated to a similar degree as that of the 

anhydride-cured DGEBA-based system. This would involve high magnification 

investigation (eg. AFM and FEG-SEM) of the fracture surfaces. 

6. Volume fraction analysis - An in-depth study could be undertaken on all three 

systems to ascertain how much mbber remains in solution after curing. This 

would involve taking at least a dozen random micrographs of each sample, and 

then subsequent image analysis. Thus, there would be a better understanding of 

the phase distribution and morphology relative to the CTBN and nano-silica 

contents. 

7. Dynamic properties - This Thesis has investigated the static properties of the 

three bulk epoxy systems. The bulk epoxies of the amine-cured DGEBA-based 

system and the anhydride-cured DGEBA-based system are used as adhesives 

and protective coatings. Therefore, the cyclic fatigue properties would be useful 
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to measure, so as to determine how these systems behave under cychc loading. 

In addition, it would show whether nano-silica has any effect on the fatigue life 

of these systems, and it would compliment the static data in characterising these 

materials fully. 

8. Modelling - Future research could be undertaken into developing an analytical 

model to accurately predict the fracture resistance of epoxies with nano-silica 

particles. Emphasis could be placed on taking into account the fact that not all 

the nano particles debond, and the particles are not always fully dispersed. It 

would be useful to model the hybrid systems to understand why the fracture 

energy of some hybrid samples is more than the sum of its CTBN-only and 

nano-silica-only fracture energies (ie. to explain why the 'toughening synergy' 

occurs). 
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