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ABSETRACT

Thig thesis is concerned primarily with the curing
of epoxy resin and the effect of gamma- irradiation on
the electrical properties of epoxy resin systems. The
particul ar systems examined were a diglycidyl ether of
bisphenocl A (DGEBA, Ciba Geigy MY7350) epoxy resin cured
using Gne of two hardeners. These wer e a
hydroxyalkylated polyamine (Ciba Geigy HY336) and a
dodecenyl-succinicanhydride (DDSA) with an accelerator
of benzyldimethylamine.

Di fferent methods of examining the curing of the
epoxy resin system have been carried out inéluding
di fferential scanning calorimetry (DSCY, infrared
spectroscopy (lI.R.), dielectric measurements, volume
resistivity measurement s and thermally stimulated
discharge current. The results of dielectric relaxation
measurements obtained during the curing of the epoxy

resin system were interpreted on the basis of a model

considering the growing polymer molecules to be in

solution, the solvent being the unreacted monomer and

hardener .

The investigation of the effect of gamma—
irradiation on the electrical properties (conduction
mechanism and dielectric behaviour) of the epoxy resin
system was achieved by examining the electrical
properties of the fully cured epoxy resin system before

and after irradiation and the results compared.



To establish the electrical properties of the fully
cured epoxy resin system before and after irradiation, a
series of experiments which provide information about
the conduction mechanism, the dielectric properties, the
infrared spectra (I.E.) and the glass transition
temperature (Tg) obtained from (DSL) measurements were
carried out. For the epoxy resin system MY730/HY956, it
was found that the D.C. conductivity, dissipation factor
and capacitance values increase, whereas the glass
transition temperature (Tg) and the activation energy,k,
abtained from D.C. measurements decreased for the
irradiated samples. Furthermore, a modification in the
I.R. spectrum in the 1600 to 1800 cm~* range due to the
formation of carbonyl groups (C = () in the irradiated
sample has been observed. However in the case of epoxy
resin  system MY750/DDSA, it was found that the
dissipation factor and capacitance values decrease,
whilst the glass transition temperature (Tg) and the
activation enerqy obtained from dielectric measurements

increased for the irradiated samples.
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CHAFTER ONE

INTRODUCTION

1.1 Genearal

During the last century plastics were introduced
to engineering technology and challenged the older
materials both in their well established uses and also
in their range of application. Being economical
materials they have been increasingly utilised in all
branches of industry. They represent a very important
and versatile group of engineering materials. Workers
have been closely studying polymers in order that the
most appropriate use of their properties may be made 1in
the required field.

The electrical properties of polymers is of
interest in the present thesis and is a subject which 1s
inherently interdisciplinary in nature, being closely
allied with the mechanical properties of polymers on the
cne hand, and with the semiconductive properties of
inorganic substances on the other. 8ince the early days
of plastic technology, when such materials were regarded
electrically, as simply good insulators, observation of
subtleties in electrical response has shed a great deal
of light on the underlying microscopic structure and
mol ecul ar dynamics of these materials. This has
contributed to polymer science in a general way, and

has, at the same time, enabled the development of



materials which meet exacting electrical-—-engineering
requirements.

In the early days of the electrical industry,
insulation was achieved by the use of materials such as
mica, glass, and porcelain, and also by fibres such as
cotton and silk when more flexibility was desivred for
wiring applfcations. The properties of rubber, a
naturally occurring polymer were quickly exploited and
this became a standard insulation material, both in its
flexible form and, after vulcanisation to ebonite, in a
rigid form. Because of the volume occupied by wire
covered by rubber or textile vyarn, wire enamels based
largely wlg phenolic resins weyr e devel oped.
Enamel—~covered wires enabled more turns to be wound per
unit volume on, for example, the stator coil of a
dynama. This lead to increased efficiency because of the
higher flux densities cbtainable coupled with the higher
working temperature of the enamel compared to rubber.
Equipment such as transformerse was and often still is
insulated, by coating or embedding the component in
asphalt or bitumen. Such a protection also prevents the
ingress of water. This procedure, is however, not very
satisfactory mechanically, since the bitumens with a
high softening temperature are brittle and susceptible
to mechanical damage at room temperature. These
materials progressively soften as the machine reaches
Lts operating temperature and will then tend to flow.

FParaffin waxes have been in uwuse as insulation for



many vears, particularly in small components such as
capacitors for radico equipment. These suffer from the
limitations of the low softening point of waxes and
machanical weakness. Therefore, waxes and bitumens are
not suitable for potting or encapsulation for many
electrical applications. Aircraft and rocket-propelled
missiles reguire for example delicate electrical
equipment of increasingly complicated design which has
to withstand previcusly unheard of mechanical shocks at
a variety of temperatures and pressures. This equipment
also needs to be resistant to moisture, corrosive
chemicals, and mould growths. Fhenolic resins, while
often used as mouldings and in laminates, are not very
suitable for potting or encapsulation because of high
shrinkage on cure and a high power factor which gives
rise to undesirable power losses and consequently to
overheating. In order to address this problems a series
of resins have been developed. Polyester resins, whilst
having reascnable electrical properties, suffer from
high shrinkage during and after cure. High shrinkage
sets up Internal stresses which c¢an give rise to
cracking and also can affect the electrical
characteristics of a circuit by altering the dimensions
of components, particularly if coils or capacitors are
involved, 8Silicone resins possess very good insulation
and dielectric properties which are well maintained at
2levated temperature, but they possess very poor

mechanical strengths, need high cure-temperatures for



development of optimum properties; do not adhere very

weell to many substrates, and are fairly expensive.

Epoxide resins, howvever, pravide a class of
materials which although not possessing such good
electrical properties as the silicones are nevertheless
superior in this resgpect to phenclics and polyester
resins. The wide variety of epoxy vresins have a
correspondingly wide range of properties. The physical
properties which are important in the study of cured
epoxy resin system are the thermal stability, the
tensile, compressive and flexural strengths, the impact
resistance, the hardness, and the flammability. The
heat resistance or thermal stability of cured epoxides
have become of increasing importance over the last few
years, reflecting the growing use of epoxide resins in
sur face coatings, rockets and high per formance aircraft.
This has led to numerous workers to investigate and to
attempt to identify the mechanisam of thermal
degradation. It has been found that resins cured with
acid anhydride have greater thermal stability than
amine~cured resins, and that epoxidised novolaks are
more stable than the diglycidyl ethers of DPF (37).
Epoxy resins can be reinformed, with fibrous fillers to
achieve very high tensile strengths. The physical
strengths of resins increases throughout the curing
cycle, as more interatomic linkages develop, but tends

to level off after an optimum curing time at a given



temperature. Further heating at elevated temperature

would lead slowly to degradation, particularly in the

presence of oxydgen.

Epoxide yesins have attracted considerable

attention as electrical insulating materials because of
their very gqgood electrical properties, good casting
properties, are mechanically strong Wwith a 1low
cure-shrinkage, have gqood adhesion particularly to
metals, are resistant to mechanical and thermal shock,
and possess high resistance to moisture, chemical
attack, and mould growth. All these properties make
epoxide resins particularly suitable for many different
in and outdoor electrical engineering application (1,2).
The electrical properties which are important in the
choice of insulating materials are -

a ~ volume resistivity,

b - surface resistivity,

c - dielectric strength,

d -~ dissipation factor, and

e — permittivity (dielectric constant).

These properties are not usually constant, but vary
with time, frequency of applied voltage, and temperature
of the material.

The extent to which a material can withstand the
passage of a current is given by its volume and surface
resistivities, which are usually measured in chm-cm and
ohms rvrespectively. Breakdown in cast insulation can be

caused by discharges within the insulation if air voids



or stress cracks are present because of incorrect
manufacture, and surface tracking. A further way in
which insulators can fail is by thermal breakdown.
Apart from the usual heating effects caused by a direct
current (D.C.) passing through a material, the passage
of an alternating current can also cause heat build up
by dielectric heating.

Examples of the use of epoxy resins  as - an
insulating material are in electric motor windings, as a
casating material for power transmission equipment,
especially where high voltages are concerned, for
naotential and current transformers and foar busbar
insulation.

During the present decade the application of
polymers in the field of nuclear engineering and
technology is being coantinuously broadened. This is due
to rapid progress in  the devel opment of polymer
chemistry and technology, on the onehand, and the
growing requirements of nuclear and power engineering,
on: the other. Moreover, the appearance of numerous
sources of radiation such as nuclear veactors, charged
particle accelerators and isotope installations makes i1t
possible to carry out important investigations, directed
to the evaluation of available polymers and development
of new polymer materials for these applications.

Over the past few years, radiation chemistry has
received considerable attention in polymer research.

High enerqgy radiation, as obtained from electron beams



and X-~ar beta rays, initiates ionization and radical
formation. It may cause either crosslinking or chain
scission, depending on the chemical structure of the
polymer and dose rate. In the presence of oxygen,

peroxides may be formed. When they are trapped, ions,

radicals, or peroxides can produce post-irradiation

reactions. High energy radiation may also be used to
initiate polymerisation or to engraft manNo wlg
multi~functional monomers upon polymeric chains. Low

energy radiation, such as uwltraviclet light is less
penetrating and has been restricted to surface
treatment.

The investigation of polymers for use in nuclear
engineering and technology is being developed in the
following directions: coatings for shielding the
equipment and premises of radio~chemical industries and
nuclear installation, electrical and thermal insulation,
polymer parts (including pipe~lines, packing and sealing

praducts) and polymer—containing screens for biological

shielding from radiation. Folymer coatings prepared from
the most radiation-resistant polymers, such as Epoxy and
polyester coatings are most widely used in the very high
radiation level 1in nuclear reactors for electrical
insulation and corrosion protection (3,4,9). They are
used as coatings, to the driving gear mechanisms of
regulating rods, in equipment for discharging nuclear
fuel, suction pumps, control and repair equipment and

the mechanism for distributing nuclear fuel in water.



Furthermore Polymers are widely used for shielding from
neutron and gamma radiation. Gamma radiation fluxes are
most effectively reduced with materials of high atamic
number and density. However, the shielding capacity of
these materials toward meoderated neutrons is low. In
this case, the greatest effect is achieved with
compounds containing elements of low mass number,
particularly hydrogen. Falymers characterised by high
hydrogen content are ideal materials for secondary
shielding from neutrons. Combinations of polymers such
as resins, polyolefins and rvubbers with heavy fillers
provide simultaneous shielding from irradiation, fast
and slow neutrons (4-12)

opace technology is one of the areas where palymer
materials find a very wide and complex use. Fov
instance, in spaceships, polymer materials are used as:
(1) construction materials (2) ablation and shielding
coatings, (3D sealing and pressurization materials,
(4) electrical and heat insulation, (5) antivibrational

and shock-absorber devices,

The use of polymer materials in space vehicles can

be subjected to various effects such as high and low

temperature, thermal oscillating motions, corrvosive
media, high vacuum, vibration, collisions with
micrometeorites, and radiaticn. Reinforced plastics

based on epoxy, phenol, polyester, thioformaldehyde,
melamine, silicone and other resins are widely used in

this situation (13).



1.2 Fresent Work

As briefly ocut lined above polymers are currently
used as electrical insulators in radiation environments
such as encountered in nuclear engineering (insulation
of superconducting magnets proposed for use in fusion
reactors (14, 135, 16} and in space technclogy ((in the
micro-electronics used in satellites (16) ). This can
lead to a deterioration in electrical properties,
leading ultimately to breakdown. The presence of free
radicals and ions in irradiated polymers has been
demonstrated conclusively (3, 17-19). It is conjectured
that the presence of these species is responsible for
the insulator degradation. In the case of epoxy resin
system, Burnay (20, 21) cobserved the formation of
diphenylethyl cations, radicals and the annealing of UV
absorption bands in DGEBA -~aliphatic and arcomatic amine
epoxy system. It was not clear how the presence of lons

and the changes in structure would affect the electrical

properties of an epoxy system. In the present work, an
epoxy resin of diglycidyl ether of bisphenol A (DGEERA)
produced by Ciba Geigy as resin MY7S50 together with two
different hardeners were used. One of the hardeners was

a hydroxyalkylated polyamine (HY958). The other was a

dodecenyl—-succinicanhydride (DDSA) with an accelerator

Oof benzyldimethylamine (1 phr). In order tao study the
electrical properties of epoxy resin systems, it is

essential that the curing mechanism and the state of



cure are considered. The conversion of epoxide resin
from a liquid state into a three dimensional infusible
network, held together by covalent bonds by means of
crosslinking reactions is called curing or hardening and
is achieved by the addition of a curing agent
(hardener). In the present work, different methods of
examining the curing of the epoxy resin system have been
employed, such as differential scanning calorimetry
(DSCH infrared spectroscopy (IRD, dielectric
measurements, vol ume resistivity measurements and
thermally stimulated discharge current (TSDO). For the
epoxy resin samples used to study the electrical
properties, the materials were cured to a standard
state. This state was one in which the value of Tg had
attained the maximum value for the system (see chapter
four).

The effect of gamma irradiation on the electrical
properties of epoxy resin systems has been investigated.
It is thus necessary to establish the electrical
properties of the fully cured material that has not he
irradiated. A series of experiments which provide
informatiaon about the conduction mechanism, the
dielectric properties, the infrared spectra and the
glass transition temperature obtained from (DSC) were
carried out. Afterwards, similar experiments to those
used to establish the behaviour of the unirradiated
epoxXy resin system were carried out on irradiated

samples and the results compared.

-10..‘



CHAPTER TWO

EFOXY RESIN CHEMIGTRY

-1 Introduction

Before describing the electrical properties of
epoxy resins, it is worthwhile to touch briefly on the
chemistry of these compounds. EBecause epoxy resins are
polymeric materials in terms of the arrangements of
atoms, in this chapter the main features of polymer
structure and in particular that of epoxy resins will be

discussed.

24l Polymers in General

Organic polymers are characterised structurally by
the fact that they are long chain molecules built up
from a repeating radical or unit known as the
"gtructural unit". Some of these repeat units are shown
in Fig. (2.1). Each molecular chain will contain a
thousand or more repeat units with a backbone formed by
carbon atoms, sometimes in combination with oxygen and
nitrogen.

Folymers can be classified in many ways. In the
present work polvymers have been classified from the
point of view of linearity. A linear polymer chain can
either be open, with the terminal valences saturated by
univalent groups, or closed, with the terminal valences

mutually joined forming a cyclic structure. A polymer



which has been derived from a single compound has
identical structural units, however polymers resulting
from. the reaction of twos or more compounds , will have

chains made up from two or more different units. These

will be called "linear mixed polymers®.

Noernn linear polymers can be for med by the
cross—-linking of long chains 1nto two iy three
dimensional structures. An example of this type of

material is that of Epoxy resins.

A | Falyvmerisation

The process of forming long chains from chemical
combination of small molecules, knhown as monomers, 1S

called palymerisation.

Carothers (22) first systematised the process of

polymerisation. He observed that there are three types
of compounds capable of sel f combination. The
polymerisation reactions wh ] the three type are

illustrated bel ow

1. Unsaturated compounds such as formaldehyde.

Formaldehyde > -~ Folyoxymethylene

Za Cyclic compounds such as ethylene oxide.
nW/ + HzO ——=-3% HO~CHzCHz20-....~CHzCHz0-H
Ethylene oxide Polyethylene glycol

3e Folyfunctional compounds such as ethylene glycol.

n(HD"CHmCHﬂD“H) - (n—l)HgD ““} HD“GHQCHgU“----“CHR
Ethylene Qlycol CHa0-CH2CH0-H

Polyethylene glycal




The process of polymerisation itself can be divided into

two types:

1. Addition polvmerisation

The simplest example of addition polymerisation is
the conversion of ethylene to polyethylene according to
the following equations

N(CHa=CHz) -~—=3% (~CHz—-CHz~)n
Fram this chemical reacticon it is clear that the bonds
which join the ethylene molecules together in the
polymer were obtained by breaking up the original double
bonds., These double bonds are relatively unstable. The
addition polymerisation Process only involves the
vearrangement of bonds.

There are a number of polymers formed from

compounds similar to ethylene, for example

where R may be a chlorine atom, a benzene ring, etc.

These are called "vinyl compounds". If R is a chlorine
atom for example, the compound is called vinylchloride
and the resultant addition polymer is called poly
(vinylchloride) or (PVC). Table (2.1) illustrates some
vinyl compounds.

The FPolyethers, are another example of additicon
polymer. These have 'both carbon and oxygen atoms in

their backbones. In this case polymerisation accurs

o RC L



through a ring opening reaction. For example the cyclic

compound ethylene oxide forms a polyether as follows

()
/ \
n(CHz~CHz) -————- » (~CHa=-CHa-0-Jn

< Condensation polvmerisation

Folymers can also be formed from monomers which
consist of a bivalent radical and reactive end groups
which are generally referred to as functional groups.
These monomers are known as bifunctional compounds.
Feactions can occur between the functional groups of two
monomer molecules eliminating & small molecule such as
water and binding the two monomers together. This form
of reaction is known as condensation polymerisation and
produces a linear polymer.

A example af the result of condensatiaon
polymerisation is the polyamide Nylon-6. This is derived
from ¢ —amino caproic acid as follows
NHz (CHz) wC0 OH+H NH(CHz)=CO0H —=-==> NHz(CHz)sCO.NH(CHz)=

COOH + HzD etc.

In the example abaove the bifunctional compound is NH=
(CHz)=sCO0OH the functional groups are NHz and COOH and
the bivalent radical (monomer) is (CHa)ws. An example in
which two different monomer species, each having simlilar
functional groups combining by a condensation reaction
ta form Nylon-6,6 is illustrated below. The monomers are

adipic acid and hexamethylene diamine. This reaction

cccurs as follows:




HOOC (CH:2) «CO0H + NHa(CHz2)gMNHz~==-=> HOOC(CH:) 4CO.NH(CH2) o
NHz + HaD etc.

Another example in which the reaction is

exclusively intermoclecular and the product is an open

chain OCCUr s in the formatiaon of poly(ethylene

terephthalate) from ethylene glycol and terephthalic

acid:

NHOCCHz) 20H + nHOOC <& COOH ——» HOL(CHz)=2.0.C0 <{>C0.01nH
+ nH20 .

It should be noted that all of these pmlymerisatimh

reactions may be terminated by the intervention of

monaovalent impurities at the active site. This limits

the length of the molecular chain.

Leldul eqgree of FPolymerisation and Molecular Weight
The degree of polymerisation is the number of mers
(structural unit) which have added together to form a
polymer. It is directly related to the molecular weight.
The deqgree of polymerisation can determine whether a
polymer is a waxy substance or a plastic and it can
strongly affect the softening and melting temperature
and the degree of its solubility in specific solvents.

To determine the molecular weight of a polymer it
is necessary to specify the chemical structure of the
monomer units, the chain lengths and the extent to which
the chains ar e interconnected forming branched
melecules, The molecular weight of a polymer can only

be specified by an average molecular weight, as the



number of monaomer units per chain vary from one molecule

ta another. This i due to the polymerisation reaction

which produces different chain—-lengths of malecules,
distributed according to a probability function which is
dependant on the mechanism of the polymerisation and the

conditions wnder which it takes place. The average

molecular weight M. is defined by (Z3)
where M, and n. are the molecular weight and relative

number, respectively, of the species containing %X repeat

units.

2.3 Epoxy Resins

The name epoxy resin is derived from epoxide,
which refers to a three-membered oxide ring, consisting
of one oxygen atom and two carbon atoms. The simplest
compound in which this ring is found is ethylene oxide.
The formulae of a number of substituted ethylene oxides
are illustrated in Fig. (2.2). In this context, epoxy
resins are defined as compounds which contain maore than
ane epoxide group per molecule, The resins can be
classified into five chemical groups, which are
illustrated in Fig. (2.3).

The present work is concerned exclusively with the
diglycidyl ether of bisphencol A (DGERBA)Y type epoxies.
Examples for different types of glycidyl ethers are

shown in Fig. (Z.4),

In this group, the epoxides are usually formed by



a candensation reaction between the appropriate diol,
dibasic acid, or diamine and epichlorohydrin (ECH)
through the elimination of hydrogen chlaride. A commonly
used epoxide resin is derived by reacting ECH with
diphenylolpropane (DPP) also known as bisphenol A. This
epoxy resin has good mechanical and chemical properties
and reacts with a large number of cross—-linking agents.
In addition diphenylolpropane can be obhtained

economically from petroleum based raw materials.

SeJed bynthesis of Resing

The process of forming epoxide resin based on Dpp

and ECH i as followss -

Dihvdric FPhenal (DFP)
Dihydric Fhenol (DFF) is formed by reacting

acetone with an excess of phenol at a temperature of

(20=C2 in the presence of a strong acid catalyst such as

737 sulphuric acid (see Fig. 2.5).

Epichlorohydrin (ECH)
| Epichlorchydrin (ECH? is formed by reacting

Propylene with chlorine gas at high temperature and at a
moderate pressure. Under these conditions allyl chloride
is obtained as well as 1,2 —~ dichloropropane. The allyl

chloride is then treated with dilute hypochlorous acid,
forming alycerol dichlorohydrin, which i

dehydrochlorinated by using slaked lime or caustic soda.

The reactions are illustrated in Fig. (2.6).

-t -



Epoxide resin is formed by condensing ECH with DFF
in the presence of aguecus caustic soda, the theoretical
ratio of ECH to DFFP being 2:1. Fig. (Z.7) illustrates
the reaction in stages. In this reaction, the simplest
memher of the series of glycidyl ether of DPPF,
consisting of two terminal epoxide groups and no
hydroxyl groups is formed in stage C. There 1s,
however, a competing reaction for DFF (stage D) which
leads to higher molecular weight diphenols which can
then react further with ECH through stage E. (n) is the
number of repeating units, which is easentially
dependant on the molar ratio of ECH to DPP used in the
resin synthesis.

For example, the value of (n) for the formula in
stage C is zero, whereas the value of ((n) for the
formula in stage E is one. In other words, resins with
different degrees of polymerisation (different values of
n) can be cobtained. Each grade of resin consists of a
mixture of molecules having a range of chain lengths and
molecular weights. In general resins of a short chain

length are viscous liquids, whereas resins of longer
chain length <(higher molecular weight) are hard and
brittle. Table (2.2) illustrates some of the quoted
values of n for a range of resins. A pure diglycidyl
ether of DPP is a crystalline solid at room temperature,
having a melting point of 43<C., The standard types of

liquid resin are fluid with c¢rystallisation beling



prevented by the presence of higher molecular weight
impurities. The tendency of diglycidyl ether of DFP to
crystallise increases with the increasing purity of the
resin. If the resin is kept under cold storaqe
conditions and crystallisation nuclei such as filler

particles are present, this tendency is increased.

<ol Curing agents and Cure Mechanismsi~

Epoxy resins can be transformed from the 1liquid
state to a tough, hard solid. This conversion from a
liquid into a cross~-linked polymer is called curing or
hardening. This hardening is accomplished by the
addition of a chemically active reagent known as a
curing agent (or hardener or activater). The curing
agents can be divided into two broad categories,
catalytic and polyfunctional. The cross~linking between
the resin molecules is achieved by opening the epoxide
ring or by reactions with the hydroxyl groups of the
resin. The catalytic curing agents such as lewis bases
or acids (eg. tertiary amines or horon trifluoride) act
as 1nitiators for resin homopolymerisation, whereas the
palyfunctional curing agents function as co-monomers in
the polymerisation, leading mainly to the formation of a
three~dimensional network composed of resin molecules
cross—linked via the curing agents. The epoxide ring can
be attacked by a wide range of compounds, for example,
phencls, alcohols, thiols, primary and secondary amines

and carboxylic acids, all have an active hydrogen atom



which reacts with the epoxy group, or it can be attacked
by catalyste such as Lewis bases or acids. The
polyfunctional curing agents can be sub—-divided into two
categaries, amines and anhydrides. Amine curing aagents
can be sub-divided into twoe tvpes, aliphatic and
arocmatic.

The curing reaction is exothermic and the rates of
reaction increase as the temperature rises. This can
cause problems when curing large samples, because it is
difficult to dissipate the heat generated during the
reaction and leads to an increase in the temperature of
the system., This increase in the temperature is
dependent on the reactivity of the resin and the curing
agent, and also on the temperature of the reactants and
their surroundings. The temperature rise can lead to
bubbling, degradation of the resin, and void formation.
It is important to control the heat of the reaction
which can be done by cheoosing a suitable curing agent.
Apart from the curing agent, the environment and
electronic influences on the epoxide groups effect the
curing process, the first through steric factores (24,235)
the second enhance the reactivity of the epoxide groups

(24, 26,27).

antael Lure Mechanisms
This section gives a brief explanation of the
curing agents and cure mechanisms. For more details see

Tanak and May (2) and Fotter (28). The epoxide ring is



susceptible to attack from a wide variety of substances.

Polyfunctional curing agents react by polyaddition to
the epoxide. Amines for example react with epoxy resin

as shown in Figure (2.8). In this reaction, the primary

amine reacts with an epoxy group Fig. (Z2.8a) to form a
secondary amine and a hydroxyl group. This secondary
amine can then undergo a reaction with another epoxide
group to form a further secondary hydroxyl group and a
tertiary amine, Figure (2.8b) Potter (Z8). It can be
seen that amines react with epoxy resin by an addition
reaction. Each active hydrogen atom attached to the
amine nitrogens reacts with an epoxy group, and
tﬁarefmre a compound with more than two such hydrogen
atoms will cross—-link adi-epoxide. In addition the
present of ether group (C-0-C) in the initial resin
chain and each reaction produces a free hydroxyl group,

and because of the presence of these highly ionic
groups, amine-cured systems show exceptionally good

adhesion properties. The polarity of these groups serves

to create electromagnetic bonding forces between the
epoxy molecule and the adjacent surface. The epoxy
groups, like wise, will react to provide chemical bonds
with surfaces, such as metals, where active hydrogens
may be found (Lee Neville, 29).

When an epoxy resin is hardened with anhydride
curing agents, a number of reactions take place. The
reactions are illustrated as follows in Figure (2.9). It

can be seen that in one of these reactions shown an



epoxy qgroup react with an anhydride group, This is, in
fact, not a feasible chemical reaction. To obtain a
reaction, it is necessary to use either a resin
containing some free hydroxyl, or an anhydride
centaining free acid. 0Only a small amount of either is
necessary to set off the required chain reaction, free
hydroxyl reacting to give an acid group as shown 1n
(Figure 2.9, reaction 1) and free acid giving a hydraxyl
as shown in (Figure 2.9 reaction 2). In Figure (Z.93)
reactions 1 — 3 all lead to the formation of ester
linkages while reaction 4 leads to form an ether and no
anhydride is involved.

For catalytic curing agents, epoxy qroups may be
polymerised by the catalysts which may be Lewis bases oOr
inorganic bases or lLewis acids. The terminal epoxy group
is opened and homopolymerisation occurs.

lLewis bases, such as tertiary amines, coantain an
unshared pair of electrons in an outer orbital which are
available for bond formation (electron donors). The
mechanisms for the polymerisation of epoxide resins by
tertiary amines is shown in Fig. (2.10a). Tertiary amine
is commonly used as an accelerator for anhydride-~cured
systems.

In the case of inorganic bases, Alkali metal
hydroxides such as scodium or potassium hydroxide also
catalyse the polymerisaticon of epoxide resins (see Fig.

<« 10b) .,

In the case of Lewis acids, such as boron



trifluoride, contain empty electron orbitals in the
outer shell of an atom which c¢can be used in forming a
bond by ancther atom donating two electrons to the bond
(electron acceptors, see Fig. 2.10c). Boron trifluoride,
are the most commonly used catalytic curing agents based
on the Lewis acid., This is itself a gas which would
react explosively with epoxides. It can be seen that
most of the curing reactions are ionic whether the
curing agent is an electron donator or an electron
acceptor. Newey (30) found that steric factors play a
more important part in determining the reaction rate of
catalytic cured systems than they do in amine cured
systems.

In general, aliphatic amines cure rapidly at room
temperature and are strongly exothermic. Aromatic
amines however only react with epoxy resin at elevated
temperatures (28). Catalytic cured systems tend to be
much more brittle because of the high density of

cross—linking. They have high heat distortion

temperature, show more shrinkage on cure and have poorer
adhesion than amine or anhydride cured systems.

It is as equally important to choose the correct
curing agent as the resin itself, for both play a part
in determining the extent and nature af the
intermolecular cross-linking. In the selection of curing
agent various factors must be taken into account, such
as 1- the handling characteristics required in the

uncured system (ie viscosity at working temperature, pot



life (the mixture of resin and curing agent has a finite
pat life or gel time, beyond which the viscosity of the
system has so increased as to render the materials
unusable)d the degree te which the reaction is
excothermic and toxicity. ii- temperature requirements
for cure and postcure., iii-~ the properties (physical,
chemical, mechanical and electrical) required of the

system. iv—- the cost of the curing agent.

e Froperties of the Cured Resin

A fully cured epoxy resin system consists of a
three dimensional network of molecules which has been
formed by the cross-linking reactions. Figure (Z.11)
shows the structure of the network in a plane. The
properties of the network are dependant on the basic
molecular structure of the polymerised resin, and can be
determined by the nature of the resin, the curing agent,
the crosslinking segments, and the cure temperature and
cure time.

To obtain the most favourable properties in any
cured vrvesin system it is important to achieve maximum
cross—-linking. This condition can often be improved by
a post-cure at a temperature above the original cure

temperature. Therefore the cure temperature and cure
time are very important. The cross-linking density in
di fferent systems depends upon the functionality of the
reacting species and the distance between their reactive

groups. The density of c¢cross~linking is increased by



tncreasing the functionality of the reacting species and
decreasing the distance between the functional groups.
This leads to improvements in short term thermal
stability, chemical resistance and compressive
strengths. The rigidity of the resin or curing agent
molecules between these reactive qgroups, also has a

areat influence on the physical properties. For more

details on the crosslinking processes and the
measurement of the degree of crosslinking (see chapter

four ).

r)

. de 1 Morphology of Cured Resins

Several authors have studied the morphology of
epoxy resin systems (31—~ 36,92). The microscopic studies
by Racich and HKoutsky (31),Mijovic and Tsay(32),Mi jovic
and Koutsky(33),and Morgan and 0'Neall (34), showed that
the inhomogeneous morphology of thermosetting polymers
consists of nodular structure which has been attributed
to differences in the crosslinking density. It has been
postulated that a cured epoxy consists of nodules of a
high crosslink density immersed in a 1low crosslink
density matrix. The size of the nodules depends upon the
initial cure rate. The properties of the cured resin
such as density, the glass transition temperature
(Tg) (see section 4.1.1) and hardness are all related to
this nodule size.

Studies by Morgan and 0O'Neall (25) on the

relationship between physical structure and mechanical



responss show  that the mechanical praoperties are
governed by the size and concentration of highly
crosslinked regions and the free volume of the material
interconnecting such regicons. Hacich and Koutsky
(31), state that bulk fracture cccurs between nodules,
rather than through them which confirms that the nodules
are sites of higher crosslink density. Racich and
woutsky (92) examined the changes in nodule size with
respect to curing agent concentration., AS the
concentration of curing agent increases, the nodule size
decreases and at high concentrations the nodules become
less defined.

Mijovic and HKoutsky(33) studied the corrvelation
between the morphology of epoxy resin systems and their
mechanical properties. They suggested that a careful
control of cure chemistry can produce a desired
morphaloagy, which in turn divectly influence the
ultimate mechanical properties of the resin. Therefare,
the optimization of the mechanical properties of a bulk
epaoxy resin can be achieved through control of its

fundamental morphological structure.



CHAFTER THREE

MATERIALS AND SAMPLE PREFPARATIONS

S.1 Introduction

In this chapter, materials and sample preparation
for different measurement applications are described in
detall under two main sections.

The materials section ocutlines the main features
of the materials and some of the material tests which
were the necessary basis for subsequent explanation and
discussion of electrical behaviour. The sample
preparation section was concerned with preparing thin
films of epoxy resin system. The technical difficulties
involved in forming the necessary films are considerable
in view of the many variables which may affect their
properties. This will be discussed in this section.
Difficulties can occur in the preparation of the films

because of the c¢lose association of the electrical

properties of the films and their chemical properties.
For example, the films may absorb water vapour, oxyaen,
or hydrogen etc., when exposed to the atmosphere, or
their chemical properties may depend critically on the
method of preparation and the conditions during the film
preparation. Further problems can also arise in making
suitable electrical contacts to the films. These
problems make the technological side of thin film work

extremely complicated and time consuming.



S i Materlials

The material used in this study was an epoxy resin
of diglycidyl ether of bisphenol A (DGEBA) produced by
Ciba Geigy as resin (MY750) together with two different
hardeners. One of the hardeners was a hydroxyalkylated
polyamine produced by Ciba Geigy as hardener (HY 2563
mixed in a ratio of 431 by weight. The other was a
dodecenyl~succinicanhydride (HT964) or (DDSA) with an
accelerator of benlyldinethylamine (1 phr), provided by
Aldrich chemical co. These materials were mixed 1in a
ratio of 1:1.3:0.01 by weight. The epoxy resin MY730 is
in a liquid state because the higher molecular weight
impurities prevent the monomer from crystallising. MY700
is & multipurpose liquid resin which may be used with a
wide range of hardeners. The choice depends on the
combination of specific properties required. The HY356
hardener is a liquid aliphatic amine curing agent. It
is a moderately low viscosity, reactive hardener for
room  temperature casting and laminating. The DDSA 1s
s0lid anhydride curing agent (see Fig. 3.1a). It 1s a
moisture-sensitive hardener. Benlyldinethylamine 1is &
liquid accelerator (see Fig. 3.1b) used to promote rapid

curing of small castings. Accelerators are admixed in

small quantities with the less reactive Araldite systems
in order to adjust both usable life and curing

schedules.



ssie and Molecular Weilaqht

Sl Micro anal

Both the epoxy resin MY7350 (diqlycidyl ether of
Bisphenol A) and the hardener HY306 (hydroxyalkylated
palyamine) were examined by micro-analysis.

In the case of the epoxy resin MY730 the relative
proportions of its constituent elements were deduced
from the chemical formula given by Crowson and Arridge
(38). However this substance was also known to contain
small amounts of impurities, and micro-analysis was used
to determine their proportion. In the case of the
hardener HY9356, no such chemical formula was available.
Therefore this analysis provided the relative
praoportions of its constituent slements and the
molecular weight may be estimated. The chemical faormula
can be obtained 1f the molecular weight is also known.
To check the molecular weight estimate, it was also

determined by molecular weight osmometry.

Se2alsl Carbon, Hydrogen, Nityrogen Method

The method of analysis used was to determined the
preportions of carbon, hydrogen, and nitrogen atoms in
the compound by gas phase chromatography. From this,
the proportion of oxygen atoms was deduced.

The technique is based on the classical FREGL
DUMAS METHOD, using & Carlo erba 1106 analyser. Samples
were welghed into lightweight tin capsules and dropped
at intervals into a vertical quartz tube, maintained at

10302C and through which a constant flow of helium was



maintained. When the samples were introduced, the
helium stream was temporarily enriched with pure oxygen.
Flash combustion takes place, primed by the oxidation of
the tin capsule. Buantitative analysis was achieved by
passing the mixture of gases over Crz0a. The mixture of
gases was then passed over copper at 630 =0 to remove
the excess of oxygen and to reduce the oxides of
nitrogen to nitrogen. It was then passed through a
chromataographic column af FORAPAK 25 heated to
approximately 100 =C. wvhere the individual components
were separated as Na-C0z —-Hz0. They were measured by a
thermal conductivity detector. The instrument was
calibrated by the combusticn of standard compounds
(Acetanilide).

Molecular weights for both the epoxy resin MY750
and the bhardener HY956 were determined. The molecular
weight for epoxy resin MY730 was also deduced from the
chemical formula given in (328) and from the micro
analysis. The impurities content could also be

estimated.

Jelsl. 2 olecular Weight by Vapour Pressure Osmomety
In the case of the hardener HYS956 the molecular
weight was also deduced from vapour pressure osmometry
measurements. This technique required the material to be
dissolved in a solvent. Measurements were made in &
constant temperature chamber, filled with a saturated

vapaour of the appropriate solvent. The chamber contains

..-SD...



two differentially matched thermistors which measure any
change in temperature. Two syringes were present, one
for the solvent and one for the sample. These were used
to apply a drop of sample and solvent onto the
thermistor beads. Ass there is a difference in vapour
pressure between the sample and the solvent, the solvent
from the saturated atmosphere will condense onto the
solution drop causing its temperature to rise and
therefore a change in temperature o7 will be measured.

As the thermistors were part of a Wheatstone Bridge
T can be measured as the difference in resistance a K. It
may be shown that the molecular weight is related to aK?

Sample weight x factor (for solvent)
Molecular Weight = s e e e e e e

Acetone and chloroform were tried as scolvents. It
was found that acetone was better because HYSS56 was more
soluble in it. Fig. (3.2a) illustrates the chemical
formula for epoxy resin MY7?7S0 given in (38). The portion
aof the molecule in square brackets is a repeating unit
(see chapter two), and a typical value of n for this
resin is 0.2, so that each maolecule has two reactive
epoxy end groups, and one molecule in five has an OH

group available for reaction. The relative proportions

aof the constituent elements for the epoxy resin MY750
and the hardener HY936 cbtained by micro—analysis method
are 1llustrated in table (3.1)., It can be seen that the

epoxy resin MY730 contains a small amount of chlorine as



impurity. The molecular weights for the epoxdy resin

MY750 were calculated from both the relative propartions

o f the constituent elements cbtained by the

micro—analysis methoed and from the chemical formula.

These were in very good agreement as shown in table
S« 2) (see Appendix 3.1).

The molecular weights for the hardener HY936 were
cbtained by vapour pressure csmometry method using two
different solvents and were also calculated from the
relative proportions o f the constituent elements
aobtained by the micro-analysis method (see Appendix
3.1). The results are illustrated in table (3.3). It
can be seen that the molecular weight obtained by vapour
pressure osmometry using acetone as a solvent was in
better agreement with the molecular weight calculated
from the micro-analysis method than results made using
chlaoroform as & solvent. The better agreement 18
attributed to the increased solubility. The chemical

formula for the hardener HYS9SE6 was deduced from the

results obtained from both micro-analysis method and

vapour pressure osmometry method as shown in Figure

(3.2b).

Jede2 Btructure of Epoxy Eesin Systen

Diffraction methods are of considerable importance
in the study of the structural analysis of materials. In
this section an examination of the epoxy resin system

MY750/HYS956 by X-ray methods is described.



The X-ray technique in the present work is based
on the classical powder method. A detailed description

af this method is given in Smallman and Ashbee (39). In

the present application a fully cured epoxy resin system
was produced, ground into a fine powder and then loaded
into a capillary tube. (The cure of epoxy resin systems
will be discussed in detail in chapter 4). A standard X-
ray powder method camera was used. I1If the material 1s
crystalline, a series of rings or spots will be produced
on the film and if it is amorphous, halos will be
produced. 1f the material is perfectly amorphous, a
cloud or feog will be produced on the film. In the
present experiment, the diffraction pattern was of a
foggy nature, with no indication of halos or preferred
scattering at any angle. This indicates that the epoxy

resin system MY7250/HY956, was fully amorphous as

expected.

e P Gample Preparaticen

The electrical properties of a material can be
determined by using it as a dieletric between the plates
of & parallel-plate capacitor. As far as the epoxy resin
system is concerned, there are a number of difficulties

with constructing a solid thin film capacitor.

I. The materials from which it is formed are mastly
liquid (see section 3.2) and the conversion from a

liquid into a solid cross-linked polymer makes it hard

to produce a sample which igs flat, thin and free from

7]



gas bubbles. The change of phase can also produce volume
changes.
I1I1. The epoxy resin system is a strongly adhesive
material, making it very difficult to manipulate.
In the present work, different sample preparation

techniques for epoxy resin systems were tried for

different applications.

3.3.1 Sample FPreparation Techniques for Epoxy Fesin

System MY750/HYYS6

S.3.1.1 Sample Preparaticn Techniques for Conductivit
and Dielectric measurements.
In order to study the conductivity and fthe
dielectric properties of the epoxy resin system, twa
sample preparation methods were tried. These methods

were as follows.

Sa3.1.1a icroscope Slide Method
In this method, a glass microscope slide was

used, which had been cleaned thoroughly by (i) cleaning
with tepol (a commercial available detergent), (iid
rinsing thoroughly in running water, (iii) dipping 1in
de-iconised water, (iv) dipping in Methanol and (V)
drving in an oven.

The firagt electrode was then made by evaporating
aluminium onto the microscope slide under high vacuum.

The epoxy resin system MY7S50/HYS956 was made up in the

-..34—.



indicated ratios by weight (see section 32.2) using a
balance measuring to < 0.1 mg. 0Once the desired ratio
was made, it was mixed thoroughly and the mixture was
spread uni formly onto the first electrode. By adding 1-3
cm by wvolume of tolouene (CgH=.CHap) as a solvent with
the mixture, it was found that the reduction in the
viscosity of +the mixture, enabled the mixture te be
spread more easily onto the firet electrode. This meant
a thin film produced could be produced more readily. The
sample was left in the oven for curing (see chapter
four). After the sample was fully cured, the second
electrode was then made by evaporating aluminium onto
the cured epoxy. For both electrodes, masks were made so
that the aluminium only covered a specific area and
shape of the sample. The shape was chosen so as to
produce as large an area of electrode as possible and
which could be made repeatedly and uniformly. It is
difficult to make an accurate edge correction, to
capacitance measurements because it changes in the
presence of the test material.

In order to eliminate the effect of suy face
conduction round the edges of the specimen, which are

particular serious, with hygroscopic materials, the
electrodes were kept away from the edge of the specimen
and & guard electrode was painted round the top
electrode, using silver paint. A fine of copper wire
bonded to each electrode by silver loaded epoxy enabled

electrical connections to be made to the measuring



cirvcuit.,. This microscope slide technique for sample
preparation was used, in order to study the electrical
properties of epoxy resin systems, in particular
conductivity, dissipation factor, capacitance and the
effect of gamma irradiation on these. However the
results produced were poor because of the following
reasonss -

1. It was found that the specimens contained voids
due to the methad of production.

o . It was found difficult to ensure that the
specimens were completely flat.

3. It was difficult to make the specimens thinner
than 0.3 mm. Specimens of less than 0.1 mm were needed
for infra-red spectroscopy and for measuring the i1onic

Jumping distance of the epoxy resin system.

To over come these difficulties the epoxy resin
system was found to adhere to the following materials -
metal, aglass, aluminium, and P.T.F.E. However the epoxy
resin system did not adhere completely to mica sheets.
In fact it was possible to remove the resin samples from
these mica sheets without breaking them provided they
were quite small. Unfortunately, tiny pieces of mica

remalned embedded in these intact samples, as Wwas

revealed by examination with a polarisation microscope

(102 .

The use of a polarisation microscope to identify the

tiny pieces of mica which were embedded 1in the epoxy



resin samples was based on the structure of the epaxy
resin system and the mica. The structure of the epoxy
resin system is amorphous (see section 3.2.%.), whereas
the structure of the mica sheets is crystalline. When
plane palarised transmitted light was used, the
polarisation microscope produces a bright image for all
positions of the rotating stages, both for the epoxy
resin system and mica sheets. When crossed polars wvere
used, the polarisation microscope produces a dark image
for all positions of the rotating stage with the epoxy
resin system as an cbject. This is because this material
ie amorphous. Mica sheet, being a crystalline material,
raotates the plane of polarised light. This produces
images in the polarising microscope which change as the
stage is rotated. The image changes alternatively from
dark to a greyish blue colour. In the case of ¢tiny
pieces of mica embedded in the epoxy resin sample, these
appear as regions of either dark or greyish blue when
viewed with the polarising micrascaﬁe. The image changes
as the stage is rotated. Since it proved impossible to
produce samples of resin free of mica, this method was

rejected as a means of producing samples.

oed«31.1b Folvester Sheet Method

Folyester sheets were tried in place of the mica
used in the previous technique. These sheets were much
more flexible and easier to manipulate than the mica and

in addition, they did not break into small pileces.



Furthermore, it was found that the resin adhered to the
polvester sheets only partially and to a less extent
than the mica sheets. By very careful manipulation, it
was possible to peel the polyester sheets away, even
from large samples, leaving them intact. Microscopic
examination of the samples showed that there was no
trace of polyester sheet left in the epoxy resin system.

In this method, two sheets of polyester were
used, each of which had been cleaned thoroughly by (12

cleaning them with Teepol (a commercially available

detergent) (ii) rinsing thoroughly in running water,
(111) dipping in de~-ionised water (iv? dipping 1in
methanol and (v drying in an oven. The first

polyester sheet was mounted on a piece of glass using
sellotape. A rectangular metal frame of dimensions 100mm
X 60 mm with a hole in the centre was made. The hole
slze corresponds to the size of the specimen produced.
The edge of the hole was lubricated with silicon grease
(general laboratory lubricant, Edwards high vacuum LTD),
50 that the epoxy resin system only partially adhered to
the metal after curing and was thus easy to remove. In
the case aof dielectric measurements samples, the

thickness of the metal frame and the diameter of the
hole was 0.2 mm and 35 mm respectively. However in the
case of specimens for conductivity measurements, the
thickness of the metal frame and the diameter of the
hole was 0.9 mm and 20 mm respectively. The epoxy resin

system MY7S0/HYZ256 was made up in the indicated ratios



by weight (see section 3.2). Once the desired ratio was
made, it was placed in a vacuum system which was then
evacuated to remove dissolved gas and gas filled voids
in the resin. The two compounds were then removed from
the vacuum system and mixed thoroughly. The glass on
which the polyester with the metal frame was mounted was
then placed in the vacuum system. The mixture was
poured into the hole in the metal frame through a glass
tube, which prevented the mixture penetrating between
the metal frame and the polyester sheet. The glass tube
was 17 mm in diameter, and fitted into the hole in the
maetal. The vacuum system was evacuated to remove gas
bubbles and air from the mixture. These form during the
mixing of the epoxy resin MY?50 and the hardener HY3Ob.
After mixing the two compounds, the viscosity of the
mixture increases with time and this can lead to great
difficulty in removing the glass tube from the mixture
and prevents the mixture flowing easily to take the
shape of the metal frame hole. Consequently only 30
minutes were allowed to elapse before the assembly was
removed from the vacuum system and the glass tube very
gently removed from the mixture. The second polyester
sheet was rolled gently over gha metal frame and a heavy
weight was then placed over the sheet to produce a
second flat surface on the liquid sample. After 10~-15
hours at room temperature, during which time partial

curing occurs, the assembly was placed in the oven to

complete the curing (see chapter four). After curing,the



wlgaht was removed and the twoe polyester sheets peeled
off from the sample. A sharp knife was used to release
the solid sample from the edge of the metal frame hole.
The fully cured sample was placed in a vacuum system and
electrodes made by evaporating aluminium onto each side
af the sample under high vacuum. Masks were made s
that the aluminium only covered & specific area and
shape as in Figure (3.3). Electrode configurations were
designed to eliminate both edge and sur face conductivity
effects. Copper wire was bonded to each electrode by
silver loaded epoxy enabled electrical connection to be
made to the measuring circuit.

In the present work the polyester sheet technigque
for sample preparation was used, in order to study the
electrical pyoperties of epoxy resin system, 1n
particul ar conductivity, dissipation factor,
capacitance, and the effect of gamma irradiation on
these properties. These measurements proved to be

satisfactory.

Se el cample Preparation Technigue for Ionic
Jumping Distance Measurements

In the case of ionic jumping distance measurements,
when samples of less than 0.1 mm were needed, the sample
preparation method was similar to the polyester sheet
method, apart from the fact that no metal frame vas

wsed. This enabled thinner samples to be made.



SDeds laedd Sample Freparation Technigues for Infra-red
Spectrascony

In the present work, two sample preparation

methods for infrared spectroscopy were tried. These

methods are as follows.

2.3.1.3a = Potassium Chlaride Disc Method

In this method, the epoxy resin system MY7S50/HY93E
was made up in the indicated ratio by weight (see
section 3.2). In order to remove the gas bubbles and
dissolved air from the two compounds MY7350 and HY3G06 and
fram the mixture, the pressure over the sample was
reduced (see section 3.3.1.1.b). After two hours the
mixture was removed from the vacuum system and left for
10-15 hours at rcom temperature during which time
partial curing occurs. An appropriate amount of the
partially cured epoxy resin system was weighed cut into
a 3x 3/8" test tube. Epoxy resin strongly absorbs in
the infrared. Therefore it is important that the weight
of the material is accurately controlled since it is
difficult subsequently to reduce or increase the
specimen thickness. In another 3x 2/8" test tube, Z00 mg
of the potassium chloride was weighted out (the weight
of the potassium chloride need not be as accurately
controlled as that of the epoxy resin system since it is
transparent to IR radiation, and it is permissible to

measure out the potassium chloride by volume using a

calibrated 3x 3/8" test tube). The epoxy resin system
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was 1in the form of a coarse powder, a micro spatula was
used to grind it into a fine powder in the test tube.
Une third of the potassium chloride was then added to
the powdered epoxy. The two substances were mixed
together with the micro spatula and the mixture was
poured into an agate vibration mill which contains two
agate balls, and ground. The amplitude of vibration was
changed every 20 minutes during this process. The ground
mixture was pressed into a disc using a die and
hydraulic ram. The disc was transferred by means of a
spatula to one of the special disc holders of the IR -
instrument. It was found that the IR-spectrum which was
ocbtained by the potassium chloride disc method was not
as wall defined as the IR~spectrum which was obtained

using a subsequent method (sodium chloride disc method).

Se3el.3b ~ sadium Chlaoride Disc Method

In this method, the epoxy resin system MY750/HY3S56
was made up in the indicated ratics by weight (see
section 3.2) and degassed as previously indicated. The
mixture was allowed to stand under vacuum for 30
minutes. A small drop of the mixture was then smeared
aver a sodium chloride disc of 25 mm diameter by using a
clean polyester sheet. A heavy weight was placed over
the polyester sheet to keep the mixture layer thin and
flat. After 10 hours at room temperature, after which

the epoxy resin was partially cured, the weight was

removed and the polyester sheet was peeled off from the



disc. The disc was then transferred ¢to cne of the

special disc holders of the IR-instrument.

3.5.1.4 Sample Freparation Techniques {for
Conductivit and Dielertric Measurements during the

Curinag Frocpss

The cure of an epoxy resin systems will be
discussed in detail in chapter four. In corder to study
the changes in conductivity and dielectric properties of
the epoxy resin system during curing, two sample
preparation methods were tried, these methods are as

follows,

SOxas 1.3 Cvlindrical Method

In thiﬁ method, the sample was made up as shown 1in
Fig. (3.4). A glass cylinder of diameter 2.5 mm and
length of 30 mm was used. The glass tube was cleaned
thoroughly and dried in an oven. The epoxy resin system
MY750/HYS56 was made up in the indicated ratios by
weight. Once the desired ratioco was made, a vacuum
system was used to remove gas bubbles and dissolved aiv
from the two compounds (MY750 and HYS956). After this
treatment, the compounds were mixed together,the mixture

was used to fill the glass tube and metal end caps were

mounted on the tube to form the electrodes. Aluminium
foil and Sellotape were used to secure the end caps in
position. Copper wire was soldered to each electrade for

electrical connections, The results which were obtained



by using this method were poor and unsatisfactory
compared with the results which were obtained using a
subsequent methad (sandwich method). The problem

leading to the poor results were @

1. It was found that the specimens contained voids
due to the method of production.

pa It was difficult to retain the metal end caps in
place, at temperatures above €00 due tco the out-gassing
of the epoxy resin system.

3. With this type of sample it was very difficult to
take any conductivity measurements until 30 minutes
after the start of the curing reaction. This was due to
the time required to complete the manufacture of the
sample., Therefore data on the early stages of curing was

uncbtainable. This type of sample was rejected for

future work.

SJeveladhb Sandwich Method

In this method, the sample was made up as shown
schematically in Fig. (3.85a). Pairs of microscope slides
were used. These had been cleaned thoroughly. The

contacting electrodes consisted of a thin layer of
aluminium which had been evaporated onto each microscope
slide under high vacuum. A mask was made so that the
metal only covered & specific area and shape of the

glass slide (see Fig. 3.8b). The electrode was kept away



from the edge to reduce the effect of surface tracking
between electrodes. In order to make electrical
contact, a tail was made from the electrode to one end
of the microscope slide. A piece of wire was bonded to
the aluminium tails by silver loaded epoxy and enabled
electrical connecticons to be made to the measuring
circuit. The epoxy resin system MY750/HYS06 was made up
in the indicated ratios by weight (see section 3.Z) and
prepared using the procedure described previously. The
mixture was sandwiched between the electrodes. When
sandwiched, the electrodes were positiconed above each
other, making sure that they were not skew. The Two
tails were made to come out at opposite ends of the
specimen as shown in Fig. (3.%a). This allowed the
substrates to be flat without the connections getting 1in
the way and, also, this meant that the capacitance
between the tails would be greatly reduced. Three
pieces of polymer wire 1 mm in diameter were used as
spacers between the two microscope slides to ensure aven
thickness of the resin samples Fig. (3.5a). The spacers

ware held in place by silicon grease.

3.3.1.5 Sample Freparation Technique for Differential
Scanning Calarimetry

Di fferential scanning calorimetry (DSC), is one of

the methaods which were used to study the curing of epoxy

resin systems. The curing of epoxy resin systems will

be discussed in detail in chapter four.



For DOL sample preparation, the epoxy resin system
MY7S0/HY9SE was made up in the indicated ratios by
weight (see saection S.2) and prepared using the
praocedure described in section Seaaled b)), sodium
chlaride disc method. The mixture was sealed into a
small metal pan. An empty sealed pan was prepared also
as a reference. Both the sample and the reference pans
were transfervred by means of a spatula ta the DOC
instrument. In order to estimate the degree of cure of
the epoxy resin system, the sample pan was tested under

di fferent curing temperatures.

Fede do b Sample Preparation Technique for Thermall

Stimulated Discharge Current (TS5DC)

Thermally stimulated discharge curvent (TS8DC), is
ane of the established methods used for examining the
state of curing in the epoxy resin systems. For TSDC
sample preparation, the sample was prepared using the
same procedure described in the polyester sheet method

(section 3.3.1.1.b), except that the metal hole was 3&6mm

in diameter and there was no wire bonded to each

electrode for electrical connections.



NC I, Sample Preparation Technigues For Epoxwy Fesin

0

SGyastem MY750/DDS4

SeduZal Sample Preparation Technique for Dielectrig
Measurements
The epoxy resin system was made wup in the
indicated ratios by weight (see section 3.2). Once the
desired ratic was made, the epoxy resin MY750 and the

hardener DDSA were degassed as previously indicated. The

two compounds plus  the accelerator were then mixed
thoroughly and the mixture degassed again. The mixture
was then poured into an aluminium foil dish of 45 mm
diameter and 1 mm thick. The specimen was placed in an
aven to cure. The fully cured sample was placed in a
vacuum system and the top electrcde was made by
evaporating aluminium on the top side of the sample. A
mask was made so that the aluminium only covered a
specific area and shape of the sample. The lower
electrode consisted of an aluminium foil dish. Wire
bonded to the electrodes using silver loaded epoxy resin
enabled electrical connections to be made to the

measuring circuit.

Technique for Dielectric

e e Hample Freparation

Measurements Durin

In order to perform dielectric measurements during
the curing process a sample was prepared using the same

method as described in secticn (2.2.2.1). Once the

L,



epoxy resin MY750 and hardener DDHA were mixed with the
accelerator, the mixture was poured into an  aluminium
dish and dielectric measurements were per formed an the
sample while it was still in a liquid state. Therefore
the top electrode of the sample consisted of a metal
electrode of 38 mm in diameter separated from the sample
by & polyethylene film to overcome the influence of
ionic conduction (41), Three tiny pieces of 1 mm thick
FMMA were placed in the sample to hold and keep the top

electrode flat.

« 3 Hample Pre-arétimn Technicue for Differential

Scanning Calorimetry

For DSC sample preparation for the epoxy resin

system MY750/DDSA, the sample was prepared using the

same method as described in section (2.3.1.5).

The MY750/HY336 and MY750/DDSA samples were kept in a
glass jar and Fzls was kept in close proximity to the
samples in order to keep the samples dry and thus avoid

any humidity effects.
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CHARPTER FOUR

THE S8TUDY OF THE EPROXY RESIN SYBTEME DURING CURING

.1 Introductian

This chapter is concerned with the study of the
three-dimensicnal network of the cured resin. The
properties of the cured resin and the curing mechanisms
were discussed in detail in chapter two. It is clear
that their physical, electrical and chemical
characteristics, all stem from the basic molecular
structure of the polymerised resin. Important factors
at the molecular level in determining these properties
are:~— (i) the extent of cross-linking, ie the degree
of cure, (ii2) the nature of the resin molecule bhetween
cross~-links, and (iii) the molecular nature of the
curing agent.

To chtain the most favourable properties in  any
cured resin system, it is important to achieve maximum
cross—linking. This condition can often be achieved by
a post—cure at a temperature above the original cure
temperature (1).

The increased molecular mobility brought about by
neating, gives the molecules further opportunities to

undergo collision and bond formation leading to a

greater degree of cross—linking. Therefore the cure

temperature and length of cure time are very important.

Molecules present in the resin which do not have one or
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move terminal epoxide group and hence do not enter into
the curing reaction lead to lower degrees of cure. The
cross-link density in different systems depends upon the
functicnality of the reacting species and upon the
distance between their reactive groups. The nature of
the resin and curing agent molecule between reactive
groups, whether it is rigid or flexible, alsdo has &
direct influence cn  the physical properties. The
cross-link density can be increased by decreasing the
distance between functional groups and by increasing the
functionality of the reacting qroups. This leads to
improvements in short term thermal stability and
chemical resistance. Resin systems with high cross—link
densities normally exhibit higher glass transition
temperatures (Tg) than those with more widely spaced

cross—links.

t.1.1 The Llass Transition Temperature (Tqg)

As the temperature of a polymer is raised through
1ts glass transition point the nature of the polymer
changes from a hard, alassy, and brittle state to a
softer and moy e flexible rubbery one. This 1S
frequently accompanied by quite dramatic changes in
properties such as refractive index, thermal
conductivity, dielectric loss, mechanical stiffness,
heat capacity and the volume expansion coefficient. Tg
can be determined by measuring the specific volume of

the material as a function of temperature. At the glass



transition the specific volume~temperature curve has an
abrupt change in slope. EBelow Tg, aolecular motion is
frozen to the extent that there is insufficient thermal
energy to allow segments of the molecular chain to move
as a whole.

At Tg the thermal energy has sufficiently increased
to allow the mavement of relatively large molecular
seaments which jump from one position to another by
rotation about carbon-to-carbon bonds (42). Tg is
dependent on the chain flexibility and the free volume
associated with the chemical structure, as well as the
overall crosslink density. The glass transition
temperature of a cured epoxide resin will therefore
reflect the extent and nature of its cross-linking and
can be used as a measure of its thermal stability; it
can be determined by various methods such as
differential scanning calorimetry (DSC)Y and thermally

stimul ated discharge current (TSDC) (see sections 4.2.1

and 4.2.4).

Measurement of Deqgree aof Cross-~linkin

Many different methods have been used to estimate
the degree of cure of epoxy resin systems including
differential scanning calorimetry (DSCI (43~-46),

thermally stimulated discharge current (TSDC) (47-53,58),

infrared spectroscopy (IR) (G4-66,91), dielectric
relaxation (45,47 ,67-77) and electrical volume
resistivity (78,83-85). The infrared spectroscopy



methods measure the extent to which the epoxide groups
have been consumed and are widely used as a measure of
the degree of cure. The other methoads are based on the
measuremnent of properties that are directly or

indirectly related to the extent and nature of the

cross—~l1inks.

FdeleZel Differential Scanning Calaorimety (D)

Commercial di fferential scanning calorimetry
equipment became available during the early 1960's and
it provides a convenient and useful method of monitoring
the course of exothermic reactions such as those
invaolved in the cure of epoxy resins. Its malin
advantages are the modest requirements in terms of
sample size, of the order of milligrams. It can provide
with relative speed quantitative data on overall
reaction kinetics. In addition it can measure thermal
transitions such as the glass transition temperature
(Tg) which are associated with the degr ee of
crasslinking or state of cure of a resin. The method
involves measuring the difference in the rate of heat
absorption by a sample with regpect to an inert
reference, as the temperature is increased at a constant
rate. In the absence of exothermic or endothermic
chemical reactions the measured heat flow ocutput is
proportional to the sample heat capacity. A second order
transition such as that which occurs at the glass

transition temperature (Tg) of a polymer 15 shown as a



discontinuity in heat capacity. Fava (432> pointed out
that Tg increases during cure and is & sensitive index
o f effective o Uy e, Once Tg reaches the CuUre
temperature, further reactions in the glassy state are
extremely limited: hence the impoartance of curing an
epoxy above its Tg for optimum properties. In this
chapter, the technique of DBC was used to measure the
glass transition temperature Tg asscociated with the

degree of cross-linking.

Stimulated Discharage Curvent (TSDE)

4.1.2.2 Thermall

Thermally stimulated discharge current analysis
provides an attractive method for characterising the
resin in terms of degree of cure. Furthermore, it allows
a precise analysis of the single relaxation process and
gives a complete picture of the temperature dependant
relaxation. It also allows the relaxation parameters of
relaxation time and activation energy, to be determined
from a single measurement (frequency equivalence of TSDC
is 10==* - 10~+ Hz.). Thermally stimul ated discharge
current measurements have now become a power ful tocl for
cbserving the molecular motion in polymers (50-52). The
technique can be used for studying charge motien in
solid dielectrics and is based on the thermally
activated release of either trapped charges or from
localised energy levels. During heating, the release of

trapped charqge «lg polarigation from & dielectric
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