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Executive Summary

A recent development to improve and diversify polymers is through the

incorporation of highly dispersed layered silicate fillers into the polymer matrix.

The silicate materials are relatively inexpensive and, being orders of magnitude

smaller than conventional fillers (approximately 1 nm in thickness with aspect

ratios up to 1000) they offer the ability to dramatically improve the composite

properties.

The overall aim of the project is to investigate the effect of epoxyphiiic rendered

layered silicates on high functionality epoxy resins (processing conditions,

mechanical properties and the structure/property correlation). Most work done

to date has been focusing on epoxy systems with low glass transition

temperatures using the bifunctional diglycidyl ether of bisphenol A (DGEBA)

resin, and little has been reported about layered silicate nanocomposites based

on more rigid, highly crosslinked high performance resin systems as considered

in this project.

In addition to the studies on processing conditions and mechanical properties

outlined above, ingress of moisture as well as thermal stability is also

investigated in this work. Both are prime concerns in environmental damage to

epoxy and composite structures.

In a further step, the ability to supplementary toughen epoxy resin carbon-fibre

composites through incorporation of layered silicates into the polymer matrix is

investigated. This is intended to reduce the main failure mechanism such as

delamination, which occurs upon low energy impact in composites. Although it

is assumed that small-sized particles have great potential for supplemental

reinforcement of fibre-composites, little is known about the use of layered

silicates as such supplementary tougheners.

The initial studies on the processing conditions of epoxy organically modified

layered silicate (OLS) nanocomposites in this work show that the rate of

reaction and therefore the time to gelation and vitrification of the polymer
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network are significantly decreased through the filler addition. It is concluded

that the compatibilizer, the acidic octadecyl ammonium ions, have a catalytic

effect on both, epoxy homopolymerization as well as the epoxy/amine cure.

Studies on the effect of cure temperature on nanocomposite morphology show

that the balance between extragaliery and intergallery polymerization, which

determines the separation of the silicate layers, can be improved with increased

cure temperatures. The bifunctional DGEBA resin gave better exfoliation than

the resins of higher functionalities. The higher cure temperatures were found to

improve clay delamination and both toughness and modulus in most cases. The

balance between amine cure and etherification and the effect on crosslink

density as manipulated through the cure temperature may have a major impact

on mechanical properties along with the changes in organoclay dispersion.

Overall, the great advantage of epoxy-clay nanocomposites lies in the fact that

relevant properties to many high performance applications can be improved at

relatively low levels of filler concentration, and hence small effects on

processability. This work has shown that modulus and toughness can be

simultaneously improved, while the equilibrium water uptake is reduced. All of

these features can be achieved with only minimal effect upon the glass

transition temperature, thermal stability and viscosity before cure.

Preliminary investigations into applying this technology in advanced composites

showed significant promise, as seen by an improvement in composite fracture

toughness with increasing layered silicate concentration. Further work is

recommended to further evaluate the potential of layered silicates as

supplementary reinforcing agents.
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A recent approach to improve polymer materials is through the incorporation of

layered silicates into the polymer matrix. Being only 1 nm thick and usually

between 200 - 500 nm in diameter, these mica type fillers have shown some

dramatic improvement in polymer material performance. The development of

these novel nanocomposite materials offers promising opportunities to improve

and diversify industrially applied polymers.

The fundamental principle behind nanocomposite formation is that the polymer

or its monomers are able to move into and, in case of monomers, react within

the interlayer galleries of the layered silicate. Only if the nature and polarity of

the gallery is similar to that of the polymer or the monomer, the molecule will

slide into the gallery, a process known as intercalation, in which the clay layers

are pushed slightly apart. If the individual layers are pushed fully apart by the

incoming material, a true (exfoliation) nanocomposite will result, with the

individual layers dispersed throughout the matrix. To enable swelling or

intercalation and exfoliation of the layered silicate, the inorganic interlayer

cations are usually exchanged by organophilic ions. Layered silicate based

polymeric nanocomposites exhibit attractive properties, such as increased

modulus (and toughness in some cases), barrier and flame retardant properties,

decreased water and solvent uptake, as well as improved optical and electrical

properties, all at fairly low silicate concentrations compared to traditional fillers.

It is the simultaneous improvement in a number of properties that makes the

nanocomposite strategy particularly attractive.

To date, the use of layered silicates in epoxy resin systems has been limited.

Nonetheless, the work reported has shown excellent potential - primarily an

increased modulus due to exfoliated silicate platelets. One common feature of

most work to date is that predominantly bifunctional, widely used diglycidyl ether

of bisphenol A (DGEBA) cured with aliphatic hardeners has been used. This is

due to the fact that highly flexible resins with low glass transitions were reported

to give larger improvements, compared to more highly crosslinked epoxy
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systems. However, for highly crosslinked epoxy resins, even small

improvements can have a great benefit in comparison to higher concentrations

of commonly used fillers, since these resin systems are more difficult to

improve.

Although DGEBA based resin systems are widely used, aerospace materials

and other high performance applications require epoxies of higher functionality

due to the required higher modulus and glass transition temperature. As well as

the commonly used DGEBA resin, this project will focus on two resins of higher

functionalities, the trifunctional triglycidyl p-amino phenol (TGAP) and the

tetrafunctional tetraglycidyl diaminodiphenylmethane (TGDDM). The curing

agent used is the aromatic diethyltoluene diamine (DETDA), which is also

widely used in high performance resin systems.

Based on the resins mentioned above, nanocomposites of different clay

concentrations have been produced. The processing conditions and curing

kinetics of these materials were investigated as well as the structure,

mechanical properties and thermal stability of the cured material.

In most resin applications, the polymer is combined with another phase, such as

fibres (carbon, graphite, glass or Kevlar), which are chopped, long and aligned

or woven in various ways. Fibre reinforcement produces materials that usually

exhibit high tensile strength in the fibre direction and strong matrix rigidity due to

the high crosslink density of the resin. However, low ductility of these materials

leads to problems in terms of low impact velocity strength and delamination

resistance, since the out-of-plane strength of these materials is low. The

materials often show low damage tolerance in the translaminar direction so that

even relatively low impacts can cause serious internal damage such as

delamination. This kind of damage is difficult to identify since it often occurs

sub-surface and consequently can go undetected and lead to premature failure.

Selected nanocomposite systems, as developed in the first part of this work, will

be used to supplementary reinforce or "z-directional toughen" epoxy-fibre

composites.
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Chapter 1
Literature Review

V?

This literature review presents an introduction into the components used for the

synthesis of epoxy nanocomposites as investigated in this thesis. A review on

cure kinetics and reaction mechanism of epoxy resins will also be presented.

This is followed by a discussion of the opportunities that nanocomposites

present and the work reported to date for the different classes of polymers

(elastomeric, thermoplastic and thermosetting materials). A key aim of this

project is to investigate the mechanical properties of epoxy nanocomposites as

a function of their processing conditions. Other issues addressed in this review

include the areas of organosilicate dispersion, environmental stability (thermal

stability and water uptake) of epoxy layered silicate nanocomposites, which are

also studied in this work. Carbon fibre reinforced composites will be toughened

through the incorporation of layered silicates in the polymer matrix. Therefore, a

summary of toughening techniques and mechanisms will also be presented.

1.1 Epoxy Resins

The term 'epoxy resin1 refers to both the prepolymer and the cured

resin/hardener system. The former is a low molecular weight oligomer that

contains one or more epoxy groups per molecule. More than one unit per

molecule is required if the resultant material is to be crosslinked. The

characteristic group, a three-membered ring known as the epoxy, epoxide,

oxirane, glycidyl or ethoxyline group is highly strained and therefore very

reactive. The chemical structure of the epoxy group is illustrated in Figure 1.1.

Curing agents or hardeners, respectively, have three or more reactive groups

and thus enable the material to crosslink in a three-dimensional fashion.
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H2C— CH

V
Figure 1.1: Chemical structure of the epoxy group.

Whilst the main hardeners have been primary amines, acid anhydrides, phenol-

formaldehyde and amino formaldehyde, there is now an even wider range of

hardeners available to suit many different applications [1]. Development in the

resin industry has led to the introduction of polyfunctional amines, polybasic

carboxylic acids, mercaptans and inorganic chemicals as hardeners for epoxy

resins.

Epoxy resins gained particular commercial significance after Pierre Castan

(Switzerland) and Sylvian Greenlee (United States) independently synthesized

the first bisphenol-A epichlorohydrin based resin material in the late 1930s [2].

Since then, the use of epoxy resins has steadily increased. The wide variety of

epoxy resin applications includes various coating applications, electrical,

automotive, marine, aerospace and civil infrastructure as well as tool fabrication

and pipes and vessels in the chemical industry. Due to its low density, around

1300 kg/m3, epoxy resins are widely used in the transportation industry, usually

in the form of fibre-reinforced composites. These materials also tend to have

low shrinkage during cure and resultant high modulus.

1.1.1 Reaction Chemistry of Epoxy Resins

Two fundamental reactions occur during the epoxy resin/amine cure

process [3]: the initial conversion reaction (I), where the two different functional

groups react and form a linear or branched material, and the crosslinking,

where macromolecuies couple into a three-dimensional network (II). There are

also a number of side-reactions that can occur. The most common side reaction

is the etherification (III), where a hydroxyl group reacts with an epoxide group,
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forming an ether linkage and a further hydroxyl group. The amine addition and

etherification reactions are shown in Figure 1.2.

R—NH2 +H2C— CH—R1

o

/ C H 2 — CHOH— R1 + H2C—CH—R"

R—N \ /

/ C H 2 — CHOH— R'

R—N

H

R—N

(I)

— CHOH—R1

.— CHOH—R"

H (II)

R—CH—R1 +H2C—CH—R"

L v
R— CH— R'

I
0

:—CH— R"

0 H (III)

Figure 1.2: The three possible main reactions during cure of an epoxy resin with
an amine - (I) primary amine-epoxy addition, (II) secondary amine-epoxy

addition, (III) etherification [3].

The initial reaction takes place through addition of the primary amine with an

epoxide group, forming a hydroxyl group and a secondary amine. This reaction

largely continues until the primary amine groups are exhausted and a highly

branched polymer is formed. Following that, the newly formed secondary

amines react with epoxy groups producing a highly crosslinked network through

tertiary amine moieties. The extent to which etherification takes place during

cure, depends on the structure and chemistry of the resin and the hardener as

well ss the cure conditions [4]. Varley et al. [5] monitored the concentrations of

primary and secondary amines and the hydroxyl production as an indication of

side reactions of DDS-cured TGAP during cure using near infrared

spectroscopy. In this work, it was shown that before gelation, predominantly

reactions between the primary amine and epoxy groups occur, with most

crosslinking occurring after gelation through the reaction of secondary amines



Chapter 1 Literature Review

with epoxy groups. It was also shown that the steric hindrance and spatial

separation at increased conversion enables the side reactions to compete with

the secondary amine addition.

During cure, the epoxy group reacts either with itself or with the curing agent,

forming a macromolecule. When the branched structures extend throughout the

whole sample, the gel point is reached. At this characteristic point, the

crosslinked resin will not dissolve in a suitable solvent of the parent resin

although a soluble (sol) fraction may still dissolve. Further cure is required to

increase the degree of crosslinking and to finally produce a structural material

with a mechanical modulus of a vitrified or glassy solid material. This point,

when the glass transition temperature of the growing network reaches the cure

temperature, is known as vitrification.

1.1.2 Cure Behaviour and Monitoring Cure Kinetics

A useful tool to express the different stages of an epoxy/amine cure process is

the time-temperature-transformation (TTT) cure diagram, which was first

introduced by Gillham [6]. The phase diagram enables the physical state of the

polymer to be determined at any particular time during isothermal cure.

A generalised TTT diagram as shown in Figure 1.3 illustrates the various phase

transitions, which are possible during the cure process. For example, the resin

will not vitrify during isothermal cure if the curing temperature is above the

ultimate glass transition temperature, Tga> (but rather eventually chars).
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Figure 1.3: Generalized Time-Temperature-Transformation (TTT) phase
diagram [7].

1.2 Toughening of Epoxy Resins and Composites

Although the high functionality of epoxy resins leads to a high crosslink density

and thus the required matrix rigidity, toughness in these materials can often be

problematic. Toughening of thermosets has thus been widely studied. Usually,

the toughening strategy involves modification of the matrix with a second phase.

In this section, the commonly used techniques of thermoset toughening and the

toughening mechanisms will be discussed. Furthermore, a brief outline of

'supplementary' or 'z-directional' toughening of epoxy/fibre composites will be

presented.

1.2.1 Rubber Toughening of Epoxy Resins

Elastomeric modification is probably the most common way to toughen epoxy

resin systems. Of all categories of rubbers studied, (reactive butadiene-

acrylonitrile rubbers, polysiloxanes, fluoroelastomers and acrylate elastomers)
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carboxy terminated butadiene nitrile rubbers (CTBNs) have possibly shown the

greatest benefits [1]. The major drawback in rubber toughened epoxy resins is

that some of the beneficial resin properties, such as high glass transition

temperature, thermal expansion, yield strength and modulus are sacrificed

through the incorporation of the rubber. Table 11 illustrates how an increase in

toughness through rubber incorporation decreases the tensile strength and

modulus of the resin system [8],

Table 1.1: Change of mechanical properties of a rubber toughened epoxy
system as a function of rubber concentration [8].

Rubber
[%]
0
3
6
9
12

Tensile strength
[MPa]

6.92
6.08
5.19

4.75
4.10

Tensile Modulus
[GPa]
276.1

318.0
290.O
234.7

210.3

Toughness
[kJ]
1.40
4.57

3.31
2.94
3.00

In rubber toughening, it is particularly important that the rubber/resin blend

develops a two-phase morphology during the crosslinking reaction where the

rubber particles are dispersed in and (preferably) bonded to the resin matrix.

The amount of rubber used is usually limited to a concentration of 10 - 15 % to

ensure that the rubber is the dispersed phase. Higher rubber concentrations

can lead to phase inversion, which would result in a dramatic loss of strength

and stiffness of the material. For the same reason, the cure profile must be

adjusted to optimise the overall morphology, and resulting material

performance. Any soluble rubber remaining in the matrix plasucises the

polymer, decreasing the glass transition temperature.
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1.2.2 Thermoplastic Toughening of Epoxy Resins

Although the first attempts of epoxy resin toughening through thermoplastic

addition showed only modest enhancement in toughness [9], these studies

created much interest in the field, which resulted in the exploration of many

factors of thermoplastic toughening of epoxy systems and significant

improvements. The main areas explored were the toughening effect of reactive

endgroups, morphology, matrix ductility as well as backbone and molecular

weight of the thermoplastic on the epoxy system. Since thermoplastic

toughening of epoxies is not part of this project, the relevance of the

aforementioned aspects will only be summarized briefly [10]:

Reactive endgroups - although there is no complete agreement in the literature,

the use of reactively-terminated endgroups appears necessary.

Morphology - phase inverted or co-continuous morphologies leads to an

optimum toughness (which is not the case in rubber-toughened systems).

Matrix ductility - thermoplastic additives have been found to toughen highly

crosslinked resin/amine systems more effectively than low crosslink density

resins.

Thermoplastic backbone - good thermal stability is required. The thermoplastic

should be soluble in the unraacted resin but must phase separate during cure in

order to form a binary system

Molecular weight - the blend toughness rises with increasing molecular weight

of the toughening thermoplastic, due to the linear polymers mechanical

properties.

1.2.3 Toughening Mechanisms

The actual mechanism by which the enhancement of toughness occurs due to

inclu^on of a phase separated structure has been widely discussed. The

toughening model independently developed by Kinloch et al. [11] and Pearson
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and Yee [12] is based on localized cavitation, plastic deformation and plastic

shear yielding in the matrix. This is now known to be in best agreement with

recent experimental data [1]. This mode! theorizes that the crack growth

resistance in a rubber-toughened resin arises from the large energy-dissipating

deformations, which occur in the vicinity of the crack tip. The proposed

deformation process is the localized cavitation in the rubber particles or the

interfaces respectively, caused by the dilatation near the crack tip, as well as

the shear yielding in the resin matrix. !n the modified epoxy system, shear

yielding plays a much more important role for the energy dissipation compared

to the unmodified system. This is due to the interaction between the stress

fields ahead of the crack tip and the toughening phase as well as crack blunting

and bridging.

In thermoplastic-toughened, highly crosslinked epoxies, however, these two

mechanisms are not as likely to occur. According to Pearson and Yee [13], the

toughening mechanisms in these systems are crack bridging, crack pinning,

crack path deflection or particle induced shear banding. The various discussed

toughening mechanisms are illustrated in Figure 1.4.

Figure 1.4: Schematic of different toughening mechanisms -1) crack pinning,
2) particle bridging, 3) crack path deflection, 4) particle yielding, 5) particle

yielding induced shear banding, 6) microcracking, adapted from Pearson and
Yee [13].
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1.2.4 Z-Directional Toughening of Fibre Reinforced Composites

In high performance composites, be they unidirectional or woven, the fibre

phase such as carbon, graphite or glass induces high modulus and strength,

however these composite systems usually show low ductility. This can lead to

problems in terms of reduced impact strength at low velocities and delamination

resistance since their out-of-plane strength is poor [14]. Such damage can be

sub-surface and remain undetected, yet reduce material performance. Whilst

improving matrix toughness can alleviate this to some degree, such strategies

are not able to toughen composites as effectively. Therefore much work has

been done with regards to the composite phase itself, often related to

fibre/matrix properties. A more recent research direction has involved

improvements made in the laminates through more three dimensional (3D)

structures [15, 16] since 2D structures primarily offer good properties only in the

plane of the laminate. 3D laminates are found to encourage fibre debonding and

micro-cracking, as well as resisting crack growth between layers. 3D

composites can involve processes such as weaving, knitting and stitching but

this requires special techniques, which may be problematic or labour intensive

(such as resin transfer moulding) to introduce the resin.

A more attractive way of producing effective, 3D laminates and reducing impact

weakness and delamination is a strategy known as "z-directional" toughening or

"supplementary reinforcement" in which short fibres are introduced in the z-

direction (perpendicular to the laminates) [17]. Early work by Garcia et al. [18]

and Yamashita [19] demonstrated this effect, predicting the need for fibres

somewhat less than a micron in diameter. They used SiC whiskers of 0.1 - 0.5

f̂ m in diameter. Low concentrations of this filler led to improved edge

delamination, although in-plane properties were decreased. Jang and co-

workers [20] have reported work where whiskers of various types were

incorporated into fibre composites but had less improvement than expected due

to clumping of fibres. In addition, the required concentrations led to increased

viscosity and difficulty in handling and degassing materials, thus producing

remnant voids. Nonetheless, Jang and other groups such as that of Hu [21]

showed that using short fibres such as Kevlar could lead to improved properties
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by mechanisms such as crack bridging - provided dispersion was good. It will

be indicated in this work that the proposed use of intercalated or ordered

exfoliate silicate-layered nanoparticles in such systems can prove optimal,

along with other benefits.

1.3 Layered Silicates - Crystallography and Modification

Layered silicates belong to the structural group of swelling phyllosilicates

minerals also known as 2:1 phyllosilicates or smectites. Often, these minerals

are simply referred to as clays, with the term 'clay' by definition strictly referring

to mineral sediments of particles with a dimension of less than 2 \im [22]. The

individual layered silicate is usually referred to by its mineral name (for example,

montmorillonite) or its rock name (bentonite) [22]. Montmorillonite is the name of

the rarely found neat silicate mineral and principal component of the more

widely found bentonite rocks, which contain fine dispersed, quartz and other

impurities [23]. Along with montmorillonite, the more commonly used smectites

are hectorite and saponite [24]. The main characteristic property of these

layered minerals is their high aspect ratio and the ability to swell i.e. to absorb

water and other organic molecules, leading to an increase in the interlayer

distance.

Smectites consist of periodic stacks of approximately 1 nm thick layers. Stacks

of these layers form tactoids with a thickness usually between 0.1 and 1 fim

[25]. The crystal lattice of the silicate platelets consists of two tetrahedral silica

sheets that are fused at the tip to a central octahedral sheet of alumina or

magnesia [23]. Through sharing common oxygen atoms, as illustrated in

Figure 1.5, chains are formed. Isomorphous replacement of central anions of

lower valences in the tetrahedral or octahedral sheet results in a negative

charge of the silicate surface. Common substitutions are Si4+ for Al3+ in the

tetrahedral lattice and Al3+ for Mg2+ in the octahedral sheet [22]. The negative

charge at the platelet surface is counterbalanced by alkali or alkaline earth

cations between the layers, the interlayer or gallery.
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exchangeable cations
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Figure 1.5: Model structure of layered silicates (Montmorillonite, adapted from
Kornmann [26]).

The amount and the site of the isomorphous substitution determine the surface

charge density and hence significantly influence the surface and colloidal

properties of the layered silicate [27]. The charge per unit cell is thus a

significant parameter to classify phyllosilicates. The intermediate value for the

charge per unit cell of smectites [28] (x * 0.25 - 0.6) compared to talc (x « 0) or

mica (x » 1 - 2) enables cation exchange and gallery swelling for this group of

phyllosilicates and hence makes them suitable for epoxy nanocomposite

formation [25]. The negative surface charge determines the cation exchange

capacity, CEC [meq/100 g], which is the key for the organic surface

modification. The untreated smectite has a high affinity to water and is hence

not suitable for the absorption of most organic substances. However, the low

van-der-Waals forces between stacks allow the intercalation and exchange of

small molecules and ions, respectively, into the galleries. In order to render the

hydrophilic clay organophilic, the inorganic ions in the gallery can be exchanged

by the cations of organic salts. Whiist the absorption of organic materials

through cation exchange in montmorillonite has been the subject of studies for
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some years [27, 29], more recent papers give detailed information on how the

layered silicate can be rendered epoxyphilic [30, 31]. Figure 1.6 illustrates how

the exchanged alkyl amine ions increase the layer spacing from less than 1 nm

to 1.2 - 2.5 nm depending on the chemistry and length of the exchanged ions as

well as the charge density of the silicate.

1 .7-2.5 nm

Figure 1.6: Unmodified layered silicate (left) and layered silicate with interlayer
exchanged alkyl amine ions (right) [32].

1.4 Intercalation and Exfoliation of Nanocomposites

Although layered silicates have been used as polymer fillers for a long time [22,

33,34] it is only since the pioneering work of Toyota researchers [35-37], that

intercalated and exfoliated clays have gained commercial importance in the

polymer industry, along with a dramatic increase in research effort. Almost 15

years ago, researchers of Toyota company [38] polymerised e-caprolactame in

the interlayer gallery of an alkyl ammonium modified clay, thereby forming a

true nanocomposite. The new materials showed dramatically improved

mechanical properties, as well as improved thermal resistance. At a

concentration of less than 5 % layered silicate, the strength increased more

than 50%, the modulus increased more than 100 % and the heat distortion

temperature increased by 80 °C compared to the pristine material. Additional

advantages that have been reported for polymer nanocomposite materials are

increased moisture and solvent barrier properties [39, 40], improved

dimensional [41] and thermal stability [24] and better flame-retardation [42-44],

all at fairly low concentrations of layered silicate.
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The fundamental principle behind nanocomposite formation is that the monomer

or polymer is able to move into and (in case of a monomer) react within the

interlayer galleries. Polymer nanocomposite formation can be divided into three

different groups: in-situ polymerisation, intercalation of the polymer from

solution, and melt intercalation of the polymer. Regardless of the method of

formation, an increase in the d-spacing bebvren the silicate layers occurs,

swelling the interlayer galleries. As a result, the composite may have an

intercalated or exfoliated morphology. In the intercalated state, the silicate

consists of a well-dispersed layered structure with polymer chains inserted into

the clay galleries. Resins of well dispersed, intercalated silicate platelets are

known as 'tactoids1. In the exfoliated or delaminated state, the silicate platelets

are fully separated and thus the reinforcement is of 1 nm thickness and

approximately 200 - 500 nm in diameter, randomly dispersed in the polymer

matrix. However, recent discussions have shown that these terms describe

idealized structures only and additional descriptions such as 'ordered,

disordered and partially exfoliated' have been suggested to further specify the

nanocomposite morphology [45]. If there is no swelling (intercalation or

exfoliation), the layered silicates act simply as a conventional filler material

(dispersed on a micrometer scale) with particles of the order of 5 - 15 jam. The

structure of the final composite material thus depends on various factors, such

as the nature of the clay interlayer ion and the polymer, as well as reaction

conditions, such as reaction temperature and mixing conditions in case of an in-

situ polymerised nanocomposite. Figure 1.7 illustrates the three idealised

possible structures of a layered silicate composite.

(c)

Figure 1.7: Schematic illustration of different possible structures of layered
ilicate polymer composite: (a) microcomposite (h) intercalated nanocomposite

(c) exfoliated nanocomposite [31].
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The first technique used to synthesize polymer nanocomposites was the in-situ

polymerization of polyamide-6. According to this method, the organoclay is

firstly swollen in the liquid monomer to enable polymer formation in the

interlayer galleries as well as outside. T ie polymerization of thermoplastics can

be initiated by heat, radiation or addition of a curing agent. For thermosets such

as epoxy resins a curing agent is usually added to start the polymerization.

A key issue in the in-situ polymerization is to be able to control the reaction

occurring within the layer galleries, since slower cure kinetics in the intra gallery

regions impedes exfoliation.

The second technique is to form nanocomposites via solution, where a solvent

is used to swell the organoclay. The polymer is dissolved in the same solvent,

and then added to the swollen clay. In the next step, the solvent is removed

under vacuum while the clay platelets reassemble, sandwiching the polymer.

For example, high density polyethylene (HDPE) [46] and polyimide [35]

nanocomposites have been produced using this method.

The third method, the melt intercalation of polymers, was first extensively

investigated by Giannelis, Vaia and co-workers [47-50]. In this method, the

organoclay is mixed with the polymer in the molten state. If the silicate surfaces

are sufficiently modified for the chosen thermoplastic, the polymer can

intercalate into the galleries and form a nanocomposite without the need of a

solvent. Due to its high potential for industrial applications this process has

gained great importance. Amongst others, polyamide-6 [51] and styrene [52]

nanocomposites have been successfully produced from melt intercalation.

A few polymers such as polyethylene oxide [53] are readily able to intercalate

both with and without surface modification of the clay.

7.5 Elastomeric Nanocomposites

Only a few studies have been reported in the area of intercalated and exfoliated

rubber/clay nanocomposites. Kojima et al. [54] investigated the gas permeability

of a highly dispersed ion exchanged montmorillonite nitrile rubber. It was found
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that the permeability of water vapour and hydrogen were reduced by

approximately one third compared to the pristine nitrile rubber, due to the

tortuosity of the diffusion path caused by the clay platelets. A different study has

shown a significant reduction of the oxygen permeability of rubber-clay

nanocomposites, with a patent for use in tire inner-liners and inner-tubes [55].

Recently, Wang, Zang and co-workers [56, 57] synthesized and characterized

styrene-butadiene rubber (SBR)-layered silicate nanocomposites by both latex

and solution methods. The characterization of the final material has shown a

well-dispersed intercalated system of 4 - 10 nm thick layer bundles. Compared

with the solution method, the latex method led to better mechanical properties

[57]. Mechanical properties of the rubber nanocomposites equalled that of the

commonly used rubber fillers such as carbon black. Some properties, such as

hardness, tear strength and tensile strength even exceeded the properties of

carbon black reinforced rubber.

1.6 Thermoplastic Nanocomposites

Most work on polymer - layered silicate nanocomposites to date has been

reported in the field of intercalation and exfoliation of thermoplastics. The

development and commercialisation of nylon-6 nanocomposites by Toyota

Company has been mentioned. This was followed by work involved polyamid-

12 nanocomposites, for example the work by Reichert et al. [58], which reported

an increase in modulus from 1620 to 2600 MPa at a clay loading of only 2 %

without the usual loss in toughness. Further work using polyamides as well as

the following development of nanocomposites in polypropylene, polystyrene and

others has also shown promising results and has recently been summarized

[24, 59, 60].
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1.7 Thennosetting Nanocomposites

This review contains a detailed summary of the synthesis and properties of

ihermosetting layered silicate nanocomposites. Aspects such as the effect of

processing conditions on cure chemistry, morphology and final material

properties are discussed. The majority of the work reported to date in the field of

thermosetting nanocomposites is based on epoxy resins, mostly using the

diglycidyl ether of bisphenol A (DGEBA) resin. However, this review also

includes work reported on other thermosetting systems.

1.7.1 Factors Influencing the Dispersion of Layered Silicates

Several reports have discussed the mechanism of organoclay exfoliation during

the in-situ polymerization of epoxy resins. Early work by Lan et al. [61] pointed

out the important role of the balance between intergallery and extragallery

reaction rate as well as the accessibility of the resin and hardener monomers to

the clay galleries on the exfoliation process. The common process for epoxy

nanocomposite synthesis is to pre-intercalate the organoclay with the epoxy

resin before cure. It is reported that the penetrating monomers swell the silicate

layers until a thermodynamic equilibrium is reached between the polar resin

molecules or resin/hardener blend and the high surface energy of the silicate

layers [61, 62]. The pre-intercalation is likely limited to a certain d-spacing

increase, although little literature exists on this. The mixing method before cure

[63] or the use of solvents as processing aids [63, 64] were found to have little

impact on the structure of the final nanocomposite. Further, increases in the

distance between organoclay platelets requires the driving force of the

resin/hardener cure reaction or homopolymerization to overcome the attractive

electric forces between the negative charge of the silicate layers and the

counterbalancing cations in the galleries [61]. Decreasing polarity during

reaction of the resin in the galleries displaces the equilibrium and allows further

monomers to diffuse into and react within the silicate galleries.
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Chen et al. [65] have divided the interlayer expansion mechanism into three

stages, which are basically the initial interlayer expansion due to resin and

hardener monomers intercalating the silicate galleries and the interlayer

expansion state where the interlayer spacing steadily increases due to

intergallery polymerization. The final stage of interlayer expansion is

characterized by a decreasing interlayer expansion rate. In some cases even a

slight decrease in interlayer spacing could be observed before coming to rest,

due to restrictions through extragallery polymerization (gelation).

Lu et al. [63] have formulated a thermodynamic approach of the exfoliation

process. In this approach it is assumed that the exothermal curing heat of the

intergallery epoxy resin, AH,, must be higher than the endothermic heat to

overcome the attractive forces between the silicate layers, AH2 or in brief:

AH2.

In comparison to the formation of thermoplastic nanocomposites the

transformation from the liquid reactive resin to the crosslinking solid strictly

limits the exfoliation process of thermosetting nanocomposites to a small

processing window. It was found that significant changes in the interlayer

distance occur at the early stage of cure, before gelation restricts the mobility of

the clay platelets [66]. The following aspects were reported to influence the

balance between intergallery and extragallery reaction, and hence the formation

of epoxy nanocomposites:

The Nature of the Silicate and the Interlayer Exchanged Ion

Two fundamental aspects of the organoclay determine the formation of epoxy

nanocomposites from in-situ polymerization: the ability of the interlayer

exchanged ion to act as a compatibilizer and render the layered silicate

'epoxyphilic' and the catalysing effect of the exchanged ion on the

polymerization reaction in the galleries [25].

The charge density of the smectite determines the amount of ions in the

interlayer galleries that can be exchanged and therefore the amount of epoxy
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monomer that can be preloaded in the galleries of the modified organoclay. Lan

and coworkers [61] investigated the effect of various smectites with cation

exchange capacities (CEC) varying from 67 mmol equivalent/100 g (meq/100 g)

for hectorite to 200 meq/100 g for vermiculite. It was reported that silicates such

as montmorillonite and hectorite with intermediate layer charge densities are

found to be well suited for the required layered silicate modification. Generally,

layered silicates with a low charge density are more easily accessible for

intragallery polymerization than high charge density clays with a higher

population of gallery onium ions. Thus, the low charge density layered silicates

provide higher degrees of layer exfoliation. Kornmann et al. [62] reported similar

results for two different montmorillonite clays, with a CEC of 94 and

140 meq/100 g. After modifying the layer surfaces of the clay with an

octadecylamine ion, TEM images of the correlating DGEBAAJeffamine D-230

nanocomposites have shown regular stacks of 9 nm for the high CEC and

11 nm for the low CEC montmorillonite. The difference in organoclay layer

separation was assumed to be due to the population density of alkylamine ions

in the galleries and hence the space available for the epoxy resin. It was

theorized that the layered silicate with the lower CEC contains less alkylamine

ions, which leaves more space for the DGEBA molecules and allows

homopolymerization to occur to a larger extent compared to the layered silicate

with the higher CEC.

The nature of the interlayer exchanged ion also significantly determines the

compatibility of the layered silicate with the epoxy resin, as well as the inter-

gallery reaction rate. Pinnavaia and coworkers performed several studies using

different types of organically modified layered silicates [61, 67-72]. Before the

intergailery reaction can be initiated the clay tactoids must be preloaded with

the epoxy monomer. The population density of the gallery onium ions and the

basal spacing of the smectite determine the initial accessibility of the epoxy and

hardener monomers to the clay galleries. It was shown [61] for a series of

alkylammonium ion, CH3(CH2)n-iNH3
+, exchanged montmorillonite with n = 4, 8,

10, 12, 16 and 18 that, the length of the alkylammonium ion greatly affects the

clay expansion before cure. The degree of exfoliation during cure was also
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found to depend on the amount of pre-intercalated resin in the clay galleries. An

alkylamine cation chain length larger than eight methylene groups is necessary

for nanocomposite formation. In more recent work by Zilg et al. [73] it was

reported that the alkyl chain length for an organically modified fluorhectorite had

to exceed six C-units to promote intercalation or exfoliation respectively. A chain

length higher than eight C-units however did not further improve the exfoliation

process.

Wang and Pinnavaia [74] found for a series of primary to quaternary octadecyl

onium ion modified clays as shown in Figure 1.8 that the primary and secondary

amines exfoliated in a DGEBA/meta-phenylenediamine (mPDA) system whilst

the tertiary and quaternary ion-modified clays remained in an intercalated

formation. This effect has been ascribed to the higher acidity and hence the

stronger Bronsted-acid catalytic effect of the primary and secondary onium ions

on the intergallery reaction. Since the tertiary and quaternary ions are less

acidic, intercalation of the curing agent is less favourable, varying the gallery

expansion of these nanocomposites, which is determined by the initial loading

of resin and curing agent in the gallery.

CH3(CH2)i7—NH3
+

(D

N H + — CHC

CH3

CH3(CH2)i7— NH 2
+ — CH3

CH3

~ N + — C H 3

CH3

(2)

(3) - •* (4)

Figure 1.8: Examples of primary (1), secondary (2), tertiary (3) and quaternary
(4) octadecy amine ions - the more acidic ions (1), (2) favour exfoliation [74].

Results are in good agreement wtth more recent work sported by Zilg et al,

[31]. In their work, nanocomposite formation based upon various layered silicate

modification has shown that ion exchange with protonated primary amines,

such as 1-aminodedecane ions, gave larger interlayer distances in the
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nanocomposite than those based on quaternary amine modification (for

example /V,/V,A/-trimethyldodecylamine ions).

Generally, long, primary linear chain alkyl ammonium ions such as

CH3(CH2)i5NH3
+ have proven to be appropriate substances for the synthesis of

exfoliated systems and have been the most widely used in epoxy layered

silicate nanocomposite systems to date.

Curing agent

Although the silicate interlayer exchanged ions have been widely studied with

respect to control of intercalation or exfoliation of the nanocomposite system,

the choice of a suitable curing agent is also reported to be a significant factor

determining delamination of the thermosetting nanocomposite system. Recent

research by Jiankun et al. [63] has shown, for example, that low viscosity curing

agents can intercalate more easily into the clay galleries than highly viscous

curing agents, thus favouring the interlayer reaction and therefore exfoliation.

Kommann et al. [75] investigated the correlation of diffusion rate and reactivity

of an epoxy system and the consequent degree of exfoliation. In this work it was

shown that the molecular mobility and reactivity of the curing agent are

important factors affecting the balance between intergailery and extragallery

reaction. For the three different curing agents investigated, Jeffamine 230, 3,3'-

dimethylmethylenedi (cyclohexylamine) (3DCM) and bisparaamino-

cyclohexylmethane (PACM), it was found that the Jeffamine 230 gave better

exfoliation of a DGEBA/octadecylammonium montmoriilonite system than the

cycloaliphatic polyamines 3DCM and PACM.

Messersmith and Giannelis [76] investigated the influence of three different

curing agents (nadic methyl anhydride (NMA), benzyldimethylamine (BDMA)

and boron trifluoride monoethylamine (BTFA)) on the formation of a DGEBA

based nanocomposite. The montmorillonite silicate used in this study was

modified with a quaternary bis (2-hydroxyethyl) methyl tallow alkyl ammonium

ion, rather than the commonly used primary alkyl ammonium ions. For this
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particular modified clay it was found that bifunctional primary and secondary

amines resulted in immediate clouding of the resin and little or no increase in

layer separation. It was assumed that this behaviour could be ascribed to

bridging of the silicate layers through the bifunctional amine, preventing further

layer expansion. However, primary and secondary amines did work well for

exfoliation of the alkyl ammonium ion exchanged clays.

Cure Conditions

The effect of the cure temperature on nanocomposite formation has been the

subject of several studies. In various cases [75, 77, 78] it was found that higher

cure temperatures gave better exfoliation of the organosilicate. The improved

exfoliation was mainly ascribed to the higher molecular mobility and diffusion

rate of the resin and hardener into the clay galleries, leading to an improved

balance between intergaliery and extragallery reaction rate. Recent in-situ small

angle XRD studies on a synchrotron by Tolle and Anderson [78] showed for a

m-phenylenediamine cured octadecylammonium montmorillonite/DGEBA

nanocomposite that increased cure temperatures exfoliated the organoclay in a

shorter period of time and increased the basal spacing in the final morphology.

Lan et al. [79] also reported improved exfoliation when the moulds were

preheated to the cure temperature, before filling the nanocomposite premix into

the moulds. However, there appears no general agreement in the literature

about the effect of cure temperature on exfoliation of layered silicate in the

epoxy matrix. Whilst the exfoliation process of some epoxy systems was found

to be independent of the cure temperature [63, 77], Lan et al. [61] even reported

an optimum temperature interval which has shown better organoclay

delamination than higher or lower cure temperatures. Figure 1.9 shows XRD

traces of rn-phenylenediamine cured DGEBA/CH3(CH2)i5NH3+-montmorillonite

nanocomposites cured at different temperatures. In this work it was theorized

that too low cure temperatures may lead to slow intercalation rates. In these

instances, the extragallery polymerization will dominate, leading to intercalated

rather than exfoliated nanocomposite structures. Furthermore, too high cure

temperatures also favour extragallery polymerization. Therefore, depending on
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the nature of the resin and curing agent, cure cycles should balance the intra-

and exiragallery polymerization rates. It was stated [61, 69, 80] that cure should

preferably involve exfoliation at lower temperatures with a subsequent cure at

elevated temperatures; faster cure too early in the reaction may lead to

encapsulated tactoids.
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Figure 1.9: X-ray traces of epoxy nanocomposites - intermediate cure
temperatures show best exfoliation (the cure cycles are indicated above the

traces) [61].

Other Strategies

A number of other strategies ._o manipulate epoxy nanocomposite formation

have been discussed In the literature. Chin et al. [81] investigated the influence

of the stoichiometric resin/hardener ratio on exfoliation of a mPDA/DGEBA/

octadecylammonium montmorilionite using in situ s,fnai!-sngie X-ray scattering.

In that work it was found ithat resin cure with under-stoichiometric amounts of

mPDA up to the homopolymerization of DGEBA with no hardener (as earlier

reported by Lan et a!. [69]) lad to the formation of exfoliated nanocomposites

vJih lower amine concentrations giving better exfoliation. The extragallery

reaction was dominant at stoichiometric resin/hardener ratios and above,
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leading to increased rates of extragallery reaction and therefore only

intercalated nanocomposite structures.

The use of a low-boiling solvent such as acetone to enhance the processability

and hence the structure of the final nanocomposite has been investigated by

Brown et al. [64]. Whilst their work showed that the preloading of the layered

silicate with the resin could be processed at significantly lower temperatures

due to the decreased viscosity compared to the neat systems, no change in the

curing reaction, morphology or mechanical properties could be observed. More

recently, Salahuddin et al. [82] synthesized highly filled epoxy organoclay

nanocomposite films of up to 70 % montmorillonite using acetone as a

processing aid. The low boiling solvent was necessary to enable mixing of the

clay with the resin/hardener blend. The final material was a transparent film with

the clay platelets being parallel arranged with d-spacings of 30 and 70 A.

Triantafillidis et al. [83, 84] recently investigated a new approach of epoxy

layered silicate nanocomposites with reduced organic modifier. In their work,

the layered silicate was treated with diprotonated forms polyoxypropylene

diamines of the type a,co-[NH3CHCH3CH2(OCH2CHCH3)xNH3]2+ (with x=2.6, 5.6,

and 33.1). The silicate modifier played the triple role of surface modifier,

polymerization catalyst and curing agent. Along with improved mechanical

properties this strategy greatly reduced the plasticising effect of the modifier that

can often be found with mono-amine modified layered silicates.

1.7.2 Cure Properties

Knowledge about the curing behaviour, especially about the thermal transitions

such as gelation and vitrification during cure of the epoxy system, is of vital

importance to optimise processing conditions and therefore tHe final properties

of the crosslinked polymer [85-88]. To date, the effect of unmodified [89] and

organically-modified layered silicates [64, 66, 69, 90] on epoxy cure kinetics has

mainly been investigated by differential scanning calorimetry (DSC). Bajaj et al.

[89] investigated the effect of unmodified mica on the curing behaviour of a
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4,4'diaminodiphenylmethane cured diglycidyl ether of bisphenoi A resin. It was

found that mica accelerates the curing reaction substantially. Sn their work it was

assumed that the hydroxyl-groups on the mica surface act as hydrogen bond

contributors that accelerate the crosslinking reaction through participation in the

glycidyl-ring opening process as shown in Figure 1.10.

R2NH
+

V
H—O— mica

5+

R2NH

CH2—CH —

\ /
! 5~

H—O— mica

R2NH

CH2—CH—

0 —

H—O— mica

Figure 1.10: Catalytic effect of unmodified mica on epoxy cure as proposed by
Bajaj et aL [89].

Lan et al. [69] found that acidic onium ions catalyse self-polymerisation of

DGEBA at increased temperatures as judged by the DSC technique.

A mechanism for the homopolymerization in the organoclay galleries was

proposed, as shown in Figure 1.11. Protons are formed through dissociation of

the primary alkyl ammonium cations attacking the glycidyl-ring, therefore

catalysing the homopolymerization.

Brown et al. [64] investigated the influence of two different organoclays on the

homopolymerization of neat DGEBA and on the reaction of a Jeffamine 2000

cured DGEBA using DSC. In their work it was found that both the epoxy

homopolymerization and the amine-cured reaction were mildiy catalysed

through the presence of a dimethyl ditallow ammonium montmorillonite (Rheox

B34) where the organoclay showed only a slight increase in the interlayer

distance during cure. More significant catalytic effects were observed for a

bis(2-hydroxy-ethyl)methyl tallow ammonium montmorillonite (S30A, Southern

Clay Products) where the organoclay exfoliated during the resin/hardener cure

reaction.
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Figure 1.11: Catalytic effect of the organoday on epoxy homopolymerization as
proposed by Lan et ai [69].

Ke et al. [66] reported decreasing gelation times with increasing organoday

concentration for a N.N-dimethylbenzylamine (DMBA) cured DGEBA containing

0 - 7 % organoday using a device where the resin is stirred on a heated plate

until the resin can be pulled into continuous fibres. Further reaction kinetics

studies on a Jeffamine 230 cured DGEBA system using an octadecyl

alkylammonium modified montmorillonite were reported by Butzloff et al. [90]. In

this work the kinetics of layered silicate/epoxy resin and layered

silicate/hardener/epoxy resin was investigated using DSC. For the two-part

mixture a significant decrease in enthalpy was reported for OLS concentrations

above 5 %. Interestingly, the three-part mixture showed a maximum in

activation energy at 2.5 % organoday concentration. A composition

dependence on exfoliation is also reported with mixtures of intercalated and

exfoliated layered silicates occurring at concentrations above 2.5 %.

1.7.3 Glass Transition Temperature

The effect of the organoday on the a-relaxation or glass transition temperature

(7"g) has been the subject of various studies. A commonly used method is to

turn.

M
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determine the Tg of a material from the temperature location of the tan 8 peak in

dynamic mechanical thermal analysis (DMTA) traces. In a number of cases a

constant or slightly increased TQ has been reported with increasing organoclay

addition [64, 71, 76, 91]. A tan 5 peak broadening and increase in the 7"g has

been related to restricted segmental motions near the interface between the

organic and inorganic phase [76]. Kelly et al [91] investigated DGEBA-layered

silicate nanocomposites cured with Epon "R" V-40 (Henkel), a condensation

product of polyamines with dimer acids and fatly acids, and found an increase

in the glass transition temperature when the organoclay was initially swollen

with the curing agent rather than the epoxide. It was concluded that initial

swelling of the layered silicate in the curing agent leads to better epoxy

absorption.

Others found a reduction in the glass transition temperature with increasing

organosilicate content. Kommann et al. [77] reported a steady decrease in Tg

for highly crosslinked high glass transition temperature resin systems. The

complexity of the cure reaction and possible side reactions involved made it

difficult to determine the governing factor causing the reduction in 7"g. The

organoclay may catalyse epoxy etherification and unreacted entrapped resin,

hardener or compatibilizer molecules may act as a plasticiser. In addition the

high cure temperatures required for these resin systems may degrade the

layered silicate surface modifier, which are nominally stable to about 200 -

250 °C.

Chen et al. [65] found a decreased Tg for an hexahydro-4-methylphtalic

anhydride cured epoxy (3,4-Epoxycyc!ohexylmethyl-3,4-epoxycyclohexane)

layered silicate nanocomposite. The layered silicate was rendered organophilic

through bis-2-hydroxyethyl methyl tallow ammonium cations. The decrease in

Tg was proposed to be due to the formation of an interphase consisting of the

epoxy resin, which is plasticised by the surfactant chains.
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1.7.4 Mechanical Properties

It was reported [70] that flexible resin systems with a low glass transition

temperature generally show better improvements in mechanical properties upon

forming nanocomposites in comparison with those systems that exhibit higher

glass transitions. A summary of improvement in mechanical properties of epoxy

nanocomposites in both the rubbery and the glassy state is reported in the

following.

Flexural-, Tensile- and Compressive Properties

In the early work by Messersmith and Giannelis [76] on epoxy systems, a nadic

methyl anhydride (NMA) cured DGEBA-based nanocomposite containing

4 vol % silicate showed an increase in the glassy modulus by 58 % and a much

greater increase of some 450 % in the rubbery region. Pinnavaia and coworkers

[61, 68, 70, 74, 92] investigated a number of intercalated and exfoliated rubbery

and ciassy epoxy nanocomposites. A series of nanocomposites based on

DGEBA, Jeffamine 2000 and a range of homoionic CH3(CH2)n-iNH3+

montmorillonites with n = 8, 12, 18, showed a steady increase in both tensile

strength and modulus with increasing carbon number, as well as increasing

organoclay concentration. More than a 10-fold increase in strength and modulus

was achieved through addition of 15 % of the CH3(CH2)i7NH3+ modified

montmorillonite. The order of reinforcement was found to be dependant on the

extent of exfoliation. Figure 1.12 illustrates the tensile properties of a series of

epoxy-magadiite nanocomposites with different degrees of exfoliation [25]. It is

assumed that the alignment of platelet particles under strain contributes to the

high improvement in the rubbery state. This alignment enables the platelets to

function or act like long fibres in a fibre reinforced composite [70]. Rather

modest improvements in strength and modulus were reported for glassy m-

phenylenediamine DGEBA nanocomposites [61].

Generally, the modulus is the primary mechanical property that is improved

through the inclusion of exfoliated layered silicates. The degree of improvement

can be ascribed to the high aspect ratio of the exfoliated platelets. It is assumed
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[31, 70] that the reinforcement provided through exfoliation is due to shear

deformation and stress transfer in the platelet particles.

C18A1M: exfoliated

C18A2M: ordered exfoliated

— —O

_ _ A
C18A3M: intercalated

C18A-LM:conventlonal

0 5 10

Magadiite Loading (wt %

15

Figure 1.12: Tensile strength of DGEBA/Jeffamine 2000/magadiite
nanocomposites with different degrees oforganoclay layer separation [25].

Zilg et al. [31, 73] characterized the modulus and tensile strength of various

hexahydrophthalic anhydride cured DGEBA nanocomposites based on different

smectites and different layered silicate modifications. Al! systems investigated in

this work exhibited an increase in Young's modulus, and in several cases along

with a decrease in tensile strength and elongation at break. It was assumed that

the loss in tensile strength might be related to an inhomogeneous network

density due to different cure rates of the intergallr ,y and extragallery reaction.

This may lead to internal stresses in the materiai, which reduces the res'stance

against mechanical strains. Kommann et a!. [7/'] found improvement in

toughness and stiffness, along with a slightly decreased tonsile strength and
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elongation at break for a series of glassy, highly crosslinked (TGDDM/DDS)

nanocomposites.

Massam and Pinnavaia [71] investigated the compressive properties of

intercalsted and exfoliated glassy epoxy nanocomposites. In their work it was

found that exfoliated systems gave significant improvements in compressive

strength and modulus with increasing layered silicate concentration in the

investigated range of 0 - 10 %. !n contrast, the intercalated nanocomposite

systems were ineffective in improving reinforcement under compression.

Different levels of improvement were reported for various exfoliated systems.

The variation in improvement was related to differences in interfacial

interactions, for example, due to different aspect ratios and layer charge

densities.

Zerda and Lesser [93] investigated the behaviour of intercalated glassy epoxy

nanocomposites under compression. Their work also showed that compressive

strength and modulus of the intercalated epoxy nanocomposite systems did not

change noticeably. However, the yielding mechanism was found to be a

different one in the nanocomposite compared to the unfilled epoxy system.

Whilst the unfilled system exhibited a gross yield behaviour with no apparent

void formation, the nanocomposite yielded in shear as evidenced by scattering

of visible light by voids in the layered silicate aggregates.

Fracture Properties

Whilst many papers focus on the improvement of flexural properties of

nanocomposites, less work has been reported regarding the fracture behaviour

of these materials. However, the work presented to date has shown that the

layered silicate nanocomposite strategy is able to simultaneously improve

fracture toughness and stiffness, although it is often believed that improvement

in one property sacrifices the other. A study by Zilg et al. [31] showed that a well

dispersed intercalated epoxy nanocomposite primarily improved the toughness,

whereas the completely exfoliated stage reinforced the stiffness of the material.
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A range of hexahydrophthalic anhydride cured DGEBA resin nanocomposite

systems based on various compatibilized layered silicates showed an increase

in modulus and toughness with increasing silicate content. It was noted that

conventional fillers or exfoliated nanocomposites usually improve stiffness

without an increase in toughness or even sacrificing toughness. It is well known

[93] that toughening occurs within a specific size range of the reinforcement.

Whilst the fully dispersed individual silicate platelets are too thin to provide

toughening, the lateral micron-sized structure of intercalated layered silicate

tactoids is likely abie to provide this toughening mainly through a crack bridging

mechanism and an increased fracture surface area.

Improved fracture toughness was also reported for other intercalated or partially

exfoliated epoxy nanocomposite systems [73, 77]. Zerda and Lesser [93, 94]

investigated the fracture behaviour of intercalated DGEBA/Jeffamine D230

nanocomposites. The material investigated showed a modest increase in

modulus along with a significant decrease in ultimate stress and strain at break.

The fracture behaviour of these materials as represented by the stress intensity

factor, Kic, showed significant improvements at layered silicate concentrations

of 3.5 % and above. The increase in fracture toughness was ascribed to a

decrease in (tactoid) inter-particle distance. SEM images of the fracture

surfaces showed a more tortuous path of crack propagation around areas of

high silicate concentration in the nanocomposite, compared to the neat system.

The fracture surfaces of nanocomposites were very rough and showed a

significantly higher surface area compared to the smooth fracture surface of

neat epoxy resins. The creation of additional surface areas on crack

propagation was thus assumed to be the primary factor for the toughening

effect.

.V'J; I'.-;,;!'*:;!'
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1.7.5 Environmental Stability and other Properties

Dimensional Stability

Massam et al. [71] investigated the thermal expansion coefficient, a, of a series

of polyoxyalkylene amine cured DGEMA layered silicate nanocomposites by

means of thermomechanical analysis (TMA). Measurements in the range of 40 -

120 °C showed reduced expansion coefficients for both the rubbery and the

glassy state. A decrease in the expansion coefficient by 27 % was reported for

the 5 % nanocomposite in the glassy state. A constantly decreasing expansion

coefficient with increasing layered silicate concentration was found in the

rubbery state with an organoclay loading of 15 % showing a 20 % reduction

in a.

Water Uptake and Solvent Resistance

A thorough study by Massam et al. [25, 71] investigated the resistance of glassy

DGEBA based nanocomposites towards organic solvents and water. The

absorption of methano!, ethanol and propanol was faster in the neat epoxy

system compared to the nanocomposite. Furthermore, the mechanical

properties of the neat resin systems were more affected by the absorbed

solvent. In water however, only the rate of absorption was reduced, with iittle

change in the equilibrium water uptake. It was further observed that the barrier

to solvent uptake was more significant in the exfoliated composite compared to

the conventional or intercalated layered silicate composite.

Shah et al. [95] recently reported a study on moisture uptake of vinyl ester

based layered siiicate nanocomposites. Although the moisture diffusivity was

decreased upon addition of the organoclay, the equilibrium moisture uptake was

found to increase with the amount of layered silicate added. The increased

equilibrium water uptake was ascribed to the natural hydrophilic behaviour of

the clay, which is still existent to some extent in the surface treated state. It was

theorized that the total exposed surface area of the clay particles is indicative of
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the amount of water absorbed. Higher concentrations of layered silicate may

lead to aggregates or tactoids of layered silicate with less exposed surface

area, leading to a negative deviation from the linear relationship between

equilibrium water absorbed and organoclay concentration. Furthermore, it was

reported that the diffusion coefficient did not differ significantly between two

different clay modifications, which gave different dispersion or separation of the

layered silicate. The decreased diffusivity was generally ascribed to the

restricted motion of polymer chains that are tethered to the clay particles.

Thermal Stability and Flammability

Thermogravimetric analysis (TGA) is the most commonly used method to

investigate thermal stability, which is also an important property for the

flammability performance of a material [42-44]. Lee and Jang [96] reported

improved thermal stability for intercalated epoxy nanocomposite synthesised by

emulsion polymerization of unmodified layered silicate, as indicated by a shift in

the onset of thermal decomposition (in a nitrogen atmosphere) towards higher

temperatures. Wang and Pinnavaia [74] compared TGA measurements (under

a nitrogen atmosphere) of intercalated and exfoliated organically modified

magadiite based nanocomposites. Whilst the intercalated epoxy nanocomposite

showed a low temperature weight loss indicative of the thermal decomposition

of the clay modifier, the exfoliated nanocomposite did not show such a low

onset temperature for weight loss. It was assumed that the interlayer

exchanged ions were incorporated into the polymer network. In this work, it was

stated that the thermal stability of the polymer was not sacrificed through the

incorporation of organosilicate. However, a direct comparison between TGA

traces of the nanocomposite and the neat polymer was not presented in this

work.

The flammability of nanocomposites has been the subject of various studies by

Gilman and coworkers [44, 97, 98] Flammability properties are most often

investigated using the cone calorimeter, a method where the fire relevant

properties such as heat release rate (HRR) and the carbon monoxide yield
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during combustion of a material are measured. Table 1.2 shows the results of

combustion of different thermosets obtained from cone calorimetry [44]. It can

be seen that the peak and average release rate, as well as mass loss rates,

were all significantly improved through the organoclay addition. Furthermore, no

increase in heat of combustion, specific extinction area (soot) or CO yields was

observed.

Table 1.2: Cone calorimeter data for modified bisphenol A vinyl ester (Mod-Bis-
A Vinyl Ester), bisphenol A novolac vinyl ester (Bis-/Novolac Vinyl Ester) and

methylenedianiline (MDA) and benzyldimethylamine (BDMA) cured epoxy
resins and their intercalated nanocomposites (*) containing 6% dimethyl

dioctadecyl ammonium-exchanged montmorillonite. Heat flux = 35kW/m2,HRR
= heat release rate, MLR = mass loss rate, Hc = heat of combustion, [44].

Sample

Mod-Bis-A
Vinyl Ester

Mod-Bis-A
Viny: Ester*

Bis-/Novolac
Vinyl Ester

Bis-/Novolac
Vinyl Ester*

DGEBA/MDA

DGEBA/MDA*

DGEBA/BDMA

DGEBA/BDMA*

Residue
Yield
[%]

0

8

2

9

11

19

3

10

Peak
HRR

[kW/m2]
(A%)

879

656
(25%)

977

596
(39%)

1296

773
(40%)

1336

769
(42%)

Mean
HRR

[kW/m2]
(A%)

598

365
(39%)

628

352
(44%)

767

540
(29%)

775

509
(35%)

Mean
MLR

[g/s m2]
(A%)

26

18
(30%)

29

18
(39%)

36

24
(33%)

34

21
(38%)

Mean
He

[MJ/kg]

23

20

21

20

26

26

28

30

Mean
CO

yield
[kg/kg]

0.06

0.06

0.06

0.06

0.07

0.06

0.06

0.06

The mechanism of improved flame retardation is not yet fully understood and

there is no general agreement which structure (intercalated or exfoliated) gives

the best flammability properties [44]. It was found that the reduced mass loss
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rate occurred only when the sample surface was partially covered with char. It is

believed that the nanocomposite structure in the char acts as an insulator for

heat and mass transfer. TEM images of the char of different nanocomposite

systems (thermoplastics and thermosets) showed that the interlayer spacing of

the char was constant (1.3 nm), independent of the chemical structure of the

polymer nanocomposite. The nanocomposite strategy for flame retardation

offers a number of benefits, such as improved flammability along with improved

mechanical properties, whilst being more environmentally friendly compared to

most of the commonly used flame retardation additives, all at relatively low

concentrations and costs. It is believed that the additional use of layered

silicates for improved flammability performance may allow the removal of

significant portion of the conventionally used flame retardant [97], although it is

likely that layered silicates on their own cannot be used for this purpose.

Optical Properties

Layered silicate nanocomposites are often found to exhibit good transparency.

Wang et al. [92] compared the optical properties of organically modified

magadiite and smectite based epoxy nanocomposites of a 1 mm thick sample

with a concentration of 10 % layered silicate. Both systems showed good optical

properties. A better transparency of the magadiite nanocomposite, however,

was related to either better exfoliation or the fact that the refraction index may

better match that of the organic matrix. Comparison of intercalated and

exfoliated epoxy nanocomposites of up to 20 % organoclay concentration by

Brown et al. [64] showed good transparency for all exfoliated systems as well as

for low concentrations of intercalated layered silicates. Recent work by

Salahuddin at al. [82] showed that films of highly filled epoxy nanocomposites

(up to 70 % layered silicate) have shown good transparency due to the

molecular level of the dispersion.
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Chapter 2
Materials and Experimental

Methods

This chapter introduces the different materials used for the synthesis of epoxy

layered silicate nanocomposites. An illustration and discussion of the

nanocomposite synthesis process is also presented. Furthermore, the different

analytical techniques applied in this work are outlined this chapter.

2.1 Materials

2.1.1 Epoxy Resins and Hardener

The synthesis of epoxy layered silicate nanocomposites in this study is based

on three different epoxy resins of different structures and functionalities. In

addition to the widely applied diglycidyl ether of bisphenol A (DGEBA), two resin

systems of higher functionality are used in this work.

The DGEBA (DER 331) is a Dow epoxy resin with a molecular weight of

380 g/mol or an equivalent of 5.3 mmol epoxiae per gram resin respectively.

The structure of this resin is shown in Figure 2.1. DGEBA is a clear, colourless

resin, which is viscous at room temperature.

CH2CHCH2-

0

O—CH2CHCH2-

OH

O—CH2CHCH2

V
Figure 2.1: Structure of diglycidyl ether of bisphenol A (DGEBA).
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The high functionality resins used in this study are triglycidyl p-amino phenol

(TGAP) and tetraglycidyl diaminodiphenylmethane (TGDDM). Both resins are

commonly used in aerospace and other high performance applications.

The TGAP, Araldite MY 510 (Figure 2.2), is supplied by Ciba Speciality

Chemicals. TGAP is a light yellow, clear liquid of low viscosity at room

temperature with a molecular weight of 277 g/mol and an epoxy equivalent of

9.4 mmol epoxide per gram resin according to the materials data sheet.

CH2 CHCH2O
/Cf-^CH CH2

N
\

CH2CH—-CH2

O

Figure 2.2: Structure of triglycidyl p-amino phenol (TGAP).

The tetrafunctional TGDDM, Araldite MY 720 (Figure 2.3), is also supplied by

Ciba Speciality Chemicals. TGDDM is a clear, yellow material of very high

viscosity with a molecular weight of 422 g/mol and 8.0 mmol epoxide per gram

resin according to the materials data sheet.

Figure 2.3: Structure of tetraglycidyl diaminodiphenylmethane (TGDDM).

The curing agent, Ethacure 100, of Albemarle Corporation is a mixture of the

two diethyltoluene diamine (DETDA) isomers as shown in Figure 2.4. The blend
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consists of 74 - 80 % 2,4 isomer and 1 8 - 2 4 % 2,6 isomer according to the

materials data sheet. DETDA is an aromatic amine, which cures at high

temperatures. Aromatic amines are commonly used in high performance epoxy

systems with high glass transition temperatures. The aromatic ring gives the

epoxy system increased mechanical, thermal, chemical and electrical properties

compared to aliphatic amines [99]. DETDA is a dark brownish liquid of low

viscosity at room temperature.

CH3CH2

CH3

CH2CH3

CH3CH2
CH2CH3

Figure 2.4: The two DETDA isomers: 3,5-Diethyltoluene-2,4-diamine (left) and
3,5-Diethyltoluene-2,6-diamine (right).

Prior to use, the hardener and the resins were heated up to 50 °C for 2 h under

vacuum to remove moisture. Both resins and hardener were used without

further purification.

2.1.2 Layered Silicate

The organoclay used in this work is a commercially available organically

modified smectite by Nanocor Inc. (USA), Nanomer I.30E. The naturally

occurring inorganic layered silicate is a bentonite, which belongs to the 2:1

phyllosilicate family. The interlayer ions have been exchanged with

octadecylamine ions, CH3(CH2)i7NH3
+ (a primary organo-ion). The organic

content of the whole filler weight is 25 - 30 % as determined by TGA. The initial

d-spacing of the silicate platelets is 23 A.
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2.1.3 Calcium Car onate

The material used for comparison of the influence of the filler on epoxy resin

viscosity was a stearic acid surface treated calcium carbonate, Omyacarb 1T,

by Omya Southern PTY Ltd. (Australia). According to the materials data sheet,

this material has a surface area of 5.5 m2/g and an average particle diameter of

1.7 Jim.

2.1.4 Unidirectional Carbon Fibre

Unidirectional carbon fibre for the synthesis of carbon fibre nanocomposites

was obtained from Advanced Composites (Australia). According to the materials

specifications, the bonded unidirectional fabric, type FFC200U0300BS, has a

density of 1.8 g/cm3, a tensile strength of 4800 MPa, a tensile modulus of

240 GPa and an elongation at break of 2.0 %. The linear density of the fibre is

800 tex (g/km fibre).

2.2 Synthesis of Epoxy-Nanocomposites

All initial materials were dried at 50 °C under vacuum for 2 h prior to sample

preparation. The layered silicate was dispersed in the resin at approximately

80 °C using a PTFE anchor stirrer at 500 revolutions per minute (rpm). After

stirring for 45 minutes the DETDA was added and mixed under vacuum at

60 °C. An epoxide to amine molar ratio of 1:0.9 was chosen for each resin

system to ensure an excess of epoxide groups, as unreacted amine groups

present after cure reduce the overall properties of the final material [100].

Curing was performed using a number of different temperature profiles, as

illustrated in Table 2.1.

The cure cycles will be further referred to by their initial cure temperature as

shown in the 'Sample Identification' column. The in-situ polymerization process



Chapter 2 Materials and Experimental Method 39

is most commonly used for thermoset nanocomposite formation. Figure 2.5

shows a schematic of the process as applied in this work.

Table 2.1: Different cure profiles of epoxy nanocomposites synthesis.

Sample
Identification

80°
100

120

140

160

C

°C

°C

°C

°C

Stepi

80 °C for 12
100 °C for 2
120 °C for 2
140 °C for 2

—

h

h

h

h

Step 2

130

130
130

°Cfor
°Cfor
°Cfor

—

—

1

1

1

h

h

h

160

160

160

160

160

Step 3

°Cfor
°Cfor
°Cfor
°Cfor
°Cfor

12

12

12

12

12

h

h

h

h

h

200

200

200

200

200

Step 4

°C for 2
oCfor2

°Cfor2
oCfor2

°Cfor2

h

h

h

h

h

Initially, the layered silicate is swollen by epoxy monomer. As outlined in section

1.7.1, this step is determined by the nature of the resin, the smectite and its

modification and is limited to a certain extent of gallery extension by a

thermodynamic equilibrium. Further layer separation occurs when cure reaction

is initiated through the addition of the amine and application of heat in the oven.

Epoxy Resin

Layered Silicate

Nano-
composite

Figure 2.5: Flowchart of the nanocomposite synthesis.
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2.3 Preparation ofEpoxy Carbon Fibre Nanocomposites

In a further step, the epoxy-organoclay premix was combined with unidirectional

carbon-fibre into composites. An aluminium mould was built for the prepreg

synthesis, in which the resin system is applied to a fibre cloth. The mould

consists of a ground and top plate which sandwich a 5 mm thick frame with a

square hole of 200 x 200 mm2. The sandwiching plates were covered with a

PTFE foil to allow the removal of the composite material after cure. The fibre

cloth was cut to size and carefully painted with a ratio of 1.09 g of

nanocomposite premix per gram of cloth. In order to allow even distribution

without damaging the fibre cloth, the nanocomposite premix was heated to

about 70 °C to decrease its viscosity prior tc painting. The prepregs were then

aligned in the mould and stacked to a 28-ply laminate. A piece of 13 |um thick

and 88 mm broad polyimide foil (Upilex® by UBE Industries LTD, Japan) was

placed in the mid-thickness of the fibre plies as a crack initiator for the mode I

fracture toughness test. The resin and fibre loaded mould was then placed in a

hot press, heated up to 160 °C within 10 minutes and isothermaily cured for 12

hours. Initially, a pressure of 7 bar was applied which was further increased to

40 bar at gelation. The time to gelation was determined from prior

chemorheological experiments (see section 3.3). Prepregs were postcured for

2 h at 200 °C in an oven without any further pressure applied. A 25 mm wide

strip was cut off from each edge and the remaining material used for further

materials tests.

2.4 Viscosity and Cure Monitoring Studies

2.4.1 Dynamic Rheology

Dynamic rheology was used to determine the influence of the layered silicate on

the flow behaviour of the resin before cure. Measurements were taken from

blends of the resin with the layered silicate only, i.e. in the swollen state without

any hardener, as represented by the first oval in Figure 2.5. These
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measurements were of particular interest since layered silicates are often used

as rheological additives. Hence, significant changes in flow behaviour may be

expected due to the presence of the filler. Knowledge about the effect of the

layered silicate on rheological behaviour prior to cure reaction is important to

adjust processing conditions if required, and thus optimise the properties of the

final material. It has been reported [101, 102] that the addition of particles to a

liquid system not only changes the magnitude of viscosity but can also induce

deviation from Newtonian flow behaviour, such as shear thinning or shear

thickening.

Rheological properties are usually characterised by the relationship between

stress and strain. Stress represents the force exerted on the material, the shear

rate is the response to that stress. The ratio of stress and shear rate is given as

y
Equation 1

where T is the shear stress, y is the shear rate and r| is the dynamic viscosity.

A commonly used representation is the plot of viscosity as a function of shear

rate.

Viscosity measurements of the resin containing 0 - 10 % of the modified

layered silicate were performed on a Rheometric ARES using parallel plates of

50 mm. Samples of about 1 mm thickness were placed between the plates,

which were preheated to the required temperature. Initial strain sweeps were

performed to confirm that measurements were taken within the viscoelastic

region (Figure 2.6). Frequency sweeps were run at 40, 60 and 80 °C using a

low and a high strain value from the viscoelastic region. The frequencies

covered were 1 - 200 rad/min.
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F/gure 2.6: Dynamic strain sweep (TGDDM, 2.5% OLS, 60°C) to determine
linear viscoelastic region.

2.4.2 Chemorheology

Knowledge about the time and temperature dependence of the thermal

transitions such as gelation and vitrification of a crosslinking network, is of major

importance to adjust processing conditions and therefore to optimise the

properties of the final material. The layered silicates may impose changes in the

rate of network formation or the degree of conversion at which a transition

occurs. Some of these effects have been discussed previously in section 1.7.2.

Chemorheology is used in this work to determine and understand the role of the

organically modified layered silicate on the network formation. Rheological

measurements during cure can provide information on the crosslinking process.

It is commonly accepted that dynamic mechanical measurements allow direct

determination of the instant at which the polymer network reaches gelation.

Several rheological techniques for the measurement of the gel point were

classified and investigated by Halley et al. [87]. Since the epoxy/amine systems
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studied in this project had an under-stoichiometrical balance between the

hardener and the resin, the gel point was determined from the point where the

loss tangent is independent of frequency [87]. Figure 2.7 shows a typical cross

over in tan 5 related to the gelation point as determined from chemorheological

measurement.
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Figure 2.7: Determination of the gelation point from the cross over in tan 8 of
rheological measurements during isothermal cure.

Chemorheological measurements were performed on a Rheometric RDS 2 to

determine gelation times of the curing systems. Experiments were conducted

using parallel plates of 25 mm diameter. Samples of 0.7 to 1,4 mm thickness

were placed between the plates at 50 °C and brought to cure temperature at

20 °C / min. The complex modulus was measured through the heating process

and during isothermal cure at 140, 160 and 180 °C using a multi-wave

technique, which allows data collection at several frequencies simultaneously.

Measurements were taken at 1, 2,4, 8, 16 and 32 Hz and 10 % strain.
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2.4.3 Flexural Braid Test

The flexural braid test allows the determination of the gelation and vitrification

times of the crosslinking network from viscoelastic measurements of the resin

premix supported by an inert braid during cure. Gelation and vitrification can be

determined from isothermal cure traces as previously discussed by Gillham [6].

Typical DMTA traces of an isothermal scan (of DGEBA/DETDA/10 % OLS

cured at 120°C) are illustrated in Figure 2.8. Two successive peaks can be

observed in the tan 8 traces. Although the precise meaning of the first has been

the subject of discussion [6, 103] it is usually associated with gelation [104,

105], whilst the second peak is related to vitrification of the resin system [6,103,

104]. As well as the two peaks in tan 8 , a steep increase in the modulus can be

observed. The rapid increase in modulus is followed by a plateau, which

indicates that no further reaction takes place at the given isothermal

temperature [106].

The aim of the series of experiments was to -confirm gelation times as

determined from chemorheological measurements. Furthermore, vitrification

times were determined using this technique. Experiments were carried out on a

Polymer Laboratories dynamic mechanical thermal analyser (DMTA) fitted with

a Mark II power head. The uncured liquid nanocomposite premix was painted

onto the glass fibre tape for support. Samples of the supported resin were cut to

45 mm lengths and clamped in the dual cantilever mode, using a frame with a

5 mm free length as illustrated in Figure 2.9. The strain amplitude was set at

4um, while the oscillating frequency of the drive shaft was 1, 3 and 10 Hz. The

temperature was ramped up at a rate of 25 °C/minute to 10 °C below the

desired temperature, after which the temperature increased at 10 °C/min until

the desired temperature was reached.
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Figure 2.8: Typical DMT A thermogram of an epoxy/amine isothermal cure.

Samples were then isothermally cured to completion, as evidenced by no

further changes in storage modulus at the chosen temperature. Following this,

the sample was quenched down to room temperature and a dynamic

temperature rescan from 50 - 300 °C at a rate of 2 °C/min was performed. The

isothermal cure temperatures ranged from 100-180 °C, in steps of 20 °C.

Figure 2.9: Frame assembly of the DMT A showing a sample clamped in the
dual cantilever mode for the flexural braid test [107].



Chapter 2 Materials and Experimental Method 46

Figure 2.10 shows an example of a dynamic temperature DMTA rescan after

isothermal cure. The tan 5 trace shows two distinct peaks with corresponding

changes in the modulus spectra. The two transitions are related to two different

Tgs. The glass transition at the lower temperature is referred to as the aTg,

which is the actual Tg and which is often found to be 10 - 30 °C above the cure

temperature. The second transition is the ultimate glass transition, uTg, and is a

result of further cure at Increased temperatures (T > aTQ) during the dynamic

temperature scan.
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Figure 2.10: Typical thermogram of a DMTA temperature rescan after
isothermal cure.

2.4.4 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a commonly used method to monitor

the curing reaction of epoxy resins. The utility of DSC is its ability to measure

the changes in the heat content during a transition or reaction of a sample with

respect to temperature or time. A sample is treated with a programmed

temperature profile (isothermal or dynamic temperature scan) and the absorbed
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or released energy is measured by comparison with the energy balance of an

empty reference cell. Since epoxy curing reactions are exothermic (with a heat

output of approximately 105 kJ/mol epoxy groups [108]) the energy release can

be used to monitor the conversion.

DSC measurements were carried out using a Perkin Elmer DSC-7. Data

analysis was performed using Pyris software. Prior to measurements, the DSC

was calibrated with an indium and a zinc standard. The uncured resin samples

of 5-8 mg were sealed in aluminium crucibles and heated from 50 °C to 300 °C

at a scanning rate of 10 °C/min under a nitrogen atmosphere. Figure 2.11

shows a typical DSC thermogram of a dynamic temperature measurement of an

epoxy/amine cure reaction. The trace exhibits a single large exothermic peak

associated with the epoxy amine polymerization. Assuming that the heat

evolved during cure is directly related to the disappearance of epoxy groups,

the area underneath the peak may be related to the fractional conversion. For

dynamic temperature measurements the fractional conversion, a, can be

calculated as follows:

_ A _ /^''residual

AH
Equation 2

total

where AHreSiduai is the residual heat output determined from a dynamic (re)scan

after a sample has been exposed to a certain amount of cure, and AHtotai is the

total heat output of the complete cure reaction. This equation was used to

determine the degree of conversion at significant stages of cure, such as at

gelation.
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Figure 2.11: Typical DSC thermogram of an epoxy/amine temperature scan.

2.5 Structural Analysis

2.5.1 X-Ray Diffraction (XRD)

The utility of wide angle x-ray diffraction, XRD, or WAXS (wide angle x-ray

scattering), is commonly used to determine the distance between silicate layers

in the pristine smectite or in the polymer-intercalated state respectively. A

repeated distance between layers, the d-spacing, can be determined through

the diffraction from two scattering planes, i.e. two consecutive clay layers as

illustrated in Figure 2.12. The distance or d-spacing between two layer surfaces

is marked as d. The two layers intercept with the x-rays of the wavelength X at

the incident angle 20. A constructive interference occurs when the Bragg Law is

fulfilled:

n-X - 2 6 sin 9 Equation 3
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The integer n refers to the diffraction such that if dooi is 1 nm, then doo2 is

approximately 0.5 nrn. Therefore, with a known incident angle and wavelength

the layer distance can be calculated from equation 3. Figure 2.13 illustrates

typical WAXS traces of an intercalated nanocomposite system and the pristine

clay. Both, the neat clay and the nanocomposite system show a peak at

20 = 19.5°. This peak represents the (110) reflection of the montmorillonite

[109]. The (hkO) plane characterizes the atomic arrangement in the plane that is

parallel to the z-axis. This peak is therefore independent of the distance

between silicate platelets and its location can be used as a reference.

r
diffracted

beam

v

Figure 2.12: Principle of X-ray diffraction adapted from Kornmann [26].

Wide angle x-ray diffraction (XRD) analysis were performed using a Rigaku

Geigerflex generator with a wide angle goniometer. An acceleration voltage of

40 KV and a current of 22.5 mA was applied using Ni filtered Cu-K-a radiation.

The sample surfaces were polished prior to measurement. The radiation

wavelength was X = 1.540598 A.
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Figure 2.13: WAXS traces of pristine organoclay (Nanomer I.30E) and an
intercalated epoxy nanocomposite.

2.5.2 Optical and Atomic Force Microscopy

Two different microscopy techniques with different resolutions and

magnifications were used to investigate the bulk surface and the microstructure

of the nanocomposites.

Electronically recorded optical micrographs were obtained using a Leica DMRM

optical microscope in the reflection mode.

Atomic force microscopy (AFM) images were recorded from thin sections using

a Digital Instruments Nanoscope Ilia scanning probe microscope in the phase

contrast mode,

2.5.3 Dynamic Mechanical Thermal Analysis

The effect of the layered silicate on the glass transition temperature and the

p-relaxation of the cured nanocomposites were determined using dynamic



Chapter 2 Materials and Experimental Method 51

mechanical thermal analyses (DMTA). The ability of a material to store energy

is generally expressed as the dynamic storage modulus, represented as E\ The

loss modulus, E", measures the viscous behaviour, i.e. the ability of the material

to dissipate heat energy. The ratio of lost energy to energy stored is defined as

the loss tangent, tan 5. The value of tan 8 maxima is widely used to characterize

the relaxation due to its sensitivity to changes in the polymer network structure

and internal molecular motions. Most polymers also exhibit at least one

relaxation in the glassy state (p-relaxatton) in addition to the primary ct-

relaxation.

A Rheometric Scientific DMTA IV was used to determine the a- and p-relaxation

temperature from the loss tangent of the nanocomposites. The cured samples

were clamped in a medium frame using a small centre clamp in the dual

cantilever mode. Measurements were performed in two steps (to avoid high

tension in the specimen due to thermal expansion) from -100 °C to 50 °C and

from 50 to 300 °C at 2 °C/min and frequencies of 1, 3 and 10 Hz. Liquid

nitrogen was used as a cooling agent for the subambient measurements. The

data was ana;Voed using RSI Orchestrator software.

2.5.4 Scanning/Transmission Electron Microscopy (SEM/TEM)

Transmission electron microscopy (TEM) was applied to further correlate the

morphologies with the XRD experiments. This was necessary since the utility of

XRD is limited to a certain resolution. The XRD used in this work was unable to

detect regular stacking that exceeded a d-space of approximately 8 nm (80 A).

A large distribution of d-spacings at low clay concentrations could also cause

the absence of the {001) reflection. TEM was especially useful, therefore, to

confirm if the XRD results with no scattering are truly exfoliated or if the silicate

platelets are only highly intercalated and still show some level of ordered,

parallel structure.

Transmission electron microscope samples were cut using a Porter-Blum MT-

2B ultramicrotome with a DiaTech (Knoxville) diamond knife. Cuts were made at
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an angle of 6 degrees and a cutting velocity of about 0.1 mm/sec. Samples

were collected on hexagonal 300 mesh copper grids. Micrographs were then

obtained using a Philips CM20 transmission electron microscope operating at

200 kV in bright field mode.

Scanning electron microscopy was used to investigate fracture surfaces of the

nanocomposites as well as the fibre reinforced nanocomposite systems to

understand the failure mechanism of the material. Samples were glued to a

supporting aluminium plate using conductive carbon. The specimen were then

coated with an ultra-thin layer of gold prior to examination to ensure the

required conductivity. The materials were examined using a Philips XL30 field

emission scanning electron microscope (SEM).

2.5.5 Near Infrared Spectroscopy

Fourier transformed near infrared spectroscopy was utilized to determine the

amount of residual epoxy groups after cure. Samples of 1.5 mm thickness were

analysed in 16 successive scans. The degree of cure was determined by

measuring the area under the 4530 cm'1 epoxy overtone [110]. The area under

the epoxy overtone in a separate uncured prepolymer blend allowed

quantification of the degree of cure. Measurements of liquid unreacted

prepolymer blends were taken from samples sandwiched in a silicone gasket

between thin glass plates.

FT!R analysis was performed on a Perkin Elmer Spectrum GX FT-IR System.

Samples of 1.5 mm thickness were scanned in a wave number range of 8000 -

4000 cm"1.
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2.6 Nanocomposite Characterization

2.6.1 Three Point Bending Test

Three point bending tests were carried out to determine the elastic modulus of

the different materials. The test procedure followed the ASTM D 790 M-93

standard [111]. An Instron 4486 was used to apply the load at a cross head

speed of 1.0 mm/min and the force was recorded with a 1 kN load cell. The

elasticity modulus in bending, E, was calculated from the gradient in the load vs.

displacement curve:

E = F I3

8 4bd3 Equation 4

where I is the supported length (40 mm), b is the width and d the depth of the

specimen and F/5 is the gradient of the load displacement curve.

2.6.2 Fracture Toughness Test

The fracture toughness of the cured nanocomposites was determined using the

compact tension method according to ASTM D 5045 - 96 [112]. Measurements

were taken on an Instron 4486 universal tester. Specimens were pre-cracked

prior to testing by inserting a razor blade into the machined notch and impacting

with a hammer. After placing the specimen in a jig, the samples were tested at a

cross head speed of 1.3 mm/min. The exact crack length was determined after

fracture using an optical microscope fitted with a ruler. The stress intensity

factor, Kic, was calculated from the correlation:

K -
K | C ~

P Y
Equation 5



Chapter 2 Materials and Experimental Method 54

where P is the maximum load [N], B is the sample thickness, W the sample

width and Y is defined by the correlation of the crack length (a) to thickness (W)

ratio:

v- - / m (2 + R)(0.886 + 4..64R-13.32R2 +14.72 R3 -5.6 R4) _ .. eY = f(R) = 5 - Equation 6

with R = a / W. A minimum of five samples was used to determine the K|C for

each material.

2.6.3 Free Volume Properties

Positron annihilation lifetime spectroscopy (PALS) was applied to determine

free volume properties of the cured nanocomposites. A detailed background on

the theory and technique of PALS can be found elsewhere [113-115]. Briefly,

the antiparticle of an electron, the positron, is used to investigate the free

volume between polymer chains. The 'birth' of the positron can be detected by

the release of a y-ray of characteristic energy, which occurs approximately 3ps

after positron emission when the 22Na decays to 22Ne. Once inside the polymer

material, the positron forms one of two possible types of positroniums, an ortho-

positronium or a para-positronium, obtained by pairing with an electron

abstracted from the polymer environment. The decay spectra are obtained by

the 'death' event of the positron, para-positron or ortho-positron species. The

lifetimes of the various species and their intensity can be determined through

appropriate curve fitting. The lifetime of ortf?o-positronium (x3) and intensity (l3)

has been found to be indicative of the free volume in the polymer system since

this is where the relevant species become localized, form and decay. T3 is

related to the size of the free volume sites, the intensity l3 is related to their

probability of formation and their number concentration. Since x3 is related to
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the radius, T3
3-I3 is used in this work as an indication of the total free volume

fraction.

The PALS unit used was an automated EG&G Ortec fast-fast coincidence

system with a 22Na radioactive source and a resolution of 270 ps measured on
60Co. A 1 mm diameter spot source of 22Na was obtained by dropping a 22NaCI

solution onto thin titanium foils, with a resultant activity of 40 |iCi. Experiments

were run in a thermally stable environment at 22°C. No source correction was

required, as confirmed by the testing of highly annealed and polished

aluminium, which results in the well known, single decay process. Each

spectrum consists of 30,000 peak counts, and the data was fitted using the

PFPOSFIT program [116].

2.6.4 Density Measurements

Density measurements were performed on a helium-based gas displacement

pycnometer, type Micromeritics AccuPyc 1330. The principal of this measuring

method is that a sample, which is added to a closed cell of a constant

temperature and a certain pressure, will cause an increase in pressure

corresponding to its displaced volume. The volume can be calculated with the

basic equation:

p V = constant Equation 7

where p is the pressure and V is the volume. At a given sample weight, the

density can be calculated by dividing the sample mass by the determined

sample volume.

Prior to density measurements the nanocomposite systems were grinded to

avoid errors caused by voids and entrapped bubbles in the cured polymer. The

pycnometer was calibrated with factory calibrated stainless steel balls of known

volume. Each sample was measured ten times and the standard deviation

calculated.



Chapter^ Materials and Experimental Method 56^

2.6.5 Determination of Water Uptake

The water uptake properties of a series of nanocomposites were measured

gravimetrically on analytical weighing scales. Prior to testing, three replicates of

each sample with the dimension 2 x 10 x 40 mm3 were dried in a vacuum oven

for two days to remove any residual moisture. Each sample was then weighed

and stored at 80 °C in test tubes filled with distilled water. The sample weight

was determined at certain time intervals over a period of 3600 hours, the

sample surface dried with a tissue before weighing.

2.6.6 Thermogravimetric Analysis

The utility of thermogravimetric analysis (TGA) is to measure changes in weight

of a material with respect to temperature. The sample material is usually

(dynamically or isothermally) scanned according to a defined temperature

program and under the constant flow of an inert or oxidising gas.

Measurements were conducted using a Mettler Toledo TGA/SDTA 851e.

Samples of 10 - 15 mg were placed into small, ceramic crucibles and heated

from 50 - 800 °C at a heating rate of 5 °C per minute under a nitrogen

atmosphere. A thermogram of the organically modified smectite is shown in

Figure 2.14.
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Figure 2.14: Thermogram of the organically rendered layered silicate,
Nanocor I.30E.

2.7 Epoxy Carbon Fibre Nanocomposites Characterization

2.7.1 Fibre Content

The fibre content in the cured epoxy fibre nanocomposites was determined

according to ASTM D 3171-76 [117]. Three specimens of 0.3 - 0.5 g were cut

from each material. The sample weight was determined using analytical

weighing scales. The specimens were then placed in 125 ml round bottom

flasks and covered with 30 ml_ of concentrated nitric acid (70 %). Each flask

was fitted with a reflux condenser and placed in an oil bath at 75 °C. After 5

hours, the contents of each flask was poured into a sintered glass filter under

vacuum and washed three times with distilled water and once with acetone. The

carbon fibre was then removed from the filter and dried on a tared petri-dish at

100 °C. After drying, the sample weight was determined using analytical scales.

The fibre weight percent (% f^) and the fibre volume percent (% fv) was then

calculated according to Equation 8 and Equation 9, respectively:
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W
•100 Equation 8

%fv =
(W/F)"
(w/c)

•100 Equation 9

with W being the weight of fibre in the composite, w the initial specimen weight,

F the fibre density and c the composite density.

':

2.7.2 Mode I Fracture Toughness

The Mode I test method for interlaminar fracture toughness of unidirectional

fibre-reinforced polymer matrix composites (ASTM D5528-94a [118]) was used

to investigate the supplementary reinforcing effect of layered silicates on the

fibre composite. Opening forces are applied to a unidirectional laminated

composite specimen, which contains a non-adhesive delamination initiator in

the mid-plane as illustrated in Figure 2.15. Specimens were cut into samples of

25 mm width and 150 mm length with a 63 mm long crack starter film. To load

the sample, aluminium tabs were glued to the end of the specimen that contains

the crack initiator film. One side of the specimen was coated with liquid paper to

assist monitoring of the crack growth. The ends of the double cantilever beam

specimen were opened with an Instron universal tester at a crosshead speed of

1mm/min, while the load and delamination length was recorded.

Load/displacement curves were produced for each sample. The mode I

interlaminar fracture toughness, G|C, is calculated from this data using a

modified beam theory as shown in Equation 10:
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Figure 2.15: Mode I specimen for interlaminar fracture toughness testing of

unidirectional fibre composites [118],

3P6
Equation 10

where P is the applied load, 8 the Soad point deflection, b the specimen width, a

the delamination length and IAI an experimentally determined correction factor

considering rotation at the delamination front. The correction factor is

determined to be the x-axis intercept of a plot of the cube root of compliance,

C = 5 / P, as a function of crack length, a. Figure 2.16 shows an example of a

load/displacement curve and the correlating resistance curve (G|C vs. crack

length a). The value of Gic-mit is defined as the first (initial) deviation from

linearity on the Inad/displacement curve. Another commonly quoted value in

mode I fracture i<,ughness is G|C-Prop. which is defined as the value of G|C during

steady crack propagation, corresponding to the plateau in the resistance curve

and the maximum load.
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Figure 2.16: Construction of a resistance curve (bottom) from a load
displacement curve (top), for a DGEBA carbon fibre nanocomposite containing

2.5% layered silicate.
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2.7.3 Interlaminar Shear Strength

The interlaminar shear strength was determined according to ASTM

D 2344-84 [119]. Samples cf 5x10x32 mm3 were cut with the longest

dimension being the carbon fibre direction. The test specimen was then centred

perpendicular to two fixed cylindrical axis and a load applied from the top with a

crosshead movement of 3 mm/min until failure occurred. The apparent shear

strength, SH, was calculated from the following equation:

SH=0.75-^_ Equation 11
H b-d 4

with PB being the load at failure, b the width of the specimen and d the

thickness of the specimen.

2.7.4 Error Analysis

A minimum of five specimens per sample was used in any of the mechanical

properties testing techniques. Values represented in the results tables show the

average value and the correlating standard deviation (Std. Dev.) as calculated

from

Std. Dev. = ) ! !2H X ^ X J Equation 12
\ n(n-1)

with n being the number of measurements and x the individual value.
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Chapter 3
Viscosity and Cure Monitoring

Studies

This chapter discusses the influence of the organically layered silicate on the

epoxy resin viscosity and the epoxy/amine curing kinetics as determined by

Theological, thermal and infrared analysis. Any possible catalytic influence of the

organically modified day on the resin/hardener cure or epoxy

homopolymerization is of importance in order to optimise the resin/hardener

ratio and the curing profile. Cure conditions have to be controlled to ensure full

cure of the resin and to avoid trapped hardener molecules in the polymer

matrix. Unreacted amine groups present after cure may be deleterious to the

overall properties of the final material [100].

Rheology and gelation and vitrification studies were carried out to determine

processing conditions for both the pristine epoxy nanocomposite and the fibre-

reinforced nanocomposites. It is well known that accurate determination of the

gel point is essential for the understanding and control of any thermoset

process [87]. In fibre composite synthesis, for example, the gel point gives an

indication of what time in the cure cycle the pressure should be applied for final

prepreg shaping.

3.1 Rheology of Resin/Layered Silicate Blends
I

Rheological measurements of the different resins containing 0 - 10 % layered |

silicate were conducted to investigate how the resin viscosity changes with j
I

organoclay concentration. No hardener was added to avoid cure during {

experiments. For comparison, measurements were made of resins mixed with j

5% of a micron-sized surface treated calcium carbonate filler. Isothermal I
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dynamic strain sweeps were performed for epoxy alone, and with organoclay to

ensure that subsequent measurements were taken within the viscoelastic

region. The linear viscoelastic region was determined from the linear correlation

of viscosity as a function of strain. Figure 3.1 and Figure 3.2 show typical

dynamic strain sweeps to determine the area of linear viscoelastic response

and the correlating dynamic frequency sweeps. In addition, steady shear

measurements were taken to compare Power law and Herschel-Bulkley data

fits of steady and dynamic measurements, and to determine if the Cox-Merz

rule [120] can be applied to the different layered silicate containing systems.

In general, it was found that tests above 40 °C showed very low torque readings

at low frequencies, whilst at higher organoclay concentrations, a more highly

non-linear viscoelastic response was observed. To ensure reproducibility of

subsequent isothermal dynamic frequency scans, two different strains within the

linear viscoelastic region (at 10 % and 50 % strain) were selected for testing.

CO
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Figure 3.1: Dynamic strain sweeps ofDGEBA 5 % OLS to determine the
viscoelastic region.
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Figure 3.2: Dynamic frequency sweeps ofDGEBA 5 % OLS in the viscoelastic
region at 10% strain.

Figure 3.3 to Figure 3.5 show overlaid dynamic and steady shear

measurements of the different resin systems containing 0 - 10 % OLS at 40°C.

Good correlation between dynamic and steady viscosity measurements can be

observed at lower OLS concentrations. However, at layered silicate

concentrations of 7.5 % and above results from the two different experiments

deviate slightly. A general trend which method yields higher values cannot be

observed. For example, dynamic measurements of the TGAP system

containing 7.5 % OLS show higher viscosity values compared to steady shear

measurements, while values at 10 % show the opposite behaviour. It is possible

that there exists structure in these more highly loaded samples, and that

imposition of steady shear breaks down and/or builds up this structure,

depending on the shear rate. However, it should be noted that the variation

between the two measurements is still very low. Further, it can be seen that

increased organoclay concentrations lead to an increasing trend of shear

thinning behaviour.
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Figure 3.3: Comparison of dynamic (d) and steady (s) viscosities as a function
of shear rate of a series of DGEBA/layered silicate blends at 40°C.
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Figure 3.4: Comparison of dynamic (d) and steady (s) viscosities as a function
of shear rate of a series of TGAP/layered silicate blends at 40°C.
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Figure 3.5: Comparison of dynamic (d) and steady (s) viscosities as a function
of shear rate of a series of TGDDM/iayered silicate blends at 40°C.

In order to determine any deviation from Newtonian flow behaviour and any

yield stress, correlating parameters were determined. A series of experiments

conducted at 40 °C, which gave the most stable linear viscoelastic response

were fitted to a viscosity model (Power Law) and a yield stress model

(Herschel-Buckley) [121] to determine any deviation of the epoxy/layered

silicate blends from Newtonian behaviour and the existence of a yield stress.

The Power Law model allows prediction of shear thinning or shear thickening

behaviour of non-Newtonian fluids. This model is often mathematically

described for dynamic and steady measurements as:

Equation 13

Equation 14
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where G" is the loss modulus, co the shear rate or oscillatory frequency, Ci the

pre-exponential factor and G2 the flow behaviour index or Power Law index, x

represents the shear stress and y the shear rate.

The shear data of fluids with a yield stress is commonly represented by the

Herschel-Buckley model [121], which is basically a modification of the Power-

law correlation, with an additional yield stress parameter, Ci, and can be

represented as:

G" = 0 ^ 6 2 - o)C3 Equation 15

x = C, + C 2 • yc3 Equation 16

Clay dispersions have often shown a reversible thixotropic behaviour in

coatings and other applications, having an initial resistance to flow, which

becomes reduced through alignment when shear forces are applied [122-127].

Recent work [127] has shown an interesting correlation between polymer

nanocomposite rheology and (anisometric, non-Brownian) liquid crystalline

polymer rheology; where shear rate regions of type l-yield stress (low rates),

type ll-tumbling domains (medium rates) and type III- flow alignment (high

rates) are seen in both systems.

This work showed that with increasing organoclay concentrations and

increasing temperatures the viscoelastic response of the resin organoclay blend

indicated shear thinning behaviour. Shear thinning could be weii observed at

high organoclay concentrations of 10 % and 12.5 %. Figure 3.6 shows the

Power Law parameter, C2, as determined from loss modulus versus frequency

fittings. In all instances, the data measured and the fit are in good agreement

with a regression coefficient of 0.998 or above. C2 values as determined from x

versus shear rate plots follow a similar trend. Figure 3.4 shows that for a series

of TGAP/layered silicate blends at 40 °C, increased organoclay concentrations

lead to an increasing trend of shear thinning behaviour. However, as illustrated

by the low Power Law parameters, the deviation from Newtonian flow behaviour

is still fairly low for all systems.
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Figure 3.6: Power Law Parameter, C2, as determined of Power Law fits ofG'
vs. co of different epoxy resin/layered silicate blends at 40 °C.

The yield stress parameter, Ci, as determined from Herschel-Buckley fits of x"

versus shear rate data is shown in Figure 3.7. It can be seen that for the

DGEBA and TGAP resin systems the Ci values were close to zero at all layered

silicate concentrations. Only the high-viscous TGDDM resin shows a slight

indication of existing shear thinning at increased layered silicate concentrations

(above 7.5 %).

In order to compare changes of the magnitude of viscosity due to the layered

silicate with those of a commonly used micron-sized filler, viscosities at a given

frequency of 1 rad/s (further referred to as r|(1rad/s)) were compared. Dynamic

shear tests were chosen (over steady shear tests) to minimize disruption or

change to any network formation. Comparative measurements were carried out

with the different resin systems containing 5 % of a surface treated calcium

carbonate.
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Figure 3.7: Yield Stress Parameter, C1t as determined from Herschel-Buckley
fits for different epoxy resin/layered silicate blends at 40 °C.

Figure 3.8 and Figure 3.9 illustrate the dependence of viscosity on temperature

and organoclay concentration for TGAP and TGDDM, respectively. Values for

DGEBA organoclay blends follow the same trend, with viscosities ranging from

0.04 Pa-s (0% clay, 80°C) to 2.17 Pa- s (10% clay, 40°C). A summary of all

viscosity values is shown in Table 3.1. It was found that the CaCO3-filler

containing resins did not vary significantly from viscosity values of the layered

silicate resin blends. The ri(irad/s) values of CaCO3 mixed systems were only

slightly lower than those of the organoclay-resin blend. This could indicate that

the layered silicate is still acting as a micron sized filler, since a much higher

viscosity would be expected if the platelets had split up into individual layers

during mixing with the epoxy resin. For all systems, a steady increase in r|(irad/s)

was observed with increasing organoclay concentrations, with the increase in

viscosity being more significant at low temperatures and higher organoclay

loadings.



Chapter 3 Viscosity and Cure Monitoring Studies 70

40°C

60°C

80°C

• 5%CaCO3

0 4 6
OLS Concentration

8 10

Figure 3.8: Viscosity of TGAP at a frequency of 1 rad/s as a function of
organoclay concentration and temperature.
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Figure 3.9: Viscosity of TGDDM at a frequency of 1 rad/s as a function of
organoclay concentration and temperature.
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The activation energy of flow (Ea) was determined from the slope of plots of the

logarithm of the viscosity versus the reciprocal thermodynamic temperature,

based on the Arrhenius relationship:

= Ae RT Equation 17

where t| is the viscosity (compared here at a constant co = 1 rad/s), A is a pre-

exponential factor, R is the gas constant and T is the absolute temperature.

Figure 3.10 shows a typical series of Arrhenius plots for the TGAP series.

Results for all activation energies are shown in Table 3.1. It can be seen that

the nature of the epoxy resin is of major importance for the activation energy of

flow. The Eg-flow values increase with increasing buikiness, and decreasing

mobility, of the resin molecule. TGAP monomer, whose structure contains only

one benzene ring, has the lowest activation energy around 47 ± 2 kJ/mol,

whereas the more bulky, larger TGDDM molecule with two aromatic units and

four glycidyl moieties has an activation energy of approximately 84 ± 4 kJ/mol.

Bifunctional DGEBA showed an intermediate Ea of 70 ± 4 kJ/mol.

The activation energy of flow of the different resin systems is not affected by the

addition of up to 10 % organoclay. The modest variation observed between

different clay loadings in these resin systems falls within the error of the

method. Results are in good agreement with work reported by Krishnamoorti

and Giannelis [124], who reported that the activation energy of flow of

thermoplastic poly(e-caprolactone) (PCL) did not change due to the addition of

1 -10 % layered silicate.

The average distance between silicate platelets, the d-spacing, of the different

resins containing 7.5 % organoclay was determined using wide angle x-ray

diffraction to understand the organoclay formation in the viscosity samples.

ill
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Table 3.1: Viscosity values of various epoxy systems containing
0-10% OLS or 5% CaCO3 at. an angular frequency of 1 rad/s.

Resin

DGEBA
DGEBA

DGEBA
DGEBA
DGEBA
DGEBA

TGAP
TGAP
TGAP

TGAP
TGAP

TGAP

TGDDM

TGDDM
TGDDM
TGDDM

TGDDM
TGDDM-

TGAP-TGDDM

TGAP-TGDDM
TGAP-TGDDM
TGAP-TGDDM
TGAP-TGDDM
TGAP-TGDDM

OLS
content [%]

5°,

51

51

0
2.5

5
7.5

10

k CaCO3

0
2.5
5

7.5
10

% CaCO3

0
2.5
5

7.5

10
% CaCO3

0

2.5
5

7.5
10

% CaCO3

T|at
40°C
[Pas]
0.748
1.489

1.745
2.036
2.258

1.24a

0.147
0.167
0.169
0.302
0.409
0.184

11.129
15.123
15.935
27.059
28.800

14.400

0.82

1.08
1.334

1.5

2.27
1.08

r)at
60°C
[Pas]
0.172
0.218
0.301

0.404
0.341

0.199

0.040
0.043

0.048
0.091

0.198

0.055

1.298
1.768
1.936
2.151

3.010
1.760

0.18

0.22
0.257
0.463
0.463
0.215

T|at
80°C
[Pas]
0.029
0.069

0.073

0.144
*

0.062

0.016
0.021

0.023
0.045

._*

0.021

0.278

0.432
0.518
0.808

1.220
0.450

0.057

0.065
0.09

0.12
*

0.066

Ea-Flow
[kJ/(kmol K)]

74.6
70.8
73.1
61.1

*

69.0

45.5
47.9
49.9

43.8
*

49.9

84.9
81.9
78.9
89.9

*

80.0

61.3

64.6
62.1
57.9

*

64.3

samples did not allow determination of reproducible data.
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Figure 3.10: Arrhenius plot (relationship between viscosity and reciprocal
temperature) of a layered silicate-containing TGAP resin as a function of

concentration at an angular frequency of 1 rad/s.

It was found that the interlayer distance increased from initially 23 A of the dry

organoclay to 39.0 ± 0.5 A for any of the three monomer resin organoclay

blends. This amount of increase in d-space due to swelling in the clay is in good

agreement with the values reported by Chin et al. [81]. The interlayer d-space in

the swollen state correlates with a thermodynamic equilibrium [75] between the

resin polarity and the polarity or surface energy of the organoclay and only

changes further when much higher temperatures are applied and the epoxy

resin molecules undergo an etherification reaction. Therefore, any

measurement of the resin organoclay systems alone is assumed to consist of a

blend of epoxy resin and swollen organoclay tactoids that remain in the stacks

of swollen parallel stacked platelets with a lateral micron sized structure as

shown in Figure 3.11.
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o o

Figure 3.11: Model of the organoclay structure as it exists during viscosity
measurements. The black bars represent layered silicate platelets, the small
circles represent the resin monomers and the thin black line around stacks of

black bars the interface between fluid and tactoids.

3.2 Differential Scanning Calorimetry

Initially, differential scanning calorimetry (DSC) was applied to investigate the

effect' of the organoclay on epoxy homopolymerization. Temperature scans of

the resins mixed with 0 -10 % of the organoclay only (no hardener added) were

carried out at a heating rate of 10 °C/minute. Single sharp peaks were obtained

for all different resin systems. Figure 3.12 to Figure 3.14 illustrate the influence

of the clay on the reaction rate of the epoxy self-polymerization of DGEBA,

TGAP and TGDDM. Peak temperatures of the homopolymerization reaction are

summarized as a function of organoclay concentration in Figure 3.15. The

modified clay dramatically influences the DGEBA self-polymerization. The

addition of 2.5 % layered silicate decreased the reaction peak temperature by

almost 150 °C. Any further addition of clay only decreases the reaction peak

temperature slightly. A catalytic effect of a similar alkyl amine ion modified

montmorillonite on DGEBA self-polymerization has been reported previously by

Lan et al. [69] and Butzloff et al. [90]. In the work by Lan et al. [69] it was

possible to clearly distinguish between two different peaks related to an intra-

gallery and an extra-gaiiery polymerization reaction at a scanning rate of
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2 °C/min. In contrast, results reported by Butzloff et al. [90] for DSC

measurements performed at the same scanning rate as well as our work at a

faster scanning rate of 10 °C/min did only show single reaction peaks. It was

theorized by Butzloff et al. that the single peak traces may be related to a better

organoclay dispersion, depending on the mixing process prior to DSC

measurements. A mechanism for the epoxy polymerization in acidic smectite

layered silicate clay galleries has been proposed as discussed in section 1.7.2

in the literature review. According to this model, the alkylamine ion generates

protons through dissociation, these protons causing further acid-catalysed, ring-

opening reaction.

The resins of higher functionalities, TGAP and TGDDM show a much smaller

monotonic decrease in the reaction peak temperature by only 3 - 6 °C with each

additional 2.5 % of organoclay. This weaker effect is in good agreement with the

fact that the resin systems of higher functionalities are more difficult to exfoliate,

as will be presented later in this work. The ability of the interlayer exchanged ion

to catalyse homopolymerization or resin hardener cure respectively, is of major

importance for the exfoliation process.
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Figure 3.12: DSC traces of the self-polymerization ofDGEBA containing 0
10% organically modified layered silicate (OLS).
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Figure 3.13: DSC traces of the homopolymerization of TGAP containing 0
10% organically modified layered silicate (OLS).
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Figure 3.14: DSC traces of the homopolymerization of TGDDM containing 0
10% organically modified layered silicate (OLS).
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rigure 3.15: Influence of the organoclay on epcxy homopolymerization in the
absence of a hardener - reaction peak temperatures determined from DSC

temperature scans at a heating rate of 10 °C/minute.

Subsequently, DSC was applied to investigate the cure kinetics of the

epoxy/amine/organoclay blends. As illustrated in Figure 3.16 for the DGEBA

based-systems, more than one (overlapping) peak can be found, it is likely that

these peaks are related to different curing reactions. A catalysed reaction in the

layered silicate galleries would likely occur at lower temperatures. This reaction

increases with increasing clay concentration, as indicated by the strengthening

shoulder in the DSC traces. The second, higher temperature peak is likely due

to the curing reaction outside the organoclay galleries and is assumed to refer

to the non-cataiysed resin/hardener reaction outside the layered silicate

galleries. At higher temperatures, organoday-induced homopolymerization of

the DGEBA might occur. The TGAP and TGDDM based

resin/organoclay/hardener systems show a single broad reaction peak, with a

shoulder towards higher temperatures as shown in Figure 3.17 and Figure 3.18

respectively. For the TGODM systems the cure reaction peak decreases with
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increasing clay concentration from 214 °C for the neat system to 183 °C for the

blend containing 10 % organoclay. Since the TGDDM self-polymerization

occurs at temperatures above 300 °C, if. can be assumed that the exothermic

peaks are mainly related to the resin/hardener cure reaction only. A catalytic

effect of the CH3(CH2)i7NH3
+ - ion on the amine cure reaction has been

reported previously [63, 70], where the amine ion has a Bronstedt-acid

catalysing effect on the cure reaction. Similar to homopolymerization, the

DGEBA/DETDA cure appears to be more affected by the catalysing effect of the

organoclay than the tri-functional TGAP or the tetra-functional TGDDM resins.
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Figure 3.16: DSC traces of the DGEBA/OLS/DETDA cure reaction containing
0-10% organically modified layered silicate (OLS).
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Figure 3.17: DSC traces of TGAP/OLS/DETDA cure containing 0-10%
organically modified layered silicate (OLS).
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Figure 3.18: DSC traces of TGDDM/OLS/DETDA cure containing 0-10%
organically modified layered silicate (OLS).
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3.3 Chemorheology

The influence of the organoclay on the gelation time of the three different resins

was investigated by dynamic rheoiogy. The gelation time of all systems was

taken from the crossover in tan 6, as commonly used in curing characterization

of non-stoichiometrically balanced systems [87, 128]. For comparison, the gel

time was also determined from the rise in G1, due to the rapid increase in

elasticity with gelation, often found to occur at similar times as the crossover in

tan 5 [128]. For each measurement two tangents were drawn before and after

the inflection point in G\ The gelation time was taken from the intersection of

these two tangents as illustrated in Figure 3.19.
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Figure 3.19: Intersection method to determine the gelation time from the rise in
G' (here for DGEBA/DETDA/7.5 % organoclay cured at 160 °C, 32 Hz).

There are two main ways in which to conduct the chemorheological experiment

in the rheometer. The resin sample can either be loaded between the parallel

plates and ramped up to the isothermal cure temperature [128, 129], or the

resin can be inserted between the two parallel plates, already at cure



Chapter 3 Viscosity and Cure Monitoring Studies 81

temperature [130]. In either case an error is involved. The first method involves

the same error for each measurement, i.e. the time till target temperature is

reached. The latter method involves an error due to the required time to load

the resin between the parallel plates and heat it up to target temperature. This

error can vary significantly between measurements and therefore reduce

comparability between results. To allow easier comparison between results of

different systems in this work, the resin samples were inserted between the two

parallel plates at 50 °C and heated up to the target temperature at

20 °C/minute.

The crossover in tan 5 at gelation can be explained by the fact that tan 8

decreases with increasing frequency in the liquid state whereas in the rubbery

state the resin systems behaves like an elastic solid, with tan 8 increasing with

increasing frequency. Hence the tan 8 traces of each single frequency cross

over at the transition from the liquid to the rubbery state. Traces generally

followed this trend as shown in Figure 3.20 for the TGAP nanocomposite

containing 7.5 % organoclay, cured at 140 °C. However, if the data at the

crossover is viewed in a more expanded manner some measurements show a

range of crossovers or single frequencies that do not precisely cross (Figure

3.21) This phenomenon occurred even in the unfilled resin systems and can

therefore not only be related to the influence of the organoclay (it should be

noted that most chemorheological papers do not show data to this level of

magnification). By comparison, the gelation time was also determined from the

point where G' rises. Results of the apparent crossover region in tan 8 and from

the rise in G' are shown in Table 3.2 and Table 3.3. Both sets of values are in

good agreement. The gelation times determined from the rise in Gf traces at

2 Hz compare best with the gel times as determined from tan 8. The gelation

times determined from the increase in G' at higher frequencies were slightly

lower than those at 2 Hz. Interestingly, with increasing, cure temperature, the

values of the two different methods appear to match better. At a cure

temperature of 180 °C, some of the gelation times determined from the rise in

G' for the TGAP system show slightly higher values than the other method.
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Figure 3.20: Typical tan S data obtained from parallel plate rheology of
TGDDM/DETDA/5 % organodayat 160 °C.
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Assuming that gelation is a point of constant conversion, the overall activation

energy (Ea) of gelation may be determined from Arrhenius plots of the reciprocal

thermodynamic temperature versus gelation time according to equation 18.

= A-eLRTj Equation 18

where tgei is the gelation time, A is the pre-exponential factor, R is the gas

constant and T is the temperature in Keivin. The activation energies for the neat

systems were found to be 61.3 kJ/mol for DGEBA, 63.4 kJ/rnol for TGAP and

76.0 for the TGDDM based system. Whilst DGEBA and TGAP show very sirilar

values, the activation energy of the TGDDM based system is significantly

higher. Barra! et al. [131] recently determined the activation energy for a

relatively similar 4,4'-diaminodiphenylsulphone (DDS) cured TGDDM system.

Results as obtained from Tg versus time shift factors and gelation times are

76.2 kJ/mol and 61.0 kJ/mol, respectively.

A general trend of decreasing activation energy with increasing clay

concentration can be observed for DGEBA and TGDDM. The TGAP based

r otem initially shows decreased activation energy with organoclay addition

followed by an increase in Ea with further organoclay addition. It is very clear,

however, that the sampies with no clay content all show significantly higher

activation energies in comparison to those containing different concentration of

clay. Due to the catalytic effect of the clay, less energy is required for gelation to

occur in the filled systems compared to the unfilled epoxy resins.

As will be shown later, major changes in the interlayer distance of the

organoclay occur at the beginning of cure. TWL different aspects have to be

considered when investigating the gelation of a layered silicate filled epoxy

system during cure: firstly, the formation of a physicb.1 gel due to a network of

exfoliated platelets that are connected through electrostatic forces and secondly

the chemical gelation due to the formation of a crosslinked polymer network.

•• i i
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Table 3.2: Gelation times of various epoxy systems containing 0-10% OLS determined from chemorhological measurements
(crossover in tan S).

Resin / Hardener

DGEBA/ DETDA
DGEBA / DETDA
DGEBA/DETDA
DGEBA / DETDA
DGEBA/DETDA
TGAP / DETDA
TGAP / DETDA
TGAP/DETDA
TGAP / DETDA
TGAP / DETDA

TGDDM / DETDA
TGDDM / DETDA
TGDDM / DETDA
TGDDM / DETDA
TGDDM / DETDA

TGAP-TGDDM / DETDA
TGAP-TGDDM / DETDA
TGAP-TGDDM / DETDA
TGAP-TGDDM / DETDA
TGAP-TGDDM / DETDA

OLS
content [%]

0
2.5
5

7.5
10
0

2.5
5

7.5
10
0

2.5
5

7.5
10
0

2.5
5

7.5
10

gel. at
140 °C [sec]

2650
2520
2350
2010
1950
2960
2430
2340
2190
2030
3160
2580
2290
1930
1780
2780
2390
2160
2060
2010

ge!. at
160 °C [sec]

1540
1400
1350
1110
1170
1680
1500
1260
1250
1090
1630
1460
1260
1080
960
1430
1350
1260
1190
1230

gel. at
180 °C [sec]

1050
950
930
850
810
1110
1040
960
850
790
1080
890
850
840
720
980
900
850
340
820

Overall Ea -
[kJ / moS]*

61.3
57.4
55.9
55.9
58.4
63.4
49.3
53.4
59.7
62.6
76.0
63.3
61.8
57.9
58.7
70.5
59.1
59.1
57.9
58.7



Chapter 3 Viscosity and Cure Monitoring Studies 85

Table 3.3: Gelation times of various epoxy systems containing 0-10% OLS as determined from the rise in G'.

OLS [%]

Resin / Hardener
DGEBA / DETDA
DGEBA/DETDA
DGEBA /DETDA
DGEBA/DETDA
DGEBA/DETDA
TGAP / DETDA
TGAP / DETDA
TGAP / DETDA
TGAP / DETDA
TGAP / DETDA
TGDDM/DETDA
TGDDM / DETDA
TGDDM / DETDA
TGDDM / DETDA
TGDDM / DETDA

0
2.5
5
7.5
10
0
2.5
5
7.5
10
0
2.5
5
7.5
10

2 Hz
2540
2350
2090
1840
1730
2900
2350
2235
2100
1980
3080
2450
2190
1750
1580

gel. at
140 °C

8 Hz
2450
2250
1980
1700
1680
2910
2310
2165
2020
1900
3100
2385
2060
1680
1520

[s]
32 Hz
2465
2180
1920
1590
1500
2870
2260
2090
1950
1790
3050
2325
1990
1620
1460

2 Hz
1560
1410
1280
1060
1080
1650
1480
1230
1020
1020
1620
1380
1200
1005
910

gel. at
160 °C

8 Hz
1555
1390
1270
1010
1040
1640
1460
1220
1070
1020
1630
1350
1185
975
890

[sj

32 Hz
1520
1350
1200
965
975
1630
1425
1190
1050
1010
1600
1350
1150
975
875

2 Hz
980
880
930
810
750
1040
970
815
875
915
1025
920
840
810
640

gel. at
180 °C

8 Hz
980
875
910
800
740
1050
970
810
865
910
1050
875
820
790
660

[s]
32 Hz
990
840
855
775
700
1040
960
810
865
900
1025
850
810
790
625

!Ss^sgSBg5agg3g?asfiBgrs5^^
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Even at low concentrations layered silicates are able to significantly affect the

viscosity of a fluid [64, 123, 125, 132, 133] and the formation of a physical gel

may occur although polymer conversion is low. However, this effect did not

interfere with our experiments. The rise in G' or the crossover in tan 5

respectively were found to occur significantly after major changes in the

interlaminar spacing could be observed. The experimental parameters were

chosen to yield accurate force signals at gelation and thus the increase in

viscosity due to the silicate layer intercalation or delamination, respectively, was

not dramatic enough to be detectable in the measurements before gelation due

to crosslinking reactions.

In all systems, a decreasing gelation time was found with increasing layered

silicate concentration, as well as increasing reaction temperature. The

decreased gelation time with increased organoclay concentration is likely due to

two reasons. Firstly, the rate of reaction is increased due to a catalytic effect of

the clay (if the conversion at gelation stays the same) or secondly, the cure

reaction or the conversion at gelation has decreased due to the presence of the

clay particles (if the rate of reaction is unaffected). In order to determine if the

conversion at gelation changes due to the presence of clay particles, the degree

of conversion of each resin containing hardener and 7.5 % organoclay were

compared with those of the unfilled systems. Samples of a thickness similar to

that used for rheological measurements were cured at 140 °C till gelation (as

judged by previous rheology experiments) in an oven, using the appropriate

gelation times determined through dynamic rheology tests. The total heat of

reaction and the heat of reaction till gelation were determined from DSC

measurements of the neat and gelled systems, respectively. The conversion at

gelation was determined from the following equation:

CO OO

\H(t)dt- $
o tgel Equation 19
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where Cgei is the degree of conversion at gelation and H(t) is the heat of

reaction at the time t.

Similar degrees of conversion were found for the neat and the clay containing

system in each case, the variation was within the range of the estimated error of

3%. Values found for the conversion at gelation varied from 0.75 for DGEBA

and 0.67 for TGAP to 0.59 for the TGDDM based systems. The values

determined have been compared with the theoretical values, as calculated from

Flory's classical theory of gelation [134-136]:

i0.5
Equation 20

where c£e/ is the conversion at the gel point, r is the stoichiometric ratio and f

and g are the functionalities of the resin and the hardener respectively.

It was found that the degree of conversion at gelation was significantly higher

than the theoretical values determined from the Flory equation. Recently,

Bonnaud et al. [136] have compared the conversion at gelation of a 4,4'-

methylene-bis(3-chloro 2,6-diethylaniline) (MCDEA) cured TGAP and DGEBA

system respectively. Whilst their result for the DGEBA system was in good

agreement with the theoretical data obtained from Flory's theory, a discrepancy

between theoretical and experimental results of 0.2 was reported for the TGAP

based system. The large difference was ascribed to the different reactivities of

the epoxy groups in TGAP, which exist due to different structures and

substitution effects, as well as possible side reactions such as internal

cyclisations. The fact that all samples in our case showed a higher degree of

conversion can also be explained by the different conditions of heat transfer

involved with the method. Gelation times as taken from the rheology

experiments were used, and the process simulated in an oven. Whilst the

sample size was the same in both experiments, the different environments are
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still likely to allow different heat transfer and exothermic energies, leading to a

higher degree of reaction.

However, comparison between different systems cured under the same

conditions allows one to assess the effect of the clay on the rate of reaction.

Although the organoclay-containing systems have a smaller reaction time until

gelation, it was found for the DGEBA and TGDDM systems, that these blends in

fact show a slightly higher degree of conversion at gelation than the neat

systems. TGAP shows similar values for the degree of conversion at gelation

for both the neat and nanocomposite system. Results for the degree of

conversion at gelation vary slightly between the filled and the unfilled systems.

Considering the error involved with this method, the degree of conversion

appears not to vary greatly due to the added filler. Therefore, results show

clearly that the reduced gelation time for organoclay reinforced resin systems

can be ascribed to a higher rate of reaction. The increased rate of reaction can

be related to different catalytic effects of the interlayer exchanged ion, as well

as the hydroxy groups of the silicate. Since the hydroxy groups are less

accessible to the resin than the amine molecules, their catalytic effect is

probably of lesser importance.

3.4 Flexural Braid Analysis

Isothermal DMTA scans were run on the different resin blends painted on inert

glass fibre braid to monitor changes in the viscoelastic behaviour during cure. A

typical isothermal dynamic mechanical spectrum is shown in the introduction

(Figure 2.8) for the DGEBA/DETDA/10 % organoclay system cured at 120 °C.

Two successive peaks can be observed in the tan 5 traces. Although the first

one has been the subject of discussion [6,103], it is most often associated with

gelation [104, 105]. The second peak occurs due to the vitrification of the resin

system [6, 103, 104]. As well as the two peaks in tan 5 a steep increase in the

modulus can be observed. The rapid increase in modulus is followed by a

plateau, indicating that little further reaction takes place at a given isothermal
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temperature [106]. Results for the gelation times are summarized in Table 3.4.

As for the results obtained from rheology measurements, a steady decrease in

gelation time can be observed with increasing organoclay concentration. This

effect is particularly significant at low cure temperatures. The initial addition of

organoclay reduces the gel times dramatically, whereas any further addition

only slightly reduces the time to gelation further. The TGAP and TGDDM resins

follow a similar trend. TGDDM experiments show less well defined peaks

compared to the other materials. In particular, the 2.5 % TGDDM sample

showed very poor defined traces, for the measurement at 140 °C no values to

peak positions were assigned.

Whilst the general effect of the organoclay on gelation is the same, in both

methods the actual results for gelation times are not equivalent. However, it is

well known that the gelation data obtained from different techniques are not

usually precisely the same [137,138].

Dynamic temperature rescans of the cured braid specimens were undertaken at

the end of each isothermal run to determine the final glass transition

temperature after isothermal cure. As illustrated in Figure 3.22 for TGDDM

containing 10 % organoclay, the resin systems of higher functionalities and

higher final glass transition temperatures had two peaks in most of the rescans.

This is due to the fact that the resins have been isothermally cured well below

their ultimate glass transition temperature {TQoo). The two peaks arise from

different Tgs corresponding to the developing network during measurements.

The first peak relates to the (actual) glass transition temperature of the partially

cured resin. This peak is usually found 10 - 30 °C above the cure temperature.

There are different explanations for this discrepancy between Tg and the cure

temperature, these being: that the cure reaction continues during the

temperature scan leading to an increase in the first peak location, and that the

exotherm of cure can locally drive the temperature during cure above the bulk

isothermal temperature and allow the reaction to proceed further. The peak at

higher temperature is a result of further cure during the DMTA rescan and

corresponds to the ultimate glass transition temperature. Figure 3.22 also

illustrates how the peak location changes with increasing frequency. It is
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obvious that the ability of the molecular chains to move is more limited at higher

frequencies thus it appears glassier, with a higher Tg. Hagen and Salmen [139]

emphasized the importance of frequency and heating rate when comparing Tg

values determined by dynamic mechanical antJysis.
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Figure 3.22: Dynamic temperature DMTA scan of isothermally cured
TGDDM/DETDA/10 % organoclay at 100 °C.

Whilst the DGEBA based system shows significantly increased 7"gs with

organoclay addition (as illustrated in Figure 3.23), the TGAP and TGDDM-

based systems show only a general trend of slightly increased glass transition

temperatures. At first glance, this contradicts the fact that the ultimate glass

transition temperatures of organoclay-filled epoxy resins were found to

decrease significantly with increasing clay concentration as will be shown later.

However, the fact that the Tg of the materials cured below 7goo show increasing

glass transition temperatures with increasing organoclay concentration can be

explained by the higher rate of reaction.
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Table 3.4: Gelation times of various epoxy systems containing 0-10% OLS as determined from DMT A measurements
(10 Hz).

Resin / Hardener

DGEBA / DETDA
DGEBA/DETDA
DGEBA / DETDA

DGEBA / DETDA

DGEBA/DETDA

TGAP / DETDA
TGAP/DETDA

TGAP/DETDA

TGAP/DETDA

TGAP/DETDA

TGDDM / DETDA

TGDDM / DETDA

TGDDM / DETDA

TGDDM / DETDA
TGDDM / DETDA

* no peak assigned

OLS
content [%]

0
2.5
5

7.5

10

0

2.5

5

7.5

10

0

2.5

5

7.5
10

gel. at
100 °C [s]

18450
6306
4770

4284

5190

14790
9648

8754

7242

7920

11431

7020

6474

5346
5247

gel. at
120 °C [s]

9492
3690

3420

2634

2526

6324

4525

3480

3660

3318

4344

3054

2994

2430

2316

gel. at
140 °C [s]

3246
2562
1794

1296

1320

4440

2604

1980

1644

1662

2088
•

1422

1056

1140

gel. at
160°C[sJ

2934

1902
1308

714

966

3246

1788
930

642

918

1230

1158

936

630 .

882

gel. at
180°C[s]

1314

1230
1044

510

654

2298

1104

762

552

816

1002

750

690

630
660

a f l a q ^
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Since the resins systems are not fully cured and - as outlined above - the

organoclay accelerates the resin conversion, the crosslink density can be

expected to increase with increasing filler content. Thus, the points are at

varying degrees of cure, with the systems of higher clay content being more

cured over the same length of time due to the catalysed reaction as outlined

above, thus showing a higher Tg.. As with the results found by DSC, the DGEBA

based system is more affected by the organoclay addition than the

nanocomposite systems based upon reins of higher functionalities, likely due to

better intercalation.

180

60
0 4 6

OLS Concentration [%]
8 10

Figure 3.23: Glass transition temperature (Tg) versus cure temperature for
DGEBA nanocomposites after isothermal cure at different temperatures. Values

are taken from the DMTA temperature rescan at 2 °C per minute and 1 Hz.

Vitrification occurs when the glass transition temperature of the curing polymer

approaches the isothermal cure temperature. At the point when the glassy

network is formed, a second peak is often observed in the tan 5 traces. The

vitrification times were determined from the second peak in tan 8 traces at

10 Hz as illustrated in the experimental section (Figure 2.8). An example for
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vitrification times as a function of organoclay concentration at different cure

temperatures is shown for the TGDDM based system in Figure 3.24. It was

found that the vitrification times are generally reduced due to the presence of

the layered silicate filler. This means that even after gelation, when the

molecular mobility is strongly reduced, the rate of reaction remains affected

(accelerated) by the catalytic effect of the alkylamine ions as discussed above.

350

g100

0 2 4 6 8
OLS Concentration [%]

10

Figure 3.24: Vitrification times of TGDDM/DETDA containing 0-10% OLS as
determined from the torsion braid test (10 Hz).

The DGEBA based systems and some of the TGDDM based nanocomposites

did not show vitrification peaks at higher isothermal cure temperatures. In the

case of the DGEBA systems, this can simply be explained by the fact that the

Tg is below the isothermal cure temperature and therefore vitrification does not

occur. In the case of the TGDDM systems it may apply that the vitrification peak

is so broad and weak that it could not be determined accurately. In fact, it has

been reported previously [129] that vitrification is a gradual process that takes

place over a significant period of cure, and thus is more diffuse than gelation.
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This is enhanced by the entrapment, in the glassy state of a range of molecular

environments that cause the peak to be broad.

3.5 Intercalation during Mixing and Cure

To further investigate the formation of the morphology during cure, the

relationship between cure time and degree of exfoliation was examined in the

DGEBA and TGDDM nanocomposite containing 7.5 % organoclay. The reactive

nanocomposite mixtures were made up, as described in the experimental

section, and cured for 1 to 10 minutes at 140 °C in order to follow the silicate

layer delamination process during cure. After one-minute intervals, samples

were taken from the oven and stored at -20 °C to avoid further reaction. XRD

measurements were taken from each sample in a range of 20 = 1 - 10°.

Figure 3.25 illustrates the increase in d-spacing of the organoclay for the

DGEBA and TGDDM nanocomposites during the first 10 minutes of cure. In

both cases significant changes in the interlayer distance of the clay occurred

during the first few minutes. Due to the increasing intensity in the XRD signal at

low angles the {001 )-peaks are difficult to detect. However it is observed that

this peak soon loses intensity, becoming almost completely absent after

7 minutes. At the same time, the (002)-peak broadens and shifts towards lower

angles and thus higher interlayer distances. Due to the resolution of the wide

angle XRD measurement and the fact that exfoliation appears not to be a

sudden, but rather a gradual process, it is not possible to say that exfoliation

takes place after a precise amount of time, however, both systems show a high

degree of intercalation after 8 - 1 0 minutes. The degree of conversion at the

stage of cure at which the greater degree of intercalation occurs is of

significance, since this determines the time frame available to mechanically

manipulate exfoliation during cure. The residual exothermic enthalpy of reaction

of samples at the given cure time was determined using differential scanning

calorimetry and compared to the energy of cure of unreacted, catalysed

monomer, allowing the degree of conversion to be determined.
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Figure 3.25: XRD series of the DGEBA (top) and TGDDM (bottom) based
nanocomposite containing 7.5% organoclay. Traces from the top to the

bottom show the development of the d-spacing during the first minutes of
cure at 140 °C.
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The degree of reaction was found to be 22 ± 3 % (8 minutes) or 26 ± 3 % (10

minutes) for the DGEBA based system and 13 ± 3 % or 18 ± 3 % (8 and 10

minutes respectively) for the TGDDM based system. Earlier in this chapter, it

was demonstrated that the DGEBA-based nanocomposite had a conversion at

gelation of about 75 % and for the TGDDM 60 %. It is thus clear that major

changes in the interlayer distances of these systems occur during the early

state of cure, significantly earlier than gelation.
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Chapter 4
Morphology and Physical

Properties

The aim of the following chapter is to investigate the effect of cure temperature

and layered silicate concentration on the morphology of the nanocomposites.

Two different series of experiments are discussed. Initially, a range of epoxy

nanocomposites was prepared using different cure temperatures at a* constant

organoclay concentration of 7.5 %. The morphology of these materials was

analysed using WAXS. In a further step, a series of nanocomposites with

different organoclay concentrations were synthesised following the 100 °C and

160 °C cure profile. The morphology of each material was probed using WAXS.

Furthermore, the structures of selected systems were analysed in more detail

using different microscopy techniques as well as gas displaced pycnometry and

positron annihilation lifetime spectroscopy. An attempt to improve the

organoclay separation through induced shear forces during cure will also be

discussed.

4.1 Morphology Studies -XRD

4.1.1 Nanocomposite Formation at Different Cure Temperatures

The influence of the cure temperature on the morphology of the different epoxy

nanocomposite systems was investigated. A range of DETDA-cured epoxy

nanocomposites based on the three different resins (DGEBA, TGAP, and

TGDDM) containing 7.5 % organoclay were prepared following different cure

cycles, as illustrated in Table 2.1 in the experimental section. The average

distance between two silicate layers, the d-spacing, was determined after cure

using wide angle XRD. Wide angle x-ray traces as a function of the initial cure
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temperature are shown in Figure 4.1 to Figure 4.3 for all three epoxy resin

systems. Identifications of the (001) and (002) diffraction peaks are summarized

in Table 4.1 (in section 4.2). The (001) peaks represent the reflections of stacks

of clay layers. Shift of those peaks in the XRD spectrum relate to changes in the

distance between the silicate platelets. The initial d-spacing of the dried

organoclay was determined to be 23 A.

XRD traces of the DGEBA-based systems did not show any peaks in the low-

angle range, indicating that highly intercalated or exfoliated nanocomposite

structure results at cure temperatures between 80 °C and 160 °C. It should be

noted that the lowest angle able to be measured with this technique was

29 = 1°, which correlates with a d-spacing of 88 A for the given wavelength of

1.540598 A. In addition, the intensity of the XRD signal increases towards lower

diffraction angles due to the higher background radiation of the main beam that

occurs. This may overlap or interfere with peaks in that region and sometimes

obscure signals related to d-spacings greater than 50 A. This may be

particularly true if the platelets show a greater distribution in layer distances,

rather than repeating distances of the same length. The traces of the TGAP

sample, cured at 80 °C, show a clear (001) peak at 20 = 2°, signifying a d-

spacing of 45 A and indicating a high level of intercalation. With increasing cure

temperature the (001) peak in TGAP disappears from the range that can be

examined using WAXS, although the (002) peak and a small signal of the (003)

peak can still be observed. Peaks in the range of 20 - 25 A are related to the

(002) reflection, representing the half-length of the actual average distance (40-

50 A) between two silicate layers. The (002) peak itself shifts slightly towards

lower angles (higher d-spacings) with increasing cure temperature and

decreases in intensity. XRD results of the TGAP sample cured at 100 °C show

slightly higher values of the d-spacing than were expected from the general f

trend of the temperature series. As shown in Figure 4.3, the TGDDM based j

nanocomposites show a slight monotonic increase in the average d-spacing j

with increasing cure temperature. No peaks are apparent in the low angle range

for the TGDDM-based nanocomposite cured at a temperature of 160 °C.

Comparison between the two higher functionality epoxy resin systems shows
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that, in spjte of its significantly higher viscosity, the TGDDM system produces a

nanocomposite with more improved d-spacing compared with the less-viscous

TGAP system. However, both systems exhibit improved layer separation at

increased cure temperatures.

For both DGEBA and the high-functionality systems investigated, it was found

that increased cure temperature yielded better exfoliation. Whilst this was not

the case for a 4,4'-diaminodiphenyl sulfone (DDS) cured TGDDM

nanocomposite [77], similar results have recently been reported for various

DGEBA based systems [75, 78]. In fact, recent in-situ small angle XRD studies

by Tolle and Anderson [78] have shown, that higher cure temperatures resulted

in both earlier initiation of exfoliation, as well as greater silicate spacing in the

final material for a m-phenylene diamine cured DGEBA nanocomposite system

using the same commercially-available organoclay as in this work. However, the

authors did not directly comment on a possible mechanism justifying the

improved layer separation.

As outlined in the literature review, the mechanism of organoclay exfoliation in

epoxy-layered silicate nanocomposites has been the focus of various studies

and it was pointed out that control of intra- and extra-gallery reaction is the key

to overcome the attractive forces between the silicate layers and achieve

exfoliation. The improved organoclay delamination at increased temperatures

may be related to a number of aspects, one being that the lower viscosity or

enhanced molecular mobility improves mass transfer into the clay galleries.

Increased cure temperatures are also known to favour homopolymerization [69].

The catalytic effect of the organoclay on both resin-amine cure and

homopolymerization as discussed in more detail in Chapter 3, may shift the

equilibrium between inter- and extra-gallery reaction towards a higher reaction j

rate within the clay galleries. The structure and chemistry of the epoxy resin is |

clearly a significant factor in determining the equilibrium between inter- and j
I

extra-gallery reactions, and hence the morphology of the nanocomposite. !
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Figure 4.1: WAXS ofDGEBA nanocomposites containing 7.5% OLS, cured at
different temperature profiles.
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Figure 4.2: WAXS of TGAP nanocomposites containing 7.5% OLS, cured at
different temperature profiles.



Chapter 4 Morphology and Physical Properties 101

ft

I
CD

jo
(D

or

0 8 10 12
2e[°]

14 16 18 20 22

Figure 4.3: WAXS of TGDDM nanocomposites containing 7.5% OLS, cured at
different temperature profiles.
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To further understand the variation in the different resin systems and their ability

to exfoliate the silicate platelets, some of the earlier reported results should be

recalled. The effect of the organoclay on polymerization reaction has been

investigated using differential scanning calorimetry (DSC). Figure 4.4 shows

DSC traces of the neat resin hardener reaction as well as of the reaction of the

organoclay-catalysed resins (blended with 7.5 % organoclay), scanned at

10 °C/min. It can be seen that the two resins with the most improvement in d-

spacing, DGEBA and TGDDM show significantly reduced reaction peaks,

indication a strong catalytic effect of the organically modified layered silicate on

the cure reactions. The layered silicate-containing DGEBA system shows a

broad shoulder or even a second peak at lower temperatures, which is likely to

be related to the day-catalysed polymerization or homopolymerization

respectively. The TGDDM/organoclay/hardener blend shows a broadened peak

with the peak maximum shifted by about 30 °C towards lower temperatures. In
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contrast, the TGAP system, which did show the least improvement in the d-

spacing, appears to be less significantly affected by the organoclay addition.
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Figure 4.4: DSC analysis of neat and layered silicate catalysed cure reaction,
determined at a scanning rate of 10 °C/minute.

To verify the ability of the epoxy resins to move into the organoclay galleries the

viscosities of the different epoxy resins should also be recalled. Comparison of

the r| values (here at 60 °C at 1 rad/s), shows that the TGAP resin has the

lowest viscosity of 0.04 Pa- s, compared with 0.17 Pa- s for DGEBA and 1.30

Pa- s for TGDDM. Since the higher viscosity TGDDM resin has shown better

layer separation than the low-viscous TGAP resin, it becomes clear that at the

given reaction temperatures, the initial viscosity of the resin is not the

determining factor for the exfoliation process. Hence, the ability of the

organoclay to act as a catalyst for the different epoxy resins systems and the

affinity of the resin towards the clay compatibilizer, may be more significant

parameters for improved in exfoliation. Brown et al. [64] pointed out the critical
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balance of the miscibility of the resin with the organically modified layered

silicate. If the miscibility between the modified layered silicate and the epoxy

resin is high, an unacceptable increase in viscosity up to the formation of a

physical gel will occur and disable further processing. However, insufficient

affinity between resin and layered silicate will reduce the reaction within the

galleries that leads to the layer separation. Indicators for the affinity between

both components are the change in viscosity and the increase in the layer d-

spacing during the initial mixing before cure has commenced.

4.1.2 Nanocomposite Formation at Different Concentrations

A series of nanocomposites with the organoclay concentrations varying from 0 -

10 % were synthesised using two different cure profiles, namely the 100 °C and

160 °C cure cycle. WAXS traces of the clay concentration series cured at the

100 °C profile show that the organoclay with an initial d-spacing of 23 A is either

highly intercalated or (ordered) exfoliated in the DGEBA based system

(Figure 4.5) as indicated by the lack of any peaks in the low-angle region. Only

the DGEBA nanocomposite of the highest organoclay concentration (10 %

OLS) shows a distinct peak correlating to a d-spacing of 48 A. In contrast to the

DGEBA based systems, resins of higher functionality show distinctive peaks,

even at lower organoclay concentrations, indicating that these samples have a

higher degree of intercalated rather than fully exfoliated layered silicate. WAXS

traces are shown for the 100 °C series of TGAP in Figure 4.6 and of TGDDM in

Figure 4.7. In any event, the peak observed around 25 A or 20 = 4° correlates

to the (002) plane and therefore represents half the distance of the d-spacing.
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Figure 4.7: WAXS patterns of TGDDM containing 2.5-10% OLS
cured at 100 °C.

I 4.2 Morphology Studies • Microscopy

Before further investigating the nanostructure of the composites, optical

microscopy was used to image the bulk surface. Optical micrographs as

illustrated in Figure 4.8 for >the DGEBA- and Figure 4.9 for the TGDDM-

composite systems containing 5 % organoclay, show large particulate phases,

indicating that aggregates of silicate layers exist even for the DGEBA-based

system (which is well exfoliated according to XRD measurements). Kommann

et al. [77] have recently shown similar results for the jam-scale morphology of

different TGDDM based nanocomposites in low-magnification SEM images. In

their work, good agreement between the dispersion of aggregates on the \xm-

scale image and the dispersion on the nm-scale was observed. It was reported

that the nanocomposite systems with more homogeneously dispersed

aggregates on the |im-leve! have shown improved exfoliation compared to

those composites that showed lower microscale dispersion.
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• •

Figure 4.8: Optical micrograph of a TGAP nanocomposite containing 5 % OLS.

< • ! ' "

50 \xm

Figure 4.9: Optical micrograph of a TGDDM nanocomposite containing
5 % OLS.
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Figure 4.10 and Figure 4.11 show atomic force microscopy (AFM) phase

contrast images of the DGEBA nanocomposite containing 5 % layered silicate.

Figure 4.11 represents a higher magnification of the selected area shown in

Figure 4.10. Clearly a striated structure can be seen with increasing phase

intervals at the top of the picture. Both optical microscopy and AFM images

show that at least part of the silicate content is still arranged in tactoids or

stacks of layers rather than forming a homogenous morphology through the

whole material. The use of AFM to investigate the surface of nanocomposites

has been reported previously [31, 140]. Zilg et al. [31] also examined

intercalated epoxy layered silicate nanocomposites in the phase contrast mode.

This work even determined the distance between silicate layers from AFM

images. Furthermore, it was noted in this work that the AFM tip was able to

strain and deplete individual silicate platelets, indicating that the layered

silicates are rather flexible compared to the glassy epoxy matrix, in spite of the

fact that layered silicates are often believed to be glassy and rigid.

Reichert et al. [140] investigated etched samples of poly(propylene)/OLS

nanocomposites using AFM in both the height and phase contrast mode. The

images allowed detecting both large silicate platelets and fine dispersed silicate

platelets in skeleton-like superstructures.

Due to limitations in the range of diffraction angles available from the XRD

method and hence d-spacings that can be determined, transmission electron

microscopy (TEM) was applied to capture visual images of the nanocomposite

morphology at high magnifications. TEM images were taken of nanocomposites

containing 7.5 % OLS, which had been cured at 100 °C and 160 °C,

respectively. Micrographs are illustrated in Figure 4.12 for DGEBA, Figure 4.13

for TGAP and Figure 4.14 for TGDDM nanocomposites. The ?hin dark lines in

the pictures represent the edges of single silicate platelets. The clay platelets in

the TGAP and TGDDM nanocomposites cured at 100 °C show a parallel

orientation, as commonly reported for most thermoset-layered silicate

nanocomposites synthesized via in-situ polymerization [77].
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3.31 MM

Figure 4.10: Phase contrast AFM image of a DGEBA nanocomposite containing
5 % OLS.
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Figure 4.11: Phase contrast AFM image of a DGEBA nanocomposite containing
5 % organoclay - close up of the section indicated with a white square in

Figure 4.10.
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The DGEBA nanocomposites and the high-functionality nanocomposites cured

at 160 °C also show this parallel structure with an increased d-spacing.

However, single platelets and stacks of just a few platelets can also be

observed, having been delaminated from the parent tactoids. This coexistence

of both individual platelets and layers reminiscent of the original layered silicate

aggregate is often observed in TEM micrographs of thermoset systems or melt

processed thermoplastics in the absence of high shear forces [45, 70, 73, 76,

90].

Recently, Brown et al. [64] investigated the morphology of different DGEBA

based layered silicate nanocomposites. It was interesting to see, that in spite of

a transparent appearance and the absence of any peaks in the low-angle range

of XRD traces, a structure of intercalated and exfoliated layered silicates was

reported according to TEM micrographs.

TEM and XRD are the most powerful techniques used to determine absolute

values of the state of organoclay exfoliation and the distance in the interlaminar

spacing. Previous work by Zilg et al. [31] has pointed out that different

techniques such as TEM, AFM and WAXS may give a different picture of the

state of morphology. In their work, TEM images showed some large interlayer

distance for a Jeffamine based nanocomposite, whilst WAXS measurements of

the same material indicated a poor interlayer. Also in their work, a comparison

between AFM and WAXS results for a particular nanocomposite showed a

discrepancy of the interlayer distance of 40 A. Since any of these methods

investigates only a limited microscopic area of the bulk material, conclusions on

the overall morphology must be made with care.

The average d-spacing of the organoclay was estimated for each system from

various measurements of the interlayer distance in different TEM images.

Results are summarized in Table 4.1, together with values determined from the

XRD data and both sets are in good agreement. TEM images of the DGEBA

systems in Figure 4.12 show a mixture of highly intercalated and partially

ordered exfoliated organoclay platelets. Only those platelets that showed a

parallel arrangement were considered for measurements of the interlayer
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distance, determination of the degree of exfoliation being much more difficult.

Although the ratio of fully exfoliated clay layers compared to highly intercalated

parallel oriented platelets has likely changed with cure temperature, this is not

readily quantifiable. Morgan et al. [141] recently pointed out the necessity to

consider both the microscale and the nanoscale morphology when describing a

layered silicate nanocomposite system. In their work it was highly

recommended to apply both techniques, TEM and XRD, to evaluate the

material structure. In his review on structural characterization, Vaia [45]

discussed the complexity of polymer-layered silicate nanocomposite

morphologies. In this work it was pointed out that uniform interlayer expansion

is not the general case and nanocomposite structures often consist of regions of

smaller expansion (in the interior of crystallites) and larger expansion of full

separation (at the exterior of a crystallite). A more systematic nomenclature to

describe the various stages of layered silicate dispersion is also suggested in

this work.

Table 4.1: (001) and (002) diffraction peaks of the silicates and correlating d-
spacing in the nanocomposites containing 7.5% organoclay as determined

from WAXS measurements and TEM, (*) not determined.

Resin
system

TGAP

TGAP

TGAP

TGAP

TGAP

TGDDM

TGDDM

TGDDM

TGDDM

TGDDM

DGEBA
DGEBA

Cure
Temperature

80
100

120

140

160

80

100

120

140

160

100
160

(001) plane
peak

42.0

no peak

46.5

49.0

no peak

no peak

no peak

no peak

no peak

no peak

no peak
no peak

{002) plane
peak

20.5

25.0

22.8

22.9

26.0

22.6

22.9

24.2

24.9

no peak

no peak
no peak

d-spacing of
(001) plane

[A]

42 ±2
50 ±2
46 + 2
47 ±2
52 + 2

45 ±2
46 ±2
48 ±2
50 + 2

exfoliated
exfoliated
exfoliated

d-spacing
(TEM)

[A]
*

46
*
*

50
*

45
*

*

60

85
95
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50 nm

50 nm

Figure 4.12: TEM micrograph ofDGEBA nanocomposite cured at 100 °C (top)
and cured at 160 °C (bottom).
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50 nm

F/gure 4.73: TEM micrograph of TGAP nanocomposite cured at 100 °C (top)
cured at 160 °C (bottom).
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Figure 4.14: TEM micrograph of TGDDM nanocomposite cured at 100 °C (top)
cured at 160 °C (bottom).
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4.2.1 An Attempt to improve Exfoliation

It was found that initial mixing (prior to cure) of the organoclay and

resin/hardener material leads to a limited degree of intercalation. This is

dependant on the surface energy and polarity of the modified layered silicate,

and the nature of the resin and hardener. It has been shown that the cure

reaction itself may change polarity in the galleries and allow further material to

diffuse into the galleries, thereby forcing the platelets further apart [62].

However, TEM images revealed that even in highly intercalated systems, which

do not show any remnant (001) XRD peaks, the majority of the silicate platelets

remained in a parallel tactoid structure. Based on the outcome of the

experiments above it was decided to investigate whether shear stress imposed

during the early stage of cure when clay platelets begin to delaminate, could

lead to better exfoliation and thus to the formation of a truly exfoliated

nanocpmposite. DGEBA was mixed with 7.5 % organoclay at 140 °C, adding

the DETDA hardener after 30 minutes, with an amine to epoxy ratio of 0.9. The

blend was further mixed at 500 rpm with a PTFE anchor stirrer whilst curing.

After 10 minutes the blend was transferred into aluminium trays and further

cured at 160 °C for 12 h followed by a postcure at 200 °C for 2 h. TEM images

were than taken from microtomed sections of 60 nm thickness and compared

with the same system with no shear forces applied during cure as shown in

Figure 4.15. The images show that the majority of silicate still remains in

tactoids of parallel oriented platelets, with interlayer distances of 80 A and

above. However, it can be seen that some individual platelets are fully

- separated from their hosting tactoids when such mechanical forces are applied
i

m during the exfoliation process. Overall it was unclear whether the induced shear
forces gave significant improvement in exfoliation of tt"- layered silicate.

a
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Figure 4.15: TEM micrographs of DGEBA nanocomposites cured under shear
forces until close to gelation (top) and the same system cured without shear

forces applied during cure (bottom).
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4.3 Density

One of the key benefits of epoxy materials is their low density. Hence it was of

interest to know how the epoxy nanocomposite density changed with filler

addition. Density results of the various nanocomposites after postcure as

determined by gas-displacement pycnometry are shown in Figure 4.16.

Theoretical densities according to the rule of mixtures were calculated based on

an organoclay bulk density of 1.6748 g/cm3 (as determined with the same

method). The rule-of-mixture data is represented in the straight lines in Figure

4.16. All density values are within a range of 1.1925 g/cm3 -1.2307 g/cm3. The

increase in specific weight of the resin systems due to the filler content occurs

within a small range and is hence not a limiting factor for technical applications,

which require low weight material. It is interesting to see that densities are

generally slightly below predicted values from the rule of mixtures. The lower

density is indicative of poorer packing of the polymer molecules near the silicate

layers.

Only a few studies of the effect of layered silicate on polymer density are

reported in the literature. Krook et al. [142] investigated the density of

nanocomposites synthesized from polyesteramide and the octadecylamine-

treated montmorillonite (Nanomer I.30E) as used in our work. The density of the

| intercalated and partially exfoliated thermoplastic nanocomposite was found to

be independent of the processing temperature and extruder screw speed.

However, nanocomposite densities were found to be lower than the theoretical

values, which was ascribed to induced voids. According to transmission

electron microscopy images the voids were almost exclusively located between

neighbouring silicate layers. Furthermore, it was theorized that the voids

significantly reduced barrier properties, whilst the strength and stiffness showed

no effect due to the voids.
i
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Figure 4.16: Density ofpostcured epoxy nanocomposites determined by gas
displacement pycnometry. The straight lines represent theoretical values

determined by the rule of mixtures.

4.4 Free Volume Properties

To date, there have been few studies on free volume properties of polymer

layered silicate nanocomposites reported in the literature. The main work

reported was a short paper by Olson et al. [143] regarding free volume in highly

filled polystyrene nanocomposites as a function of temperature, investigated

using positron annihilation lifetime spectroscopy (PALS). In brief, it was found

that x3 of the organically modified layered silicate showed an increase with

increasing temperature, with T3 versus temperature traces showing a plateau at

90 °C. The I3 values remained relatively constant over the temperature range.

Both values, T3 and I3, in the nanocomposite formed by 75 % layered silicate

and 25 % polystyrene were found to be very close to those of the neat silicate,

which was the majority component.



Chapter 4 Morphology and Physical Properties 118

3

1

This work investigates the effect of the organoclay on free volume and

molecular packing of unfilled epoxy resins and nanocomposites containing

7.5 % organoclay cured at 100 °C and 160 °C, respectively. Figure 4.17 and

Figure 4.18 show x3, the o-positronium lifetime - an indication for the average

free volume size, and I3, a measure of the number concentration of free volume

sites of the neat resins and the nanocomposite systems cured at 100 °C and

160 °C. Only a small difference in the lifetime data of the various resins systems

of different structures and functionalities was observed. The T3 values were

greatest (representing greatest average free volume size) for DGEBA, followed

by TGDDM and TGAP with only slightly lower values. This variation is likely due

to variations in molecular weight between crosslinks (low for TGAP) and

functionality (high for TGDDM). However, of all the three systems, only the

DGEBA T3 values are noticeably affected by the cure temperature, with a slight

increase for higher temperatures. In contrast, the number of free volume sites

varied more strongly with cure temperature for all systems, with all I3 values

being greater for the neat systems cured at 160 °C. The fact that the average

free volume size does not change significantly between the two different curing

temperatures is in good agreement with the PALS studies on various unfilled

resin systems (including DGEBA, TGAP and TGDDM) reported by Jeffrey and

Pethrick [144]. In their free volume studies on chemically different cured resin

systems, it was found for a DDS-cured DGEBA resin that changes in the cure

temperature did not lead to significant variation of the mean volume size. In

contrast to the work presented here, they found that the number of free volume

sites was reduced with increasing initial cure temperature, proposed to be

related to densification of the resin, consistent with an increased 7g and

reduced free volume for higher cure temperatures. In the same work,

comparison between DGEBA, TGAP and TGDDM systems cured with DDM or

DDS, respectively, has shown a significantly lower number of free volume sites

for TGAP compared to DGEBA and TGDDM, which is also not the case in this

thesis. However, the work by Jeffery and Pethrick did show a strong effect of

the nature of the hardener on free volume properties.
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Layered Silicate [%]
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Figure 4,17: o-Positronium lifetime, v3 (ns) related to the average free volume
size of i i ; bos epoxy and epoxy nanocomposite systems. • i

0 7.5 0 7.5 0
Layered Silicate [%]

7.5 100

Figure 4.18: Number concentration of free volume sites (13) of various epoxy
and epoxy layered silicate systems.
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Hence it is reasonable that the different structure of the diethyltoluene diamine

curing agent used here may show different molecular packing than the

materials used by Jeffery and Pethrick, both in an absolute and comparative

sense.

Assuming that the free volume sites are of a spherical shape, it is possible to

estimate the magnitude of the free volume radius from the semi-empirical

equation [145]:

' R 1 . f 2TIR\
1 + —sin

Ro 2TT {R )

-1

Equation 21

with T3 being the o-Positronium lifetime (ns), R the radius (A) and Ro = R + AR

where AR is the fitted empirical electron layer and equals 1.66 A. Based on this

equation the free volume diameter in the layered silicate has been calculated as

5.5 A, to be compared with an average distance of 14.2 A between the surfaces

of the two clay platelets (d-spacing minus the layer thickness of 9.6 A). Although

the PALS free volume radius is of the order of the space between layers, its

difference may be due to the fact that the free volume is confined in layers,

rather than spherical holes. It has been found in zeolites and other inorganic

molecular solids that the size as determined by Equation 21 and by other more

direct methods, is quite close [145]. The neat organoclay on its own has a larger

average free volume size than the resin systems, and thus according to the

rule-of-mixtures, all materials containing organoclay may be expected to have a

larger free volume size than the corresponding neat systems, which was found

to be the case. By contrast, the DGEBA nanocomposite, particularly that cured

at 100 °C, showed a greater value of average free volume size than expected

by addition. The number of free volume sites (I3) of the organoclay alone is

much lower than the values of cured epoxy resins and most combined epoxy-

clay systems showed a concentration slightly above the rule of mixtures with

addition of clay. However, once again in opposition to this trend, the DGEBA
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nanocomposite cured at 100 °C was the only material that actually showed an

increase in free volume site concentration with filler addition. In every other

system, I3 decreases with the filler addition as would be expected from the rule

of mixtures.

The combination of X3 and I3 behaviour combines to yield a synergistically

greater total free volume fraction of DGEBA 7.5 % at 100 °C, than neat DGEBA,

as seen by total free volume fraction data, indicated by T33-l3 in Figure 4.19.

180

El100oC
160°C

0 7.5 0 7.5 0
Layered Silicate [%]

7.5 100

Figure 4.19: T33h, indicative of total free volume fraction of various epoxy- and
epoxy-layered silicate systems.

This is consistent with the observed lower Tg and reduced degree of crosslink

density postulated for epoxy-clay systems by Chen et al. [65]. DGEBA would be

expected to show such effects due to the presence of interface and disruption to

crosslink density given it contains the best dispersed layers (although, as

discussed above, tactoids still remain alongside delaminated layers).

However, this is confounded by the fact that DGEBA at 160 °C, seemingly

slightly better dispersed according to TEM, shows the opposite trend - a
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decrease in total free volume with clay addition. TGAP shows little change at

either cure temperature and TGDDM at both cure temperatures shows an

increase with clay, as for DGEBA 100 °C. It is thus likely that changes in

molecular architecture due to the temperature of cure and degree of exfoliation

make a simple interpretation of the PALS results difficult. Even considering the

difference between neat epoxy and in a binary mixture with clay, the results

seem very system dependent. Although all nanocomposites show a lower glass

transition with clay addition cured at 100 °C, for example, there is differing

behaviour in total free volume fraction as judged by x3
3-l3, with DGEBA

decreasing, TGAP remains the same and TGDDM increasing with addition of

clay, with the densities showing a negative deviation from the rule of mixtures in

almost all cases.

i •< m
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Chapter 5
Thermal Relaxations and Stability

In this chapter, the effect of the organoclay concentration on the thermal

relaxations, such as the glass transition temperature and the p-transition, is

investigated using dynamic mechanical thermal analysis.

The environmental stability, such as water uptake properties and thermal

stability is also investigated. A comparison of DMTA measurements before and

after water sorption gives some indication of the effect of the sorbed water on

the viscoelastic properties of the nanocomposite materials.

5.1 Dynamic Mechanical Thermal Analysis

Dynamic mechanical thermal analysis was applied in two steps from -100 to

50 °C and from 50 to 300 °C to investigate the influence of the organoclay on

the a- and p-relaxation peak temperature. It is likely that these motions can be

affected through the organoclay by being influenced by the high surface area of

the silicate and its attached octadecyl gmine ions. Indeed, Beall [146] claims

that in thermoplastic materials, for a concentration of 5 % exfoliated layered

silicate, some 50 % of the polymer chains are affected by the organoclay

surface.

The a-relaxation is related to the Brownian motion of the main-chains at the

transition from the glassy to the rubbery state and the relaxation of dipoles

associated with it. The p-transition occurs at significantly lower temperatures

and has been widely reported to be related to the crankshaft rotation of the

hydroxy ether segments (-CH2-CH(OH)-CH2-O-) of the crosslinked epoxy

network in the glassy stste [147, 148]. When a polymer goes through one of
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these relaxations, tan 8, the ratio lost to energy stored, shows a maximum and

provides a very sensitive means of analysing the a- and p-relaxations.

5.1.1 Glass Transition Temperature

Typical DMTA traces of tan 8 as a function of temperature are shown for the

TGDDM/DETDA/organoclay system for different organoclay concentrations

measured at 1 Hz in Figure 5.1. The traces in the range of 100 - 300 °C

represent the relaxation peaks associated with the glass transition temperature.

0.5

0.45 -

0.4 -

0.35 -

0.3 -

I 0.25 •)
0.2 -

0.15 -

0.1

0.05 -\

0

— 0%OLS
2.5% OLS

— 5% OLS
7.5% OLS

— 10% OLS

100 150 200
Temperature [°C]

250 300

Figure 5.1: Typical DMTA spectrum of TGDDM based nanocomposites cured at
100°C, measurements are taken at 1Hz.

Plots of the glass transition temperature (Tg) as a function of organoclay

concentration are shown in Figure 5.2 for the different nanocomposite series

cured at 100°C. The value of Tg decreased steadily with increasing organoclay

concentrations
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Figure 5.2: Glass transition temperatures as determined from the tan Speak of
DMTA measurements.

The reduction in Tg was found to be in the order of 15 °C for the TGAP and

DGEBA based system and 20 °C for the TGDDM based system at an

organoclay content of 10 %.

The glass transition temperatures of DGEBA-based epoxy nanocomposites

systems have been investigated previously [31, 149, 64, 71, 73, 76, 89, 91, 96].

Whilst increased glass transition temperatures were reported in some cases of

intercalated nanocomposite systems [64, 73, 76, 91, 96], others have found a

constant [149] or slightly decreased [71] 7g. Zilg et al. [31, 73] have found that

effectively intercalated epoxy systems significantly decrease the Tgs of the final

resin system. Since it is a decrease this indicates that it is not an 'adsorbed

layer1 effect, which usually increases the glass transition temperature due to

chains being tied down by the surface of the silicate. It was found by Giannelis

[150] that the Tg of intercalated polymers as characterized by solid state NMR,

show a reduced value of glass transition due to the lack of surrounding

entanglements, indicating that molecular mobility is enhanced. However, since
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this system is rather more complex, with a range of chemistries possible, it is

much more difficult to identify reasons for the decrease in Tg. The organoclay

may change the chemistry of the reaction, as has been shown earlier and

indeed the organo-ions themselves may catalyse homopolymerization. This is

unlikely to lead to the high crosslink densities due to the epoxy-amine reaction.

In addition plasticising due to unreacted resin and a general lower crosslink

density are reasons that could explain a decrease in Tg. It was assumed that

the Tg was reduced due to a combination of factors such as changes in reaction

chemistry (epoxy homopolymerization and reduced crosslink density), thermal

degradation of the surface modifier (Hoffmann elimination of the ammonium ion)

or a plasticising effect of unreacted resin-, hardener- or modifier- monomers.

The complexity of the systems does not allow a precise determination of the

governing factors that cause the decreased glass transition temperature.

The broadness of the a-relaxation peak of 100 °C series was determined at the

half height of the peak and is shown in Figure 5.3.
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Figure 5.3: Tan 5 broadness at half peak height as a function of nanocomposite
composition for various composites cured at 100 °C.
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Traces of the unfilled systems are generally less broad than those of the

organoclay containing epoxy resins. Although the results show some scatter,

traces follow a general trend of increasing tan 5 peak broadness with increasing

clay concentration. The broadening of the a-relaxation might be related to

restrained chain mobility that usually occurs in compatible blends, making some

chain mobility more difficult and some less, leading to a wider range of different

environments and thus spanning a wider temperature range [151]. It can be

assumed that molecules that are located close to or even tethered to the silicate

show a different mobility than those molecules that are fully embedded in an

epoxy environment, and that the concentration of epoxy molecules associated

with the clay layers is actually quite high.

5.1.2 p-Relaxation

Figure 5.4 to Figure 5.6 show subambient DMTA traces of the DGEBA, TGAP

and TGDDM nanocomposite series determined at a frequency of 1 Hz. Values

of the p-relaxation peak temperatures as a function of organoclay concentration

are illustrated in Figure 5.7. Similar to the glass transition temperature, the

location of the p-relaxation peak for each nanocomposite system decreases

steadily with increasing organoclay content. The decrease in the p~transition

temperature is consistent although less significant than the reduction in the

glass transition peak. The p-relaxation peaks are decreased by some 5 - 7 °C

through the addition of 10 % organoclay. Since the peaks are generally very

broad and weak with regards to intensity, variations in the peak broadness are

more difficult to determine.

The TGDDM- and TGAP-based systems do not exhibit significant changes in

the p-relaxation broadening over the different organoclay concentrations. The

DGEBA based nanocomposites however show notable broadening at

organoclay concentrations of 7.5 % and 10 %, as illustrated Figure 5.4.
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Figure 5.4: Subambient DMTA spectra ofDGEBA nanocomposites of different
OLS concentrations, determined at a frequency of 1 Hz.
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Chapter 5 Thermal Relaxations and Stability 129

0.07

0.06 -

0.05

0.02 -

0.01 -

0

-100

•5% OLS
7.5% OLS
10% OLS

-50 0

Temperature [°C]

50

figure 5.6: Subambient DMTA spectra of TGDDM nanocomposites of different
organoday concentrations, determined at a frequency of 1 Hz.

s
I "65 H

CO.

-70

• TGAP
o TGDDM
•DGEBA

o

0 4 6 8
OLS Concentration [%]

10

igure 5.7: ̂ -relaxation peak temperatures as determined from subambient
DMTA measurements.



Chapter 5 Thermal Relaxations and Stability 130

Previous work by the group of Monnerie and Halary [148,152-155] has focused

on the secondary relaxation of epoxy resin systems. It was reported that an

increase in crosslink density (as varied by combining with different hardeners of

different functionalities) increases the peak height and broadening of the

secondary relaxation whilst changes in chain flexibility showed little effect on the

viscoelastic response [152]. Imaz et al. [156] have studied the p-transition of a

TGDDM bpsed system as a function of crosslink density. In contrast to the work

of Monnerie and Halary, an increase in the peak temperature was found with

increasing crosslink density. In our systems it appears that incorporation of clay

leads to a decrease in both the glass transition- and the secondary relaxation

temperature, possibly due to a decrease in effective crosslink density. The fact

that the presence of organoclay influences the p-relaxation which involves

mobility in the glassy state may indicate the change is significant and that - as

previous studies quoted above have shown - the p-relaxation does involve a

degree of cooperative motion, rather than only very localized mobility.

5.2 Water Sorption Properties >

The water uptake of neat epoxy resin systems [157-163] or epoxy-based fibre

composites [164. 165] has been widely discussed and is known to have

significant effects on the overall properties of the epoxy material. The water

molecules can generally be found in two different environments in the polymer

matrix: the water is either strongly interacting with specific (polar) groups of the

epoxy matrix or clustered together in free volume micro-voids as "free water".

The water sorption behaviour is though i.o depend both on free volume

properties and type and concentration of polar groups in the epoxy system.

The diffusion rate and equilibrium water uptake is markedly affected by the

nature of the thermosetting network. Grave et al. [157] showed that the

stoichiometric ratio between epoxy resin and hardener significantly determines

the water sorption behaviour. In this work it was found that increased amine

ratios led to both increased diffusion coefficients and increased equilibrium
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water uptake. Early work by Moy and Karasz [166] examined the diffusion of

water and the equilibrium water uptake of a high Tg (TGDDM/DDS) resin

system. This work reported a plasticising effect by the water due to strong

interactions between the water molecules and specific segments of the polymer.

Whilst the effect of water sorption is reversible to a certain extent, the

combination of elevated temperatures and absorbed water may also lead to

irreversible degradation, which is a particular concern in high performance

applications. The major draw back of water sorption that is often reported [158-

160, 163] is its plasticising effect, leading to a reduced glass transition

temperature, decreased modulus and compressive strengths, chain scission

and hardener degradation, as well as possible detachment of the resin from the

fibre in composite materials [164,165].

!n the series of experiments presented here, the water uptake properties of

nanocomposite materials synthesised on the 100 °C cure cycle were

investigated at a water temperature of 80 °C. Figure 5.8 shows an example of

the water sorption curve as a function of time, for the series of TGAP based

nanocomposites. Equilibrium water sorption values for all systems are shown in

Table 5.1. It can be seen that the DGEBA-based systems generally absorb less

water than the two resin systems of higher functionality, with values for the

TGDDM based materials being below those of TGAP. The equilibrium values

show that the neat epoxy systems generally absorb more water than the

layered silicate composite materials. A monotonic decrease in equilibrium water

sorption with increasing clay concentration, however, was not observed. This

could be due to the fact that the water uptake depends on the total surface area

exposed to the water molecules [95], where the degree of layer separation or

the ratio intercalated/delaminated silicate layers is determined by the

organoclay concentration.

Water sorption behaviour is often related to the free volume of a material

[157,159]. The free volume properties of selected materials of this range of

nanocomposites have been investigated by PALS in section 4.4. !t was found

that the DGEBA based materials showed the highest overall free vobme.
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Figure 5.8: Water sorption curve of a series of TGAP based nanocomposites
containing different concentrations of OLS.

Furthermore, the differences in free volume properties between the rssin

systems were not significant. Therefore, it is assumed that the variation in

equilibrium water uptake is to a greater extent related to either the differences in

polarity of the polymers or to the free volume that is of a scale (greater than

angstrom-size) that is not detected using the technique of PALS. Hsnce,

differences in the amount of bond water or free water trapped in voids of the

micron sized order would cause the differences in equilibrium water uptake.

The effect of nano-sized free volume as determined by PALS on water sorptlon

of epoxy resins has been investigated previously. Johncock and Tudgey [159]

showed an interesting correlation between free volume, glass transition

temperature and equilibrium water uptake. In their work a linear relationship

between the equilibrium water uptake and Ts was reported. Furthermore, the

free volume was considered to be a function of the glass transition temperature,

Soles et al. [167] also reported a correlation between equilibrium water uptake

and absolute zero hole volume fraction of epoxy resins. The group of Pethrick et
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al. [161] showed that a higher concentration of micro-voids (as a result of higher

cure temperatures) led to higher concentrations of free water and hence a

higher equilibrium water uptake.

In general, the diffusion behaviour of water into epoxy systems has shown to be

in good agreement with Fick's second law of diffusion [157, 158]. For the one-

dimensional diffusion through an infinite plate Fick's second law of diffusion is

commonly expressed as:

at ax
Equation 22

with C being the concentration of the diffusing substance (water), t the time, D

the diffusion coefficient and x the length. It was further shown by Crank [168]

that this correlation can be simplified for the initial stage of water absorption with

< 0.6 as shown in equation 23:

M
t _ Equation 23

with Mt being the amount of water diffused into the polymeric material and Mffl

the amount of water absorbed at equilibrium or infinite time. Data from the first

few measurements of experimental series have been fitted to this equation and

the diffusion coefficient determined. Results for the diffusion coefficient, D, are

also listed in Table 5.1. The order of magnitude of the diffusion coefficients are

in good agreement with values reported for other epoxy resin systems [157,

159]. However, a general trend of increasing or decreasing diffusivity with

increasing organoclay concentration cannot be found (Table 5.1).

The plasticising effect of the absorbed water was investigated by comparison of

the a- and p-reiaxation peak before and after water sorption. Dynamic

Mechanical Thermal Analysis (DMTA) measurements were performed on each

sample after 3670 h storage in distilled water at 80 °C. Measurements were

taken in two steps from -100 °C to 50 °C and from 50 °C to 300 °C and

compared with the initial dry materials as investigated in section Chapter 5.
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Figure 5.9 shows the tan 5 traces of dry and wet TGAP resin system as well as

the TGAP nanocomposite containing 10 % organoclay as an example.

Table 5.1 summarizes the a- and p-relaxation peak temperatures for the wet

and dry nanocomposites as well as the width of the a-relaxation peak at half

peak height. The effect of the layered silicate on the thermal relaxation of the

dry specimens has been the subject of previous discussions in this chapter and

will not be further considered. Comparison of the a-relaxation traces between

wet and dry samples show that the absorbed water decreases the TQ

significantly, along with increased broadening of the peak width due .to the

range of states of water that exists in the glassy state. It can be found that the

amount of water absorbed is not in direct correlation with the decrease in Tg. As

shown in Figure 5.9, the wet samples of higher functionality epoxy resins show

a shoulder or even a second peak towards lower temperatures. The occurrence

of this additional relaxation is indicative of the coexistence of different

environments within the sample, such as an additional piasticised phase that

contains the sorbed water.

Grave et al. [157] previously reported a similar occurrence of double glass

transition peaks after water sorption. In their studies on water sorption of

DGEBA cured with stoichiometric variations of triethylenetetramine, it was found

that no significant change in the main TQ peak occurred due to water sorbed.

However, after water sorption, formation of a second Tg peak at lower

temperatures could be observed, with increased peak intensity for higher

hardener ratios. It was theorized that no gross plasticisation occurred, whilst

network inhomogenities, probably containing higher concentrations of hydroxyl

groups, may plasticise particular regions of the material.

Figure 5.10 shows the broad p-relaxation peaks of cured TGDDM and the

TGDDM nanocomposite containing 10 % OLS as an example. Values of all

systems can be found in Table 5.1. A reduced p-relaxation peak temperature

can be found for the wet specimens, similar to the changes in Tg.
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Table 5.1: Equilibrium water uptake, diffusion coefficient and a and fi-transition peak temperatures of various epoxy
nanocomposites as determined from DMTA measurements before and after water sorption.

Sample

DGEBA 0% OLS

DGEBA 2.5% OLS

DGEBA 5% OLS

DGEBA 10% OLS

TGAP 0% OLS

TGAP 2.5% OLS

TGAP 5% OLS

TGAP 10% OLS

TGDDM 0% OLS

TGDDM 2.5% OLS

TGDDM 5% OLS

TGDDM 10% OLS

Equilibrium
Water
Uptake

l%]
2.810

2.425

2.405

2.659

4.797

4.597

4.274

4.330

3.967

3.746

3.732

3.778

Diffusion

Coefficient D

[lO^cnVV]
4.3

4.7

4.9

3.8

2.3

3.7

3.1
3.6

2.3

3.0

4 . 1 d

3.1

Relaxation Peak Temperature |

Dry Specimen

a-Peak

187.0

183.1

182.5

174.3

280.8

278.1

271.0

262.7

259.6

248.1

242.0

240.2

a-Width

33

37

36

39

41

49

45

53

37

37

48

48

p-Peak

-57.9

-58.5

-60.0

-62.9

-49.1

-52.8

-52.7

-55.9

-53.4

-54.7

-56.2

-58.8

°Cj / Width at half Peak Height

Wet Specimen

a-Peak

161.7

166.3

162.8

155.3

236.7

236.2

244.6

244.5

248.6

229.8

236.2

228.1

a-Width

48.5

41.2

40.9

45.5

45.1

63.2

52.1

70.4

65.3

43.1

61.7

60.9

P-Peak

-65.5

-64.4

-65.4

-63.8

-59.0

-58.5

-58.5

-54.0

-62.4

-64.5

-64.4

-63.5
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Figure 5.9: Tan S traces of dry and wet TGAP and TGAP nanocomposites as
determined from DMTA measurements at a frequency of 1 Hz.
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10% OLS as determined from DMTA in the subambient state at a frequency of

1 Hz.



Chapter 5 Thermal Relaxation and Stability 137

5.3 Thermal Stability

The thermal stability of epoxy nanocomposite series cured at the 100 °C cycle

was determined using thermo gravimetric analysis, TGA under a nitrogen

atmosphere. Figure 5.11 shows an example of a TGA trace obtained from the

neat TGDDM system and the TGDDM nanocomposite containing 10 %

organically modified layered silicate. As illustrated in the figure, the onset and

the end set temperature were determined from the intersection of the two

tangents. Furthermore, the peak degradation temperature was determined from

the first derivative of the TGA curve using the Mettler Toledo STAR6 software.

Table 5.2 shows values for the onset, the end set, the temperature interval

between onset and end set (ATemp) as well as the degradation peak

temperature (degradation peak), determined as the peak of the first derivative

and the total weight loss at 700 °C.

100

80 H
*
£2 60 -

I 40
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C/)

20

0

Onset

10%OLS

End set 0% OLS

50 150 250 350 450 550 650 750
Temperature [°C]

Figure 5.11: TGA of TGDDM and TGDDM nanocomposite containing
10 % OLS.
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In general, a slightly decreased onset temperature can be observed with

increasing organoclay concentration for the TGDDM nanocomposites. A similar

trend is shown for the peak degradation temperature of the DGEBA and TGAP

nanocomposite series. Values for TGDDM however only show some scatter

around a value of about 378 °C rather than a constant trend of decreasing

temperatures. The interval between degradation onset and end set shows a

slight trend of broadening for the DGEBA and TGAP series. However, this

cannot be observed for the TGDDM series and is not consistent with the

reduced onset and peak degradation temperatures.

It is important to note that TGA curves of resin systems with and without

organoclay generally show the same behaviour in the lower temperature regime

before the onset of degradation. A separate degradation of the interlayer

exchanged ions is not observed. It is assumed that the interlayer exchanged

ions are well embedded or incorporated into the polymer matrix. TGA traces of

the neat organoclay are shown in Figure 2.14 in the materials section, with the

degradation of the compatibilizer starting at about 200 'C. This is in good

agreement with the degradation behaviour observed for other exfoliated epoxy

organoclay nanocomposites by Wang and Pinnavaia [74].

Xie et al. [169] recently reported a detailed investigation of the non-oxidative

thermal degradation chemistry of quaternary alkylammonium modified

montmorillonite. The onset of true c.,,anic decomposition (rather than water

desorption which could be observed at lower temperatures) was found to be

180°C and the decomposition process divided into four stages: the desorption

of water and other low molecular weight species (below 180 °C), the

decomposition of organic substances (200 - 500 °C) the dehydroxylation of the

aluminosilicate (500 - 700 °C) and the residual organic carbonaceous evolution

at 700 - 1000 °C. Furthermore, the work suggested a Hoffmann elimination

reaction as the mechanism of the initial thermal degradation.
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Table 5.2: Thermal stability parameters of various nanocompostte systems as
determined from TGA.

System

DGEBA 0% OLS
DGEBA 2.5% OLS
DGEBA 5% OLS

DGEBA 7.5% OLS
DGEBA 10% OLS

TGAP 0% OLS
TGAP 2.5% OLS
TGAP 5% OLS

TGAP 7.5% OLS
TGAP 10% OLS

TGDDM 0% OLS
TGDDM 2.5% OLS
TGDDM 5% OLS

TGDDM 7.5% OLS
TGDDM 10% OLS

Onset
[°C]

358.3
357.4
351.9
351.4
346.7

342.5
344.7
341.0

339.0
338.9

345.4

340.0
348.5
343.2
344.5

End set
[°C]

405.5
403.9
402.2
400.7
401.5

3B5.5
386.9
388.7

389.0
389.7

417.4
423.2
415.1

420
419.4

A Temp
[°C]
47.2
46.5
50.3
49.3
54.8

43.0
42.2
47.7

50.0
50.8

72.0
83.2
66.6
76.8
74.9

Degradation
peak [°C]

371.6
359.7
368.7
367.7
366.7

360.0
357.4
353.3

354.3
355.3

374.9

378.2
377.6

379.9
380.7

Total wt. loss
at 700°C [%]

88.0
88.6

85.0
83.4
80.7

78.5
69,0
79.6

74.0
72.9

84.3

81.2
80.1
79.1
77.5
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Chapter 6
Mechanical Properties

This chapter discusses the mechanical properties of a series of

nanocomposites synthesized via two different cure cycles. The discussion

centres upon the measurement of modulus and toughness, and how increasing

cure temperature affects the overall cure chemistry. Near infrared

measurements indicate the amount of residual cure and changes in network

formation as a function of cure temperature. Variations in network formation are

discussed and correlated with the mechanical properties.

Some initial work on the application of n a no-structured layered silicates to

supplementary toughen advanced carbon fibre composites as a ternary system

is also given in this chapter.

6.1 Flexural Modulus

The typical flexural stress-strain behaviour in three point bending of a neat i esin

and of an epoxy nanocomposite containing 5 % layered silicate is shown in

Figure 6.1 (for the TGDDM system cured at 100 °C). Traces of the other resin

systems and other layered silicate concentrations look similar. The Young's

moduli as determined from the three point bend test for the 100°C series of

nanocomposites containing 0 - 10 % organoclay are shown in Figure 6.2. All

resin systems exhibited a steady increase in modulus with increasing

organoclay concentration. In order to compare the relative improvement, the

normalized modulus was calculated by dividing nanocomposite modulus values

by the valur of the neat resin. Figure 6.3 shows the relative increase in modulus

for all resin systems is in the order of 20 % for an organoclay concentration of

10%.
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Figure 6.1: Typical stress-strain curve of neat TGDDM and a TGDDM
nanocompos'ite containing 5 % OLS in 3 point bend.
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Figure 6.2: Modulus of 100 °C cure cycle series of resin systems containing
0 - 10 % OLS, determined by three point bending.
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Figure 6.3: Normalised modulus of 100 °C cure cycle series of resin systems
containing 0-10% OLS, determined by three point bend test.

Highly flexible, rubbery epoxy systems with low glass transition temperatures

have previously been reported to achieve markedly better improvements in

modulus in comparison to rigid, highly crosslinked resins. For example Zilg et al.

[31] reported an increase in modulus by 10 - 35 % for glassy DGEBA based

(anhydride cured) nanocomposites containing 10 % OLS, compared to a more

than 10-fold increase in modulus for a rubbery DGEBA/Jeffamine 2000

nanocomposite containing 15 % OLS [70].

The less crosslinked DGEBA system reported here shows only a slightly greater

improvement in modulus than the more highly crosslinked TGAP or TGDDM

resins. It has to be pointed out that all systems are deep into the glassy state

during measurements (at room temperature).

A comparison of the modulus values of a series of nanocomposites cured at the

100 °C and 160 °C cure profile is shown in Figure 6.4 (recalling that the higher

cure temperature led to improved intercalation, as shown in Table 4.1). It can be
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seen that the modulus values for both temperature series follow a similar trend,

i.e. improved modulus with increased organosilicate concentration. Only the

DGEBA nanocomposite system containing 7.5 % layered silicate, which was

cured at 160 °C did not show a further increase (within the experimental error).

Whilst all systems have shown improved organoclay separation with increasing

cure temperature (compare Chapter 4), there is no evidence of a direct

correlation in improvement in mechanical properties with increasing basal

spacing of the clay. Both, neat and nanocomposite systems based on the

DGEBA and TGAP resin showed improved stiffness after cure at the higher

temperature profile compared to the 100 °C series. The fact that even the neat

system increases stiffness indicates that the increased cure temperature also

changes network formation. The TGDDM based nanocomposites in contrast,

only showed some scatter between increased and decreased modulus with

increasing cure temperature, in spite of an increased d-spacing. This indicates

that increased cure temperatures not only change the arrangement of the

silicate platelets in the polymer matrix, but also have a significant effect on the

cure reaction chemistry, as will be discussed later in this chapter.
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Figure 6.4: Flexural modulus of various epoxy nanocomposite systems cured at
different temperature profiles.
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In contrast to this, Lan and Pinnavaia [70] previously reported improved flexural

properties (tensile strength and modulus) of a rubbery DGEBA/Jeffamine 2000

system with improved exfoliation as controlled by the carbon number of the

interlayer exchanged ion. At a given concentration of 10 % organically modified

layered silicate the improvement in tensile modulus varied between

approximately 300 % (for CH3(CH2)7NH3+ modified montmorillonite), where the

layered silicate was predominantly intercalated in the polymer matrix, and 500

% (for CH3(CH2)17NH3+ modified montmorillonite) for a system which appeared

primarily exfoliated.

6.2 Fracture Toughness

The fracture toughness of a series of nanocomposites synthesized at 100 °C

and 160 °C, respectively was determined based on the compact tension test

(ASTM D 5045 - 96 [112]). The critical stress intensity factor, K|C, was

determined from the maximum load at fracture of the crack-initiated samples, as

outlined in the experimental section in 2.6.2. Results of the stress intensity

factor values of the 100 °C series are illustrated in Figure 6.5, with values

normalized by the neat resin shown in Figure 6.6. In either case, an increase in

toughness can be observed with increasing organoclay concentration. Whilst

most toughening techniques exhibit a loss in stiffness (such as rubber

toughened epoxy resins, as illustrated in the literature review in Table 1.1), both

toughness and stiffness have been improved through the organoclay

incorporation in this work.

The normalized stress intensity factor shows that DGEBA and TGDDM exhibit a

relative toughness increase of the same magnitude, whilst TGAP shows only

little improvement. The lesser improvement in the TGAP resin system is likely

due to be due to its very rigid structure. Generally, the high crosslink density of

epoxy resins allows only very little plastic flow.
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Figure 6.5: Stress intensity factor, K/c, as a function of OLS concentration of
epoxy nanocomposites cured at 100 °C.
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In comparison with other epoxy systems, the TGAP resin is characterized by an

even lower molecular weight between crosslinks with short, rigid bonds, which

makes this resin system more difficult to improve in fracture toughness than

DGEBA or TGDDM.

Fracture surfaces of the compact tension test specimens were investigated

using scanning electron microscopy. Figure 6.7 to Figure 6.9 show the fracture

surfaces of the neat TGDDM material as well as the TGDDM and DGEBA

nanocomposite containing 7.5 % layered silicate. The surface of the fractured

TGAP nanocomposite showed a similar appearance as the nanocomposites

based upon the two other epoxy resins.

The fracture surface of the neat TGDDM material shows a very smooth and

shiny surface with hackles, typical of brittle fracture. This was similar to the

appearance of fracture surfaces of the neat DGEBA and TGAP materials. The

fracture surfaces of these nanocomposites, in contrast, show significantly

increased roughness and therefore increased fracture surface area with

increasing organoclay concentration. The increased fracture surface area would

imply improved energy disruption. Similar fracture behaviour was reported

previously for other glassy epoxy- [93] and unsaturated polyester [170] layered

silicate nanocomposites. Zerda and Lesser [93] investigated the fracture

behaviour of intercalated Jeffamine 230 cured DGEBA nanocomposites based

upon an alkylammonium-modified montmorillonite. The fracture surfaces

images of their nanocomposite looked similar to the micrographs of fractured

nanocomposites presented here, i.e. significantly increased textured surface in

the nanocomposite was observed. As images of higher magnification revealed

that the surface roughness extended into the submicron regime, indicative of

the operation of the toughening mechanism on a nanoscale dimension. Their

work showed that the intercalated layered silicate makes the crack path

extremely tortuous. Crack branching along the path length was visualised on

thin sections using polarized light. Also in their work, a concentration of 1.5 %

OLS showed only low fracture surface improvement, however, dispersion of the

layered silicate at this concentration was low. The work on unsaturated

polyester nanocomposites reported by Kommann et al. [170] also reported
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increasing fracture roughness with increasing concentration of unmodified

montmorillonite filler. SEM images of their fractured nanocomposite showed a

similar rough and textured appearance as micrographs shown by Zerda and

Lesser and the images presented here.

Figure 6.8 and Figure 6.9 show areas of greater roughness next to relatively

smooth areas. It appears that the aggregates of intercalated silicate platelets

(which are also seen in the optical micrographs in Figure 4.8 and Figure 4.9)

with their lateral, micron-sized structures contribute to the increased fracture

surface, by making the path for the crack propagation more tortuous. This in is

good agreement with fracture results found by Zilg et al. [31]. This work

reported the mechanism of an improved toughness/stiffness balance through

the incorporation of organoclay in the epoxy matrix. It was theorized that the

exfoliated structure mainly improves the modulus whereas the remaining

tactoids of intercalated organoclay act as a toughening phase, possibly through

the shearing of intercalated organoclay layers, being able to absorb energy of

the propagating crack.
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Figure 6.7: Fracture surface of the neat TGDDM resin system.
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Figure 6.8: Fracture surface of TGDDM nanocomposite containing 7.5 % OLS.

Figure 6.9: Fracture surface ofDGEBA nanocomposite containing 7.5% OLS.
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The improvement in toughness and stiffness for the hexahydrophtalic anhydride

cured DGEBA nanocomposites at a concentration of 10 % layered silicate

varied between 1 0 - 3 5 % in modulus and 35 - 85 % in fracture toughness

(Kic), depending on the layered silicate modification. These values are in the

same order of magnitude as the normalized mechanical properties found in this

work, as shown in Figure 6.3 (modulus) and Figure 6.6 (fracture toughness).

A comparison with other high performance epoxy nanocomposites is provided

by the recent work by Kommann et al. [77]. In this work a tetrafunotional

TGDDM resin based nanocomposites is synthesized using different layered

silicate modifications and the curing agent 4,4'-diaminodiphenyl sulfone (DDS).

Results also showed a simultaneous increase in toughness and stiffness in the

order of 30 - 40 % in modulus and 40 - 80 % in fracture toughness at a true

layered silicate content (i.e. mass fraction of the montmorillonite without the

organic modifier) of 4 - 5 %, which is in excellent agreement with the results

presented in this thesis. A potential toughening mechanism was only discussed

briefly in this work. The authors suggested that an apparent lower crosslink

density in the nanocomposite, which may favor yielding in the matrix may cause

the improved toughness. However, it was mentioned that further experimental

work would be required to identify the fracture mechanism of the high

performance nanocomposite materials.

6.3 Temperature Effect on Toughness-Stiffness Balance

All materials show simultaneous improvement in fracture toughness and

modulus compared to the neat materials. A summary of the toughness and

stiffness data is given in Table 6.1. Within the experimental error, there is a

monotonic improvement in both properties with increasing organoclay content.

Recent work by Chen et al. [65] investigated the effect of the cure cycle on the

interlayer spacing, the glass transition temperature and the modulus of an

anhydride (hexahydro-4-methylphtalic anhydride) cured epoxy (3,4-

epoxycyclohexylmethyl-3,4-epoxycyclohexane) layered silicate nanocomposite.



Chapter 6 Mechanical Properties

The organoclay used was a bis-2-hydroxyethyl methyl tallow ammonium cation

modified montmorillonite. In their work a decrease in TQ and rubbery modulus

was reported and proposed to be related to the formation of an interphase

consisting of the epoxy resin that is plasticised by the surfactant chains, whilst

epoxy network formation itself was thought not to be affected by varying the

initial cure temperature. The authors refer to a different epoxy system (DGEBA

cured with 3DCM), studied by Franco et al [171], that did not show any effect of

the initial cure temperature on Tg, flexural modulus, fracture toughness and

height of tan 8. However, the resin system investigated by Chen et al. is based

on different resin and hardener monomers.

All organoclay-containing DGEBA systems cured at 160 °C show higher values

of toughness and stiffness compared to the nanocomposites cured at 100 °C.

The TGAP nanocomposites show significant improvement in modulus, along

with a modest increase in fracture toughness at the higher cure temperature,

whilst both toughness and stiffness results for the TGDDM based

nanocomposites remained of the same order and appeared not to be affected

by the cure temperature.

The XRD and TEM work described earlier has shown that increased cure

temperature improved exfoliation for all series of nanocomposites. Improved

exfoliation is often believed to increase mechanical properties, i.e. modulus and

tensile strength [70]. However, it is clear from the unfilled resin results in this

work that the changes in the initial cure temperature may also affect network

formation and molecular architecture.

Comparison between mechanical properties of neat samples shows that an

increase in initial cure temperature increases modulus and toughness (except

for TGDDM where the toughness and modulus changed little with cure

temperature). There are few studies of the effect of cure temperature on epoxy

network formation in the literature: Lewis et al. [172] showed that for a high

temperature curing diglycidyl ethers based resin system cured with 2,4 tolylene

1,1'bis (3,3 dimethyl urea), the thermal history of a fully-cured system can

significantly affect the glass transition temperature by a variation of up to 30 °C
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for resin systems cured at different temperatures, but all fully postcured at the

same temperature. The highest Tg for this system was achieved for the slowest

cure rate (at the lowest cure temperature).

Table 6.1: Mechanical properties of various epoxy nanocomposites.

Resin system

DGEBA100°C
DGEBA100°C
DGEBA100°C
DGEBA100°C

DGEBA160°C
DGEBA160°C
DGEBA160°C
DGEBA160°C

TGAP100°C
TGAP100°C
TGAP100°C
TGAP100°C

TGAP160°C
TGAP160°C
TGAP 160 °C
TGAP160°C

TGDDM100°C
TGDDM100°C
TGDDM100°C
TGDDM100°C

TGDDM160°C
TGDDM 160 °C
TGDDM160°C
TGDDM 160 °C

Organoclay
[%]
0

2.5

5

7.5

0
2.5

5

7.5

0

2.5

5

7.5

0

2.5

5

7.5

0

2.5

5

7.5

0

2.5

5

7.5

Modulus
[MPa]

2410 ±180
2540 ± 90
2650 ±170
2880 ±100

2870 ±70
3070±120
3210 ±50
3140 ±40

2760 ±140
2890 ±210
3120 ±80
3230 ± 80

2860 ±120
3180 ±270
3520 ±180
3610 ±80

3040 ± 40
3230 ± 50
3350 ± 70
3540 ± 30

3080 ±150
3130 ±50
3250 ± 70
3540 ± 70

Kic
[MNm05]

0.50 ± 0.05
0.71 ±0.16
0.80 + 0.11
0.86 ± 0.25

0.91 ±0.26
1.19 ±0.24
1.32 ±0.17
1.13 ±0.23

0.49 ±0.10
0.49 ±0.10
0.63 ± 0.09
0.57 ± 0.07

0.52 ± 0.08
0.56 ±0.11
0.65 ± 0.08
0.64 ± 0.09

0.67 ±0.15
0.90 ±0.11
0.98 ± 0.29
1.17 ±0.04

0.60 ± 0.21
1.02 ±0.25
1.01 ±0.26
1.19 ±0.27

It was theorized that faster cure led to a less highly crosslinked network due to

competing network reactions that form different networks. However, the
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different reactions associated with the different networks were not further

specified in this work. The cure temperature has also been reported to affect

etherification and the molecular weight between crosslinks, Me. Varley et al.

[173] demonstrated for a highly crosslinked resin system (DDS cured TGAP)

that etherification occurred in significant amounts at a cure temperature of 160

"C and above. However, it appears that changes in the cure schedule affect

different epoxy systems in different ways.

In their studies on dicyandiamide (DDA) cured, benzyldimethylamine catalysed

DGEBA, Sautereau, Pascault et al. [174-176] found a strong effect of the cure

temperature and accelerator on the reaction mechanism. It was reported that

the formation of ether linkages was favored at lower cure temperatures, i.e.

more etherification occurred at a cure temperature of 100 °C compared to cure

temperatures of 140 °C and 160 °C. Further, the reaction of the DDA at 100 °C

was found to be a substitution of the hydrogen atoms by ring-opening of the

epoxy groups, whereas at 140 °C and 160 °C the DDA reaction involved

transformation of nitrile groups to imine groups.

Since the organically modified layered silicate in this work has a complex

catalytic effect on homopolymerization and resin cure with a competition

between two or more reactions involving different mechanisms and activation"

energies, it is likely that the formation of the network structure and therefore

thermal and mechanical properties are dependant on the thermal history before

postcure. Hence, it is difficult to relate changes in properties of nanocomposites

strictly to either issue, i.e. the network structure or the silicate dispersion.

Comparison of mechanical properties of the neat resins cured at different

temperatures give an indication how strongly the change in structure in each

system is affected by changes in the cure temperature. The* neat DGEBA

systems cured at 100 °C and 160 °C show largely improved toughness and

stiffness with increased cure temperature, whilst the two more highly

crosslinked resins TGAP and TGDDM show only a modest change in modulus.

According to the dramatic changes in the neat DGEBA system with increased

cure temperature, it is likely that the enhancement is to a large extent related to
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variation in the epoxy cure chemistry and hence the polymer architecture, rather

than significant change in delamination of the organoclay platelets within the

epoxy phase. This is further confirmed by the fact that the TGDDM based

nanocomposites showed significantly improved intercalation with increased cure

temperature; yet show modest changes in mechanical properties (recalling that

the DGEBA system increased the average d-spacing from 85 A to 95 A and the

TGDDM system from 45 to 60 A with the increased cure temperature as shown

by TEM results in Table 4.1).

In order to determine whether there are any differences in conversion as a

function of cure cycle the degree of unreacted epoxy groups remaining after

cure was investigated using NIR spectroscopy. The area under the 4530 cm"1

absorption peak in the FTIR spectra derived from the epoxy moiety [110] was

determined and compared with its peak intensity of the unreacted prepolymer

blend to calculate the percentage of residual epoxy groups. An example of the

NIR traces is shown in Figure 6.10 for the TGAP based nanocomposites and

the uncured resin/hardener mix.

CD
O
c
03

JCl

>
J5
CD

DC

uncured

0%OLS160°C

0%OLS100°C

7.5%OLS160°C

7.5%OLS10Q°C

5400 5200 5000 4800
Wave Number [cm'1]

4600 4400

Figure 6.10: Comparison of TGAP based NIR spectra - the 4530 cm'1

absorption peak indicates the amount of residual epoxy groups.
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Furthermore, the measured glass transition temperatures of these systems

should also be recalled. Table 6.2 shows the Tg and percentage residual epoxy

groups for neat resins and nanocomposites containing 7.5 % organoclay cured

at 100 °C and 160 °C. Comparison of the Tg as an indicator for the degree of

cure can only be applied for the neat systems, since the Tg is likely affected not

just by the degree of cure, but also by the presence of clay, with the mechanism

being not fully understood. For the neat systems it was observed that a higher

initial cure temperature resulted in a slightly greater level of residual epoxy

groups (remembering that all samples being postcured at the same

temperature). This is in good agreement with a slightly decreased glass

transition temperature. Organoclay-containing resin systems generally show a

higher degree of conversion compared to the neat systems. It can also be

observed, that these systems further reduce their Tg with increased, initial cure

temperature and improved exfoliation.

Table 6.2: Comparison of the glass transition temperature and % residual epoxy
groups of neat and layered silicate filled nanocomposites cured at 100 °C or

160 °C.

Resin system

DGEBA100°C

DGEBA100°C

DGEBA160°C

DGEBA160°C

TGAP 100°C

TGAP 100°C

TGAP160°C

TGAP 160°C

TGDDM 100°C

TGDDM 100°C

TGDDM 160°C

TGDDM 160°C

Organoclay

0

7.5

0

7.5

0

7.5

0

7.5

0

7.5

0

7.5

V
187
180

185
173

281

271

282
269

260
241

257
228

>C]

±1.5
±1.5

±1.5
±1.5

±1.5
±1.5

±1.5
±1.5

±1.5
±1.5

±1.5
±1.5

Residual epoxy
groups [%]

1.2 ±0.5
0.1 ±0.5

1.2 ±0.5
0.2 ±0.5

2.0 ±0.5
1.6 ±0.5

4.0 ±0.5
1.7 ±0.5

1.4 ±0.5
0.8 ±0.5

3.9 ±0.5
3.5 ±0.5
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Manipulating the cure temperature may lead to both improved intercalation and

modification of the epoxy network. Clearly, variation of the cure profile alone in

these systems does not lead to a true, fully exfoliated nanocomposite.

Therefore a combination of both improved cure temperature '**;d processing

condition.0, including much higher shear forces during cure than used here, or

the use of swelling agents, which may be more effective at entering clay layers

than the epoxy monomer, may be the key to the formation of true, individually-

dispersed epoxy nanocomposites. It has to be noted that such homogenous,

individual delaminations have not been demonstrated in any reported TEM

images of epoxy nanocomposites yet. Even those systems that were optically

clear and deemed exfoliated according to XRD analysis consisted of a blend of

partially intercalated and exfoliated silicate layers.

6.4 Z-Directiona! Toughening of Fibre Composites

This section investigates the ability to supplementary toughen epoxy fibre

composites through the nanocomposite strategy. Series of DGEBA and

TGDDM epoxy/unidirectional carbon fibre nanocomposites are synthesised in a

range of 0 - 7.5 % layered silicate as outlined in section 2.3.

The carbon fibre content of each system was determined to confirm that all fibre

panels are within a fibre concentration range that allows comparison between

the different materials. Measurements were conducted according to the ASTM

D 3171-76 standard [117] and results listed in Table 6.3.

The fibre volume in the series of DGEBA composites showed excellent

consistency at a value of 49 %, whilst the series of TGDDM composites showed

some scatter around a value of approximately 55 %. As the mechanical

properties of composites change with the fibre volume fraction, conclusions can

only be made carefully for the TGDDM series.

.
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Table 6.3: Carbon fibre content in unidirectional epoxy/carbon fibre
nanocomposites.

Resin
System

DGEBA

DGEBA

DGEBA

DGEBA

TGDDM

TGDDM

TGDDM

TGDDM

OLS
Weight [%]

0

2.5
5

7.5

0

2.5

5

7.5

Fibre Weight
[%]

59 ± 1

60 ± 1

60 ±1

59 ±1

69 + 1

65 ± 1

58 ± 1

59 ±1

Composite
Density [g/cm3]

1.457 ±0.001
1.469 + 0.001
1.480 + 0.001
1.493 ±0.001

1.531 ±0.001
1.504 ±0.001
1.480 ±0.001
1.495 ±0.001

Fibre Volume
[%]

48 ± 1

49 ± 1

49 ± 1

49 ± 1

59 ± 1

54 ± 1

48 ± 1

49 + 1

6.4.1 Mode I Fracture Toughness

Mode I fracture toughness tests are conducted as outlined in the experimental

section. Stable crack growth along the crack initiator plane could be observed

for most DGEBA fibre composite samples. However, at some stages fracture

displayed slip/stick behaviour, rather than steady crack propagation. This might

have occurred due to the influence of the few twill weaves in the fracture plane

that could not be removed during prepreg synthesis without damaging the

unidirectional fibre.

Difficulties occurred when determining values of Gic-prop from the plateau in the

crack propagation resistance curve as many traces showed major scattering. In

some cases a plateau could not be identified. A greater variation in Gic-Prop can

be expected due to the dependence of this value on the fibre/matrix interfacial

adhesion. Therefore, only G!C initial, as determined from the first point of deviation

from linearity in the load/displacement curves are considered.

Mode I fracture toughness samples of the TGDDM based fibre composites did

not break along the crack initiator plane rather than through different planes with

the crack initiator sheet remaining partially stuck between the fibre sheets. This

occurred in all the samples and can thus not be ascribed to manufacturing
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defects in a particular panel. Therefore no mode I fracture data could be

obtained for the TGDDM system.

Results for the mode I fracture toughness of the ternary DGEBA composites are

shown in Figure 6.11. Both, the maximum load and the initial fracture energy,

Gic initial, show improved in-plane fracture resistance. The maximum load shows

an increase by about 25 % along with an increase in Gic initial by 50 % at an

organoclay concentration of 7.5 %.

100
95 -
90-
85 -

max. Load
GIC initial

200

190

0 2 4 6
OLS Concentration [%]

8

Figure 6.11: In-plane resistance and maximum load of DGEBA carbon fibre
nanocomposite (mode I fracture toughness).

For comparison, the fracture energy of the DGEBA nanocomposites, G|C(N), was

calculated from toughness and modulus values of the DGEBA 160 °C series (as

shown in Table 6.1), using equation 24:

Kfc-a-v2)
'IC(N) Equation 24
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where K|C is the stress intensity factor, E the Young's modulus and v the

Poisson's ratio of the material (assumed that v = 0.33) [177].

A comparison of fracture energies of the neat nanocomposites and the ternary

fiber nanocomposite systems is shown in Figure 6.12 (the increased error bars

for the epoxy nanocomposites are a result of the error calculation, i.e. the

addition of errors for the toughness and modulus).

0.7

0.6 -

0.5-

El Ternary Composite
• Nanocomposite

0 2.5 5
OLS Concentration [%]

7.5

Figure 6.12: Comparison of the fracture energy, Gic, ofDGEBA in the neat
nanocomposite and the ternary fibre nanocomposite system.

It can be seen that both series of fracture energy values show improvement

compared to the systems containing no layered silicate. Furthermore, G|C

values increase with increasing organoclay concentration. The nanocomposite

containing 7.5 % layered silicate deviates from this series, which may be

ascribed to the high error related to the nature of this test. Significantly higher

fracture energy values can be found in the neat nanocomposite compared to

the fibre nanocomposite system. This is in good agreement with the general
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finding for the interlaminar fracture toughness of fiber composites based upon

toughened epoxy resins. As previously reported by Hunston et al. [178] and

Bradley [179] and more recently reviewed by Kim and Mai [14] improvement in

the composite is rather moderate when compared to the fracture toughness of

the neat resin matrix. A rubber toughened epoxy, for example, that showed 20 -

fold improvement in fracture toughness, gave only an 8 - fold improvement in

mode I fracture toughness of the composite, as indicated by the Gic values. An

established explanation for the poor translation of the matrix fracture energy into

Gic of the composite is that the long rigid reinforcing fibres, sandwiching the thin

epoxy film, constrain plastic deformation and limit microcracking at the crack tip

respectively [14,180].

Micro-images were taken from selected mode I fracture surfaces of neat and

organoclay containing fibre composites to further understand the fracture

mechanism of the layered silicate in the ternary system. Figure 6.13 and Figure

6.14 show typical images of the fracture surfaces of neat fibre composites.

Similar to the neat resin system (compare Figure 6.7), a smooth and shiny

fracture surface can be observed with few bands (predominately under a 60°

angle to the fibre direction, which was also shown by others [181, 182]). The

smooth fracture surface is indicative of fracture of brittle unmodified resin as

previously shown by others [179,183].

Fracture surface images of the composite systems containing 2.5 % and 7.5 %

organoclay are shown in Figure 6.15 to Figure 6.17. As indicated by the crack

within a single plane good fiber/matrix adhesion is maintained in the ternary

system. Similar to the neat resin nanocomposites, increased fracture surface

forms due to the presence of the organoclay. This implies that the path of the

crack tip is distorted, making crack propagation more difficult.
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Figure 6.13: SEM image of the mode I fracture test surface of a DGEBA-carbon
fibre composite containing 0 % OLS.

Figure 6.14: Close up SEM image of the mode I fracture test surface of a
DGEBA-carbon fibre composite containing 0 % OLS.
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Figure 6.15: SEM image of the mode I fracture test surface of a DGEBA-carbon
fibre composite containing 2.5% OLS.

Figure 6.16: SEM image of the mode I fracture test surface of a DGEBA-carbon
fibre composite containing 7.5 % OLS.
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Figure 6.17: Close up SEM image of the mode I fracture test surface of a
DGEBA carbon fibre composite containing 7.5 % OLS.

6.4.2 Interlaminar Shear Strength

Values determined for the interlaminar shear strength (ILSS) are shown in

Figure 6.18. The values determined are within the same order of magnitude as

other epoxy carbon fiber composites reported in the literature (40 - 90 MPa)

[14, 184].

The interlaminar shear data did not show any improvement with increasing

organoclay concentration. Results for the DGEBA based composite systems

scatter around a constant shear strength of about 7100 N/cm2 (71 MPa) whilst

the TGDDM composites, even showing a slight tendency for decreased

interlaminar shear strength.
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Figure 6.18: Interlaminar shear strength of DGEBA and TGDDM carbon fibre
nanocomposites.

Incorporation of the nanofiller into carbon fibre epoxy nanocomposites^has

shown improved delamination resistance for the DGEBA system according to

mode I fracture toughness measurements. However, interlaminar shear

measurements did not show any improvement for any of the two systems

(DGEBA, TGDDM) investigated.

Recently, Rice et al. [185] have investigated the matrix-dominant properties of a

bisphenol F/epichlorohydrin epoxy resin layered silicate fibre composites

through four-point flexure measurements. No significant increase in z-axis

properties was reported in this work. Little improvement in the order of the

variation was found for a fibre composite with low organoclay concentration.

Composite systems of higher organoclay concentrations even showed a

decreased flexural strength, which was however ascribed to an increased void

content in the matrix. Further work is required to verify the potential of layered

silicate as a complementary toughener in a ternary, epoxy-fibre nanocomposite

systems.

'•.•{'•V
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Chapter 7
Conclusions and Further Work

7.1 Conclusions

A systematic study on the effect of an octadecyl amine ion modified layered

silicate on three different high performance epoxy resin systems was

conducted. The following conclusions presented here summarize the major

findings and significance of this project. The conclusions and further work are

discussed in terms of the processing conditions and correlating morphology,

environmental stability and the mechanical properties of these materials, areas

which are of fundamental importance in understanding nanocomposites and

vitai to unlocking their future potential.

7.1.1 Viscosity and Cure Monitoring Studies

The effect of the organophilic rendered layered silicate on the rheology of

different epoxy resin monomers was investigated. It was found that the viscosity

of layered silicate containing resins changed iittle compared to the addition of a

micron-sized filler. Both steady and dynamic shear tests showed minor

deviation from Newtonian flow behaviour, as seen by the relative invariant

magnitude of the Power Law parameters. Fitting the data to the Herschel-

Buckley (yield-stress) model showed that only the highly viscous, highest

molecular weight resin, TGDDM, possessed any significant yield stress.

Comparison between dynamic and steady shear experiments showed good

agreement for low layered silicate concentrations (below 7.5 wt%), i.e. the Cox-

Merz rule can be applied. Deviations from the Cox-Mere rule appeared at and

above 10wt%, although such deviations were only slightly above experimental

error. It was found that the activation energies of flow of the uncured prepolymer
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mixtures were not markedly affected through the organoclay addition. During

mixing of the resin monomer with the OLS (prior to cure), the monomers

intercalate the organoclay galleries, increasing the gallery spacing. XRD

measurements showed an increase of the interlayer distance of the layered

silicate from initially 2.3 nm to 3.9 nm. However, the platelets remain in a

stacked formation and do not show the dramatic changes in rheological

behaviour that is observed for delaminated layered silicates. Although the

individual layered silicate platelets are nanometer-sized with a very high surface

area, in the slightly intercalated state after swelling and prior to cure, the lateral

micron-sized properties of the layered silicate tactoids are dominating..

The effect of the octadecyl amine ion exchanged organoclay on the cure of the

different high-performance epoxy resins was investigated. Dynamic differential

scanning calorimetry (DSC) measurements were taken from series, of

resin/layered silicate and resin/layered silicate/hardener blends, varying from

0 - 1 0 % in layered silicate concentration. In any case, the addition of the

organically modified layered silicate showed a catalytic effect on the

homopolymerization and the resin/hardener cure reaction, as indicated by a

decrease of the reaction peak temperature in the DSC traces. It was shown that

the reaction kinetics of the DGEBA resin system is more strongly catalysed

through the addition of organoclay than the two resins of higher functionality.

This is likely due to the fact that the organoclay exfoliates to a greater degree in

the DGEBA system (as found by TEM and XRD measurements), thus

increasing the surface area of the silicate, facilitating the further catalysis of

crosslinking reactions.

Isothermal parallel plate rheology measurements were conducted on series of

nanocomposite pre-mixes (resin/hardener/layered silicate blends), varying in

layered silicate concentration. Gelation could be observed, as judged by the

crossover in tan 8 traces of different frequencies (tan 8 decreases with

increasing frequency in the liquid state and increases with increasing frequency

in the rubbery state). In some cases, the crossover of tan 8 method was not

found to show a precise intersection. This occurred for both organoclay-filted
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systems, as well as the neat resin and can therefore not be considered as a

result of the filler addition. Nonetheless, results were consistent and in good

agreement with the gelation times determined from the rapid increase in storage

modulus upon gelling. With increasing filler concentration the gelation time was

steadily decreased.

The conversion at gelation was determined for selected nanocomposite

systems by comparing the residual energy of cure with the complete energy of

cure as determined from DSC measurements. Since the conversion at gelation

did not decrease with filler addition, the decreased gelation time is assumed to

be a result of an improved reaction rate caused by the organically modified

layered silicate, and not due to the formation of a physical gel (at lower levels of

conversion).

Wide-angle x-ray analysis (XRD) was carried out at different stages of cure to

monitor organoclay exfoliation kinetics. It was found that only some (small)

degree of conversion (significantly before gelation) was required to obtain

significant intercalation. Although blends of liquids with layered silicates are

known to form physical gels, the rheological measurements during cure did not

show any significant increase in viscosity due to an increase in the interlayer

distance or (in case of DGEBA) the exfoliation of layered silicates.

Flexural braid tests, a method where the uncured epoxy blend is painted on an

inert glass braid and clamped in a dual cantilever frame to follow the

viscoelastic behaviour from the liquid to the rigid thermoset stage during cure,

was applied for comparison. Isothermal flexural braid tests confirmed the

gelation data from rheology measurements and were further used to determine

vitrification times. Gelation values from the flexural braid test showed a similar

position in time as values from rheology measurements. The time to vitrification

also showed a monotonic decrease with increasing layered silicate

concentration.

ills
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7.1.2 Morphology and Physical Properties

Investigations of the nanocomposite morphology in the cured polymer matrix

using WAXS and different microscopy techniques showed that any given

nanocomposite morphology does not fall neatly into the commonly used terms

of intercalated or exfoliated structures with a mixture of both being seen. Care

has to be taken when interpreting the overall morphology of a material from

micrographs or WAXS results.

The comparison of the nanocomposite formation based on three different epoxy

resins with different structures and functionalities has shown that the structure

and chemistry of the epoxy resin, its mobility and reactivity, are key factors

controlling the increase in layer distances and therefore the morphology of the

cured nanocomposite. Two different effects have to be considered when.the

properties of nanocomposites cured at different temperatures are compared:

improved dispersion and better exfoliation of the silicate platelets in the polymer

matrix, as well as changes in the nature of the reaction and thus the network

formation. Generally, the bifunctional DGEBA resin has shown better exfoliation

of the organoclay than the resins of higher functionalities, with individual

platelets being separated from the layered silicate aggregates. It was found for

all resins that higher cure temperatures led to improved organoclay layer

separation, although tactoids were observed in all systems including even

DGEBA. At a cure temperature of 100 °C, DGEBA exhibited an average d-

spacing of 8.5 nm compared to approximately 4.5 nm for the TGAP and

TGDDM nanocomposites. Increasing the cure temperature led to improved

layer separation, all resin systems showed an increase in d-spacing by 1 -

1.5 nm when initially cured at 160 °C. The improved intercalation was ascribed

to a higher reaction rate within the clay galleries due to the catalytic effect of the

interlayer exchanged ions on homopolymerization and resin/hardener cure, as

well as improved molecular mobility at higher temperature, enabling further

resin and hardener monomers to diffuse into the galleries. However, exfoliation

during the in-situ polymerization may not be sufficient to form a true fully

homogeneous exfoliated nanocomposite.
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Positron annihilation lifetime spectroscopy (PALS) was applied to determine

free volume properties of the cured nanocomposites. Briefly, the antiparticle of

an electron evolving from the decay of a 22Na source, the positron, is used to

investigate the free volume between polymer chains. By appropriate curve

fitting of the decay spectra, the lifetimes of orf/70-positroniums and their intensity

can be determined. The lifetime of ortho-positronium fa) and its intensity (l3) are

indicative of the free volume in the polymer system.

Free volume measurements were conducted on neat epoxies and

nanocomposites containing 7.5 % organically modified layered silicate, cured at

100 °C and 160 °C respectively. The free volume properties did not vary

significantly between resins or with cure temperature. Results for the

nanocomposites generally follow the rule of mixtures, although there was some

suggestion that the presence of clay could lead to increased free volume - with

greater free volume in systems where the clay is best dispersed. This was

consistent with decreased glass transition temperatures with addition of layered

silicate due to disruption and of decreased crosslink density of interfacial

regions of clay and epoxy matrix. The average free volume size was greatest

for DGEBA, followed by TGDDM and TGAP, and was related to variations in

structure and chemistry of the crosslinked thermosets. However the PALS

showed complex behaviour with some results being conflicting.

7.1.3 Thermal Relaxations and Stability

Dynamic mechanical thermal analysis (DMTA) of v :emperature location of

the a and p-relaxation showed a steady decrease in both relaxations with

increasing organoclay content. A number of possible reasons for this reduction

in 7g were discussed. The reduced relaxation temperatures indicate a possible

lower crosslink density around the clay particle, perhaps due to the perturbing

effects of the clay, even though the layered silicate doesn't noticeably affect

conversion. Since the Tg measured is a bulk process, it appears that the fine

dispersion of the nanometer-thick clay platelets influences much of the volume
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of the epoxy m.Jtrix. Further reasons for the decrease in glass transition

temperature might be a plasticising effect of the organoday compatibilizing ions

or the thermal degradation of these ions during post cure at high temperatures.

The relaxation peak broadens with increasing organoday concentration in case

of the primary relaxation, with higher organoday concentrations. Broadening of

the a-relaxation was ascribed to a greater distribution of chain mobilities due to

different environments, such as molecules embedded in a purely epoxy

environment or molecules tethered to the silicate.

The thermal stability of series of nanocomposites was investigated by means of

thermogravimetric analysis (TGA) in an inert nitrogen atmosphere.

Nanocomposites showed slight indications of reduced thermal stability, as

indicated by a decreased onset in thermal degradation in the order of 5 - 10°C

at a clay concentration of 10 %. The final char concentration was increased with

increasing organoday concentrations. The changes in thermal stability are of

very low significance and it is unlikely that they would be considered as a

drawback to any possible industrial application.

Furthermore, the water uptake behaviour, a major concern in glassy high

performance epoxy resin systems, was investigated. Measurements of the

water sorption at a temperature of 80 °C showed that the equilibrium water

uptake of all nanocomposites was reduced compared to the neat epoxy system.

The concentration of layered silicate did not correlate proportionally with the

reduction in equilibrium water uptake. Values of the equilibrium water uptake for

the neat resin systems are 2.8 % for DGEBA, 4.8 for TGAP and 4.0 for the

TGDDM system. The absolute reduction varied between 0.4 % - 0.5 % for

DGEBA and TGAP and 0.2 % for the TGDDM nanocomposites. The rate of

water diffusion remained unaffected.
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7.1.4 Mechanical Properties

Although improvement in modulus due to addition of micron-sized finers often

reduces toughness of the material, in this work both toughness and stiffness

were simultaneously improved through the incorporation of organoclay. This

has been reported previously for various bifunctional DGEBA nanocomposite

systems and it was shown here that it also applies to the epoxy systems of

higher functionalities, TGAP and TGDDM. For the series of nanocomposites

initially cured at 100 °C, all systems exhibit an increase in Young's modulus by

approximately 20 % at an organoclay concentration of 10 %. DGEBA and

TGDDM have shown a similar increase in toughness with increased layered

silicate concentration (approximately 120 % at a clay concentration of 10 %). In

contrast, the TGAP nanocomposite systems showed only an increase of

approximately 30 %, due to the rigid chemical structure of this resin (very low

molecular weight between bonds and very short bonds).

The increased cure temperatures have shown improved modulus and fracture

toughness for the DGEBA and, to a lesser degree, for the TGAP

nanocomposites. In spite of the increased d-spacing in TGDDM

nanocomposites, the mechanical properties remained relatively unaffected by

the cure temperature. It is assumed that the effect of the cure temperature on

the reaction chemistry and crosslink density has a major impact on mechanical

properties along with the changes in organoclay dispersion. More dramatic

changes in the nanocr ^ morphology may be required to significantly

change the mech' ^perties. However, the window of processing

temperatures is lir >ide reactions and thermal degradation. Variation of

cure temperatu' , is not sufficient to form a fully dispersed 'true'

nanocomposite.

Incorporation of layered silicates into a DGEBA based high performance

unidirectional fibre composite showed improvement in mode I fracture

toughness in the order of 50 % at a correlating organoclay concentration of

7.5 %. Interlaminar shear tests on fibre nanocomposites based upon all three

resins did not show any improvement. However, the work on supplementary
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toughened fibre composites through the nanocomposite strategy only presented

some initial results and further work is required to evaluate the potential of the

application of layered silicates as a supplementary toughener.

7.2 Proposals for Further Work

The research presented in this work was conducted in order to assess the

potential of organically modified layered silicates as a filler to improve high

performance epoxy resin systems. There are a number of criteria an additive

has to fulfil to qualify for the use as high performance epoxy reinforcement. In

this work, it is shown that the highly dispersed layered silicate can

simultaneously improve toughness and stiffness of the resin system. In addition,

a number of experiments were conducted to study the environmental stability of

this new group of composite materials. High performance epoxy resins such as

used in aerospace applications are exposed to an aggressive environment,

including heat, moisture and rapid temperature changes. Studies of the effect of

the layered silicate on the glass transition temperature, the water uptake and

the thermal stability in this work have shown that no significant drawbacks occur

in these areas. !n fact, some of these properties such as the equilibrium water

uptake are also improved through the filler addition. However, not all aspects of

environmental stability could be covered in this study and it would be interesting

to see how the nanocomposite materials perform under long-term exposure to

these aggressive conditions. Further experiments could include the effect of

long-term exposure in changing environments (varying temperature and

humidity) on mechanical properties.

As outlined previously in the literature review, layered silicates have shown

reduced flammability in a number of polymer materials and it is likely that

layered silicates could reduce the amount of traditionally used flame retardants

in polymers. Therefore, it would be interesting to study the effect of the layered

silicate on the flame retardation of the composite by means of cone calorimetry.

This is of particular interest since it is the combination of improved properties
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that makes the layered silicate strategy an attractive alternative to the more

commonly used additives.

There are also a number of aspects that could be investigated in order to

improve nanometer-scale dispersion of the layered silicate in the polymer

matrix. Recent work by Chin et al [81] has shown that the stoichiometric

resin/hardener ration can improve exfoliation for a mPDA/DGEBA resin

nanocomposite system, which may also occur in the more highly crosslinked

systems. The work presented here is o(' rtred on one particular (octadecyl

ammonium ion) layered silicate modification, as well as one amine, the use of

different modifiers and/or hardeners may significantly vary the ratio between

intergallery and extragallery reaction and could also lead to better dispersion.

Furthermore, the use of the layered silicate as a supplementary toughener in

ternary system is of interest. The potential of high performance carbon fibre

composites was only investigated to a small extent in this work. The synthesis

and characterisation of fibre composites is very labour intensive and the nature

of the mechanical tests involves high errors. Important further investigations in

that area would be to vary processing conditions and the resin concentrations in

the composite, or the attempt to attach the layered silicate to the fibre surface.

Application of layered silicates in other ternary epoxy systems such as rubber

toughened epoxy resins to compensate for the loss in modulus has already

been undertaken by our research group.

'4%'.
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