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EPOXY LAMINATES

By

Mohammed Nasser Ajour

Abstract

This thesis describes the characterisation of epoxy/glass fibre composite material
before and progressively through electrical and thermal ageing. Glass fibre reinforced
epoxy (GFRE) material is wused in pressboard transformers for optical
telecommunication systems, typically at voltages between 1 and 2kV. The material
was characterised by means of space charge measurements using the Pulsed Electro-
acoustic (PEA) technique, Dielectric response, Dynamic Mechanical Analysis
(DMA), Differential Scanning Calorimetry (DSC), and Scanning Electronic
Microscopy (SEM). An ageing programme was set up to follow the thermal and
electrical ageing (at DC fields) of the GFRE by the same means.

The results show a g-dc transport process with an activation energy of 1.1eV. The g-
dc process is associated with a charge transport process on the surface of the fibres.
The results for the aged samples show delamination and debonding between the
epoxy and the glass fibre at the glass epoxy interface. The delamination creates free
volumes and voids which lead to partial discharge and hence failure. Electrical ageing
can be characterised in term of dielectric, PEA, and DSC responses. Thermal ageing
does not produce the same effect as electrical ageing. The samples that were only
thermally aged behave in the same way as un-aged samples.
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Chapterl - Introduction

CHAPTER 1

INTRODUCTION

1.1 General Introduction.

Electrical and electronic insulating materials, also called dielectrics, are essential for
the proper operation and reliability of all electrical and electronic equipment. The type
and size of dielectrics used determine the size and the operational limitations of the
electrical equipment [1]. The prime objective of insulating materials is to prevent the
flow of electric current where it is not wanted and to support high electric fields. The
main requirement of the material is to have the lowest electrical conductance coupled
with the maximum resistance to electrical breakdown, long life, low cost, mechanical
strength, high corrosion resistance, ease of forming and manufacturing, chemical
inertness, and the ability to withstand elevated temperatures [1]. There is a need and
desire to reduce the size, enhance reliability, reduce degradation, and increase the life
of electrical power equipment. This has resulted in a search for new types of
equipment and a need for a fundamental understanding of the effect of increased
electrical stress inside the equipment. Printed circuit boards (PCBs) are no exception.
There has been a density revolution in PCB technology. There is a continuous
evolution towards a smaller and more efficient board [2].

Significant advances have been achieved in the research of electrical breakdown of
insulating materials in the last thirty years. However the subject is very complicated
and not fully understood. More research is needed to fundamentally understand the
mechanism of electrical breakdown and the way in which an applied voltage causes
degradation. Degradation and breakdown need to be characterised as a function of
parameters such as electrical field, temperature, time of voltage application, and

thickness. This will lead to better component design.
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Polymers are the most widely used insulation in electrical machines. In order to
fundamentally understand the physics of ageing process in polymers, it is vital to
understand polymer’s morphology and structure, the chemistry of the polymer, and
charge trapping and transport in polymers.

The behaviour of insulations in printed circuit boards has been intensively studied in
the last ten years. The research is driven by the spectacular rise of High Density PCBs
in domestic and commercial electric machines; Kaore Fukunaga has investigated
charge migration from electrodes to epoxy [3]. She found that ions might migrate
from copper to insulation material. Helgeson looked at the dielectric response of
epoxy resin during curing [4]. Y.Yamano studied dielectric losses and ion migration
to PCBs [5]. Hitachi —Shi looked at the Breakdown strength in epoxy resin at high
temperatures [6]. Sheiretov and Zahn investigated moisture dynamic in PCBs [7]. S.
Grzybowski studied accelerated ageing of high voltage encapsulated transformers [8].
The existing knowledge falls short of giving a full picture of the behaviour of epoxy
/glass fibre composite in printed circuit boards. More research is needed in the area to
gain the fundamental understanding in order to keep pace with the technological
advances in the high density printed circuit boards.

Epoxy- glass composite material is investigated in this thesis. The results show that
ageing can be characterised by dielectric response, space charge measurements and
DSC. The results also show that ageing causes delamination between epoxy and glass
fibre. This delamination creates free volume and facilitate for degradation and hence

breakdown.

1.2 Modern Printed Circuit Boards.

All electrical and electronic components must be interconnected and assembled so as
to be able to perform a function and create an operational system. Since the 1950s the
basic building block for assembly is the printed circuit board (PCB) and it will remain
so for the foreseeable future [9]. PCBs are also known as printed wiring boards

(PWBs). In this thesis we shall refer to them as PCBs.
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PCBs are made single side, double side or multilayer. This can go up to 40 layers [2].
Multilayer printed boards are the most widely used now. Multilayer printed circuit
boards consist of a number of layers of thin, flexible, or laminate systems stacked
together with an orderly registration. The characteristics of multilayer PCBs are large
volume production capability, exact reproduction of circuitry from board to board,
high density of circuitry and terminal points, increased freedom of conductor routings,
shorter conductor paths, integral shielding and heat sink planes, and improved
environmental performance by locating all conductors within a homogenous dielectric
material. This enables the highest component densities, and reduces the size. Layers

may be reserved for power distribution or shielding.

Shielding is implemented by interposing a ground foil layer between two wiring
planes, the signals of which would otherwise interfere with each other. This implies
that wiring has been carefully grouped so that incompatible signals do not occupy the
same layer. Multilayer PCBs require very close attention to dimensional tolerance, as

they are virtually impossible to repair.

Layer to layer connection on multilayer PCBs can be formed by
e Plated through-holes (PTH)
e (learance holes.

e Sequential build-up (SBU) process.

Plated through holes is the most commonly used method. It commences after the
individual layers have been laminated together, only then are the holes drilled, etched
back and plated. Since holes are drilled at the same time, PTH construction is more
convenient than the clearance holes method. The SBU process emerged around 1988.
The technology is based on interlayer connection and is limited only by the required

layers. This enables higher wiring densities and greater wiring freedom [2,9].

1.2.1 PCB Design

Central to the design of every modern circuit board is the use of a grid system as an

aid to the placement of components. Choosing the substrate material is one of the
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most important design decisions. Epoxy/glass fibre is one of the most desirable
materials to be used. Considerations must be given to removal of heat from the system
[2, 9]. For multilayer PCB design it is recommended that no wiring be placed on the
outer layer, just heat sinks, ground planes or pads that marks the holes locations.

Outer layer wiring is avoided because defects produced in the etching may ruin the
whole board. The thickness of the multilayer PCB should be limited to a maximum of
3 times the diameter of the smallest plated through hole.

It is imperative that the board does not expand or contract excessively in the z-axis

direction as the temperature change would crack and ruin the plated through holes.

1.2.2 PCB Fabrication:

Fabrication of circuit boards varies from one manufacturer to another; each
manufacturer has his own recipe [2].
The basic manufacturing steps are:
e Circuits are etched on a thin laminate (less than 0.8mm).
e The laminates are then laid up to the desired construction with two or three
bonding layers of prepreg between circuit layers.
e These multilayer books are cut to size and positioned in a moulding frame by
the means of locating pins.
e The frame with the lay-up is placed in press; making sure platens are parallel
to within 0.025mm.
e The press is closed and heated to the desired temperature, usually in the range
of 149-232 °C at pressures of about 3.50MPa.
e After approximately one hour, the press contents are cooled under pressure to
about 49 °C.

e The frame is unloaded from the press and the circuits removed.

Each step must be carefully monitored to ensure the circuit quality. Causes of rejects

include voids, blisters, displaced layers, delamination, and board distortion.
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1.2.3 Insulating materials used in PCBs

The choice of insulating material is crucial to the design of PCBs. The reinforcement
type, the resin system used, and the glass transition temperature Tg can classify the
various types of base materials [2, 9].

The most commonly used classifications are:

National electrical manufacturers association (NEMA) grades.

IPC-4101 specification for base materials for rigid and multilayer boards

Some of the most commonly used materials are FR-2, FR-3, CEM-1, and CEM-3 FR-
4.
e FR-2 is made from piles of papers impregnated with flame resistance phenolic
resin. It is cheap. It is used for simple applications [2].
e FR-3 is made from piles of paper used in epoxy resin system [2].
e CEM-1 is paper with woven glass cloth on the surface. It is used in home and
industrial electronics [2].
e CME-3 is a composite made from dissimilar core materials. It is more
expensive than CEM-1 [2].
e FR-4 is the most commonly used material for PCBs. It is made of woven
fibreglass cloths impregnated with an epoxy resin. FR-4 has excellent

electrical, mechanical, thermal properties [2].

1.2.4 Polymers:

Polymers have large molecules in the form of long chains. Each chain consists of a
large number of small molecules, known as monomers. The chains may be linear,
branched or cross-linked [10]. A simple example of a polymer chain is that of

polyethylene shown in Figl.1.
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ner}”
{ethylene}

Figure 1.1

Polymer chains may contain of the order 10°-10° monomer units [10]. The end
groups’ effect on the properties of the bulk material is very small. Nevertheless they
may have a significant effect on space charge by acting as charge traps. All polymers
can be assigned to one or two groups based upon their processing characteristics or
type of polymerisation mechanism. More specific classifications can be made on the
basis of polymer structure [11, 12, 13].

The shape of the building block monomer unit and the degree of cross-linking are the
main factors affecting the polymer chain structure. The properties of polymers are
strongly influenced by details of chain structure.

Many polymers are semi-crystalline, consisting of both crystalline and amorphous

regions.

In crystalline solids the atoms are arranged in a regular three-dimensional array. There
is a basic unit, called the unit cell, which is repeated throughout the structure in all
three dimensions. Crystalline solids have a well-defined transition melting point. The
reason for having a well-defined melting point is that crystalline molecules are bound
by similar forces: the energy needed to break the bonds is the same. Polymer chains
are very long; it is very difficult for the chains to fit into a perfect crystalline

arrangement.

Amorphous materials are materials whose molecules have no regular order structure.
Glass is an example of this structure; the forces binding the molecules together will
vary. Thus the material will not have a well-defined melting temperature. These

materials go through a glass transition state with an average temperature Tg [11].

1-6



Chapterl - Introduction

Semi-crystalline structure: most polymers are made of a mixture of crystalline and
amorphous parts. So polymers possess the properties of both structures. They go

through melting and glass transition temperatures.

The crystalline region of polymer forms what are called lamellae and a group of
lamellae can then form spherulites as shown in Fig 1.2 [10, 11, 12, 13]. Lamellae are
large parallel chains of polymers molecules. Lamellae formations achieve a very high
degree of crystallisation surrounded by amorphous region. The amorphous region

contains most of the physical and chemical impurities.

Figure 1. 2. From [10]
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1.2.5 Epoxy resin:

Epoxy resins are polymers in which the end groups contain an epoxide ring shown in

Fig 1.3 [14].

Q
CH-CH,
/

;

Figure 1. 3

Epoxies represent a special type of polymer and they are among the most widely used
dielectrics, they are very important from the commercial standpoint.
Epoxies are used in many industrial applications, (PCB, transformers, motors,
generators, switchgear, coil, capacitors, resistors) because of their many outstanding
characteristics:

e Excellent dielectric properties.

e Superior adhesion to most surfaces.

e Low shrinking during cure.

¢ Good thermal properties.

Good chemical resistance.

Good moisture resistance, depending on fillers.

Their properties may be varied widely to suit specific end uses.
Can be moulded.

1.2.5 Epoxy resin Chemistry:

The exact details of the epoxy resin or the hardener used in the multilayer PCB are
not available, because the manufacturers do not supply the details of their products for
commercial reasons.

However the material used is N4000-2 which is an FR-4 system flame retardant
epoxy /glass [15] .The resin is a reaction product of Epichlorohydrin and

tetrabromobisphenol-A.

1-8
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The epoxide group serves as a terminal linear polymerisation point in all epoxy resins.
Crosslinking of epoxide molecules occurs at the epoxide group and at the hydroxyl

groups that may be present in the molecules.

Although there are many variations in epoxies, the basic epoxy resin is the

polycondensation product of bisphenol-A and epichlorohydrin, see Figure 1.4 [14].

O
G AN OO
n

basic epoxy resin

Figure 1. 4. From [14]

1.2.6 Epoxy processing:

The base resin is a mixture of Diglycidyl Ether-Bisphenol-A (DGEBA) and Iso-Octyl
Glycidyl Ether (IOGE).

Epoxies have a sophisticated molecular network and are formed in a two-procedure
process. Initially pre-polymer Diglycidyl Ether-bishphenol A (DGEBA) is prepared

by a base catalysed step-growth reaction of dihydroxy compound such as bisphenol-A

1-9
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0]
N R TR

Bisphenol A Epichlorohyrdin

OH OH
NaOH CI\)\/OO\)\/CI

Chlorohydrin  intermediate

Chlorohydrin  intermediate + NaOH ——— DGEBA + NaCl + H ,0

Figure.1.5

with an epoxide like Epichlorohydrin [14, 16]
The Epochlorohydrin is made from propylene and Allyl Chloride.
The Bisphenol A is a product of acetone with phenol in a condensation reaction

producing water.

DGBA is prepared as follow:

Epichlorohydrin reacts with phenolic hydroxyl groups of the Bisphenol-A. This
reaction is catalysed by NaOH to give a chlorohydrin intermediate component.The
chlorohydrin intermediate then reacts with NaOH to get rid of the hydrogen and
chlorine, which produces a new epoxy group. The ratio of Epichlorohydrin to

Bisphenol determines the molecular weight of the resin produced see Figurel.5.

1.2.7 Epoxy curing

Epoxies must be cured by the action of a hardener to be made into useful end products
[16]. Epoxies can be cured in two ways:

The hardener can react with the epoxide group and become part of the epoxy. The
hardener can promote the resin’s self- polymerisation by a catalytic action.

The final curing of epoxy involves the chemical reaction of hardening agent such as a

diamine with the terminal epoxide group creating a cross-linked polymer structure.
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0 OH
LA R1NH; RHN %
R g Rz
2 Primary amine _
Secondary amine
O OH Ry OH R; OH
\ AN - A A
Rs R2 R> R2
Secondary amine Tertiary amine
- R3jﬂo R
|1
OH NH
R
R1, Ry, Rjare alkyl groups Ether group

Figure 1.6

Figure 1.6 is a polymerisation reaction between molecules with amine group and
epoxide group. It shows primary amine to secondary amine reaction, secondary amine
to tertiary amine reaction and secondary amine to ether reaction.

There are several types of hardeners [16]:

Primary, secondary and tertiary aliphatic amines are the most commonly used
hardeners in concentrations of 4 to 20 parts per 100. Curing proceeds at room
temperature. Systems may be toxic.

Primary, secondary and tertiary aromatic amines require high temperatures. They
impart longer pot life and improve thermal properties, mechanical strength and
chemical resistance properties. They produce a harder cured system than aliphatic
amines. The system may be toxic.

Polyamides affect curing at room temperature, producing a tough resilient system
with good moisture resistance and excellent adhesive properties. The ratio of epoxy to

polyamides may range from 80/20 to 40/60 by weight.
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Anhydrides, derived from dicarboxylic acid, require a temperature of 120 degree C
for rapid curing, the hardener concentration of 30 to 140 per 100 parts of resin. These

produce good thermal, mechanical and dielectric properties.

Flame resistance of the epoxy system may be improved by incorporating into recipes
phenols and anhydrides containing bromine, chlorine, and phosphorous as well as
antimony oxide.

The viscosity of the liquid may be reduced by reactive dilutants such as allyl butyl,
and phenyl glycidyl ether, or styrene oxide. Unreactive dilutants such as dibutyl
phthalate are also used for this purpose, acting also to plasticize and add flexibility to
the cured system.

The most commonly used ratio of epoxy resin to hardener is one to one. However in
practice it could be as high as 100 parts epoxy to one part hardener.

To facilitate uniform mixing resin and hardener are usually of different colours.

Proper precautions are required to handle epoxy systems safety hazards include the
following:

e Skin irritation.

e Ingestion- materials are toxic.

e Inhalation (toxic materials).

e Percutaneous absorption.

e Material my cause severe eye burns.

e Flammability.

e For some room temperature curing epoxies, measures should be taken to

ensure that temperature rise is controlled.

1.2.8 Glass fibres:

Epoxy resin properties are often improved significantly by compounding with
reinforcements and fillers.
Glass is an amorphous material. It is the most common of reinforcing fibres. It

significantly improves the mechanical strength and electrical insulation properties of
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the composite material. The Young modulus of the epoxy on it own is 3GPa, of glass
it is 80GPa, and for the composite it is 24GPa. This is a very significant increase.
Chopped standards of glass in length of 3-6 mm comprise 10-50 percent of the
compound weight for optimum results.

The most common reinforcement used for resins is known as “E” glass. This glass
was especially designed for dielectric applications, although it is now more widely
used. E glass has 50-55 percent SiO,, which is less than in most other glasses. Boric
oxide (B,03) content in the E glass is 8-13 percent, among the highest of all glasses.
Other major ingredients are Al,O3, Fe;O3 and CaO.

All glass fibres must have a surface treatment, or sizing, that serve as the lubricant
and bonding agent.

Glass fibre reinforcements are supplied in many different forms. It is supplied to the
manufactures of the PCBs studied in the form of cloth woven on textile looms in a
variety of thicknesses. Unidirectional properties are obtained by emphasizing warp

(lengthwise) yarns over weft (filling) yarns.

1.2.9 E Glass Fibre processing

Glass fibres are generally produced using melt-spinning techniques. These involve
melting the glass composition into a platinum crown, which has small holes for the
molten glass to flow. Continuous fibres can be drawn out through the holes and
wound onto spindles, while short fibres may be produced by spinning the crown,
which forces molten glass out through the holes centrifugally. Fibres are cut to length

using mechanical means or air jets.

Fibre dimensions and to some extent properties can be controlled by the process
variables such as melt temperature (hence viscosity) and drawing/spinning rate. The
temperature window that can be used to produce a melt of suitable viscosity is quite

large, making this composition suitable for fibre forming.

As fibres are being produced, they are normally treated with sizing and coupling

agents. These reduce the effects of fibre-fibre abrasion, which can significantly
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degrade the mechanical strength of the individual fibres. Other treatments may also be

used to promote wetting and adherence of the matrix material to the fibre.

Properties that have made E-glass so popular in fibreglass and other glass fibre
reinforced composite include low cost, high production rates, high strength, high
stiffness, relatively, low density, non-flammable, resistant to heat, good chemical
resistance, relatively insensitive to moisture, able to maintain strength properties over

a wide range of conditions, good electrical insulation
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1.3 Charge conduction and transport in
polymers

Polymers are insulators and they are not supposed to conduct electrical current. The
polymers electrical properties change when subjected to high electric fields and
temperatures for long time. Consequently insulators conduct electrical current. The
classical conduction and transport mechanism found in conductors and
semiconductors are not found in polymers. This is due to the difference of
morphology and chemistry of the polymer. Consequently different mechanisms
operate. Charge injection from electrodes into polymer, traps and volumetric
conduction, tunnelling and hopping conduction were found to play an important role
in conduction and charge transport in polymers It is important to investigate charge
transport processes in polymers in order to understand ageing, degradation, and
breakdown mechanisms. In the last thirty years extensive research has been made into

charge conduction and transport in polymers [17, 18, 19, 20, 21, 22].

1.3.1 Charge injection from electrodes into polymer.

The electrode-insulator interface is very complicated [10, 22]. Electrical, chemical
and physical defects are likely to exist at the interface. Such defects include
protrusions, imperfect contact, dangling bonds, and local polarisation, contaminate,
and traps. The main two theories that describe the interface phenomenon are Schottky
and Fowler Nordheim. Electrons are injected from electrodes into the bulk of
material. Electrons need to overcome a potential barrier to cross from electrode into
insulator. Crossing the barrier depends on applied electric field and the interface

defects [19].

1.3.2 Schottky injection.

Schottky injection describe one way electrons are transferred from electrodes into
dielectric [18, 19, 22]. At electrode-insulator interface electrons overcome the
potential barrier, leave the metal electrode and move to the adjacent insulation
material. The barrier is assumed to be abrupt between the metal and the insulator. In

Schottky injection the barrier is modified by the electrostatic attraction between the
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positively charged electrode, since it has lost an electron, and the electron. This
electrostatic attraction leads to a change in the barrier due to the electron potential

energy.

1.3.3 Fowler-Nordheim injection

At high fields and short distances the potential barrier become very thin and non-
classical mechanism come into existence. Classical physics is no longer valid in this
situation. Particles exhibit the particle- wave duality and the principle of uncertainty
comes into play [18. 22]. This is will lead to electrons tunnelling through a potential
energy despite not having enough energy to overcome them normally. Also electrons
will have a finite probability of existing at two different localised states. When this

occurs at the contact barrier it is known as Fowler-Nordheim injection.

1.3.4 Traps and volumetric conduction.

Polymer conductivity is very low. It is usually less than 10" Q'm™ [10].
Consequently charge will find it very difficult to travel in the polymer by normal
conduction mechanisms. In amorphous solids the band structure is ill defined .
Polymer molecules are joined together by strong primary covalent bonds. As the
polymer chain is made up, degenerate monomer molecular orbitals form a series of
extended electronic states. Band theory is therefore applicable along chains. However
the band gap is very large (in the order of 9¢V) and it is very difficult to create mobile
charge [17, 21].

Polymer chains are joined by secondary weak (van der Waals) attractions. Therefore
there is no valance band between chains. This changes the classic band theory and
limits the movement of charge.

Charge conduction is limited even further by the existence of what are called traps.
Traps are region-localised states of low potential energy. They could be structural,
physical or chemical. Imperfections can also act as traps. For charge carriers to leave
traps, they must have enough energy to overcome a large potential barrier. Charges
can reside in traps from seconds to antiquity. Charges can move from one trap to

another in a nearby localised state by hopping and tunnelling. The probability of
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hopping and tunnelling is highly dependant on the inter-site distance. The existence

of traps alters the band gap model as shown in Fig (1.7).

Charge in the traps makes large increases in net space charge. This may have a

significant effect on electrical ageing.

Electron energy
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Figure 1. 7. From [10].

Fig 1.7 shows localised states in a non-crystalline material (indicated by squares) as a
function of electron energy together with the density of states N (E), and the mobility
i (E). The band gap is not well defined. The effective mobility decreases sharply near
the centre of the gap where the concentration of state is very low. Overlapping

squares show the states between which charge transport is likely.
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1.3.5 Tunnelling and hopping conduction.

Trapped charge can lead to the polarisation and distortion of the lattice structure. This
will result in local energy band deformation making it very hard for trapped charge to
be free. Consequently different transport mechanisms are involved in polymers.
Charge carriers in polymers may move from one site to another by hopping over a
potential barrier, tunnelling through it, or a combination of both [18, 19, 21].

Hopping is the transfer of a thermally activated charge carriers between localised
sites. Carriers acquire enough energy from the lattice by means of thermal
fluctuations to overcome the potential barrier.

Tunnelling is a quantum mechanical process. In accordance with the uncertainty
principle, the position of an electron is not fully determinate. If the energy barrier is
thin enough, then the spatially distributed uncertainty of location of the electron may
actually pass through the energy barrier and have non-zero probability on the "other"
side of the boundary. Electrons, in this manner, can "tunnel" out of traps that they do

not have enough energy to simply overcome and hop into another trap.
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1.4 Ageing

1.4.1 Introduction

Ageing is an instinctive concept. It affects everything around us. In this research the
interest is in electrical ageing that occurs in electrical insulation.

Ageing is a gradual change of state and property that usually leads to a degree of
malfunction. The ageing process is that chemical and physical bonds between atoms
of the substance are repeatedly broken, reorganised and reform into new
configurations [23, 23]. The two main bonds between a polymer’s atoms are primary
bond (usually covalent) and a weaker secondary (van der Waals). Ageing sets up the
conditions for degradation and hence eventually breakdown.

Electrical ageing is a very complicated process. Therefore understanding the
fundamental aspects of ageing mechanism is very complex. Nevertheless, there are
underlying physico-chemical principles that apply to ageing. There are three main
electrical ageing models: Dissado-Montanari-Mazzanti Model [DMM] [25,26, 27,
28], Lewis Model [23, 29, 30], and Crine Model [31, 32]. All three models are
thermodynamic. DMM and Lewis are explicitly kinetic and Crine is implicitly kinetic,
but only DMM is Space charge. The aim of electrical ageing models is to predict the
working lifetime of polymer, to aid resource management and in improving material
and systems. [25] The three models differ in their physical details and their
mathematical developments but they approximately agree with their predictions. [33].
The three models consider that a region of the polymer can transfer between different
local states by crossing an energy barrier.

DMM and Lewis models try to predict insulation lifetime by mathematically
describing an ageing process in terms of applied electric field and temperature, and by
specifying an end point at which the process is considered to have ended the life of
polymer. Crine model does not define an end point. It is one of the major differences.
Crine model just relates the lifetime to the inverse of the rate of ageing under the
assumption that there is no balancing processes.

In these models ageing is assumed to be a lengthy process ended with rapid

breakdown.
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All of the three models have been successfully fitted to characteristic lifetime data

from ageing experiment involving thin film specimens [33]

1.4.2 DMM Model

The development of the DMM model is not restricted to any specific physical process
that causes ageing. It can be applied to any ageing mechanism as long as it is
described by a chemical rate reaction [26, 27, 28]. A polymer is made of many
moieties, or groups of atoms. Moieties that are thermally activated may change their

free energy level to another. This process is reversible for each moiety.

free energy, G

Ga _

DG#

reaction coordinate

Figure 1.8. DMM model. Ageing in the absence of electrical field.

G; and G; are the free energies of the unaged and aged states respectively; G, is the
free energy for a short-lived state. The difference between the aged and unaged free

energies A is denoted as K4. G# is the difference between G, and the mean of G and
Ga. G# is defined as the activation energy barrier and it is made of enthalpy part, Hgy

and an entropy part, Sq. G# is not the same for all moieties due to microstructural

inhomogeneity [26]
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DMM model assumes that the overall system begins in a non-equilibrium state and
moves progressively towards an equilibrium state by means of local changes of the
moiety state that are themselves reversible. An end point is defined in terms of critical
concentration of converted moieties. When the overall state reaches this concentration
the changes become irreversible and a rapid failure occurs. Below a given field, called
the threshold field, the critical state cannot be reached and the material will not fail,
i.e. the local reversibility is retained overall. It assumes that ageing occurs due to

space charge trapped in defects in the polymer.

The DMM life expression is given in equation 1.

H - CdE4b
h -8, dk 2 Aeq— A*
——exp exp —In| ——
2kT k T Aeq
= K,-C,E"
2T

Equation 1.1 DMM lifetime equation.

1-21



Chapterl - Introduction

t, (in sec) is life time of polymer.

h is Planck’s constant.
k is Boltzmann’s constant .
T is temperature (in Kelvin).

S, is entropy parameter (in Kelvin). It is likely to be material dependent.

H ,, is enthalpy parameter (in Kelvin). It is likely to be material dependent.

A" is critical fraction of moieties that need to be in the aged state in any localised
area for ageing process to cause breakdown of the polymer. This is likely to be
dependent on material.

K, is the difference in free energy between aged and unaged states in Kelvin. It is

likely to be material dependent.

C, links the applied electrical field, E, to the change in free energy of the unaged

moiety state. It is material dependent.

The necessary steps that need to take place for change to occur are:
Electro-mechanical Strain: the change from state G; to state G, ,see fig 1.8, will
generate elemental strain. This strain will result in a change of volume occupied by
the moiety and create free volume. The number of moieties per unit volume might
change due to this [28]. Morphological changes are expected as a result of ageing.
Trapped space charge has electromechanical energy that can cause chain
rearrangements. In this case the local field is enhanced. Microscopic defects such as
impurities cluster of chemical additives, and cavities can form space charge traps. In
this model a minimum threshold electric field is required to make this process
irreversible. The repeat of this process will create low-density regions.

Low-Density regions: low-density regions will have voids and free volume. These can
act as charge trapping centres.

Ageing at macroscopic scale: When the voids and free volume become big enough

failure (thermal, mechanical, electrical) can occur.
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1.4.3 Lewis Model.

The Lewis model is based on bonds breaking. The moiety chemical bonds to the
polymer matrix are changing with time [30]. Bonds are weakened or broken for aged
states. In this model the two states will have broken and unbroken bonds. So a broken
chemical bond is the starting point for ageing see Figure 1.9. The application of
electrical field assumed to accelerate the ageing process. This process is reversible in
the absence of a critical electric field. Lewis model assumes that electromechanical
stress causes bonds between molecules and lamella to break. This will cause other
unbroken bonds to weaken and break. Above the critical electric field the ageing
process becomes irreversible. For breakdown to occur a critical fraction of the bonds

that take part in ageing must be broken.

Voids and free volume are created when moieties move from state one (unbroken
bonds) to state two (broken bonds). The size of the voids will increase causing

degradation and failure [30]. This comes from a change with time of

b(t) =[1—-exp{—(K ; — K})t}]b,, 1.2

so that when ¢ — o0 b—b,,

Failure occurs when  b(t) = b and t =1,
Giving

b =[1—exp{—~(K ; — K,)t.}1be, 1.3

*

lf— ~[1-expi~(K, - Kp)t,}]
eq

b beq
eXp{—(Kf—Kb)fc}=1—b =
eq eq
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bey
eq

b —b*
1 x| —=In| =4 —

t,=—
K,-K, be,

Equation 1.4. Lewis’s Model Life Time Equation

t, 1s the life time of polymer.

K ; is the rate at which bonds are broken or weakened.
K, is the rate at which bonds are repaired.

b" is the critical fraction of bonds that needs to be broken for breakdown to start.
b, , 1s the equilibrium fraction of broken bonds.
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Figure 1.9. After PWC SAYERS [34]. It shows the process of ageing in Lewis’s
model.
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1.4.4 Crine Model

The Crine model is based on moieties moving alternatively from statel to state 2
overcoming an energy barrier. The life prediction is in terms of electrical field and
temperature [31, 32]. In Crine model there is no threshold field as found in the DMM,
and Lewis models, instead there is a critical field for the ageing process to begin. The
value of critical electrical field depends on the energy of cohesion of the polymer.
Nanocavities (with more ageing can become sub-microcavities), space charge, bond
breaking are created as a result of ageing at low to moderate fields. Electrons can then
move within the cavities and this may lead to further degradation. This eventually
leads to breakdown and failure. The model assumes molecular chain deformation is
essentially a fatigue process and therefore, at high frequencies it generates more
defects and thus reduces polymer life.

Crine theory is based on thermodynamic concept in the Eyring rate theory. It also
includes the concept of sub-microcavity formation proposed by Zhurkov[31]. The rate
constant in the Eyring rate theory can only be calculated a priori for the reaction

H+H-H—->H-H+H

In any other situation AG = AH — TAS' contains two adjustable parameters.
The rate theory states that the time 7 to cross an activation energy barrier of height

AG is given by:

h h —AS AH
I~ — AG/ kT~ — - —
kTeXp[ ] kTeXp[ P Jexp[ kT]

Equation 1.5. The Rate Theory Equation.

where h is Planck’s constant, AS is activation entropy and AH the activation

enthalpy. The lifetime equation for Crine theory is

t= h exp[AGO]csch[d—E
2kT kT kT

Equation 1.6. Crine’s Model Life Time Equation.

]
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Where AG, is the activation energy at zero electric field, e is electron charge,

A is the submicrocavity size, E is electric field strength.
The mechanical deformation of intermolecular (van der Waals) bonds created by
electrical stress is the first step to electrical ageing [32].

The three major parameters describing the ageing process are the activation energy of

interchain bond breaking, AG,=AHy,—TAS,, and the length of the

submicrocavities A__ . These three parameters vary with applied electric fields

(magnitude and frequency), polymer morphology, impurities and applied pressure.
The energy needed to break the interchain binding must be bigger than the energy of
cohesion of polymer. This may occur at fields higher than a critical field.

At a field lower than the critical field very few or no submicrocavities form, resulting

in a long lifetime [31, 32].

1.4.5 A brief comparison between the three models.
The three models give good results. The life to failure prediction from all three

models is very similar.

The common features of these models are elemental electro mechanical strain, growth
of low-density regions, ageing at macroscopic scale, chemical instability of insulation.
Treeing and discharging occur in low-density regions

The differences can be summarised in the following table.

Dissado and Motanari Lewis Crine

Failure due to nanocavities | Failure by bond breaking. | Failure due to nanocavities
induced by the high field at low to moderate fields
of space charge. and bond breaking at high

fields  introduced by
Maxwell stress.

There is a threshold field | Threshold field is required. | No threshold field is

for ageing to  start required. There is a critical

becoming irreversible. field instead.

Life equation No explicit life equation. Life equation.

Define an end point. Define an end point. Does not define an end
point.

Table 1.1
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1.5 Forms of electrical degradation

Electrical breakdown is usually preceded by ageing and degradation. So the

breakdown sequence is

Ageing »  Degradation y Breakdown

The most important forms of electrical degradation are:

Electrical trees: Electrical trees are narrow branched hollow channels in the insulation
[10]. They are formed in regions of high electrical local field such as metallic
asperities; conducting contaminants, and structural irregularities, electrical trees can
also be formed by partial discharge in voids. Electrical trees lead directly to
breakdown. The main two types are branch and bush trees. The growth rate of trees
depends on the shape of the tree. The shape of tree depends on voltage, temperature,

and mechanical stress.

Water trees: Water trees are diffused collections of voids in insulation material [35].
They grow in presence of water and AC field. They do not lead directly to breakdown
but they often lead to electrical trees, and discharge channels.

Partial discharge is called partial because the discharge does not bridge the insulation
between electrodes [10]. Partial discharges occur in voids within the insulating
material. They occur because voids are filled with gas; since gas has a lower
permittivity than the insulator field intensification occurs inside the voids. This could
cause gas to become ionised and hence discharges occur across the voids. Factors that
could affect partial discharge are gas content, gas pressure; void shape and size.
Partial discharges do not necessarily result in breakdown; they could produce

electrical trees and act as a degradation mechanism.
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The electrical and mechanical degradation are interrelated in a very complicated way
[36,37]. For an amorphous epoxy /glass composite the electrical breakdown strength
increases with increasing compressive stress and decreases steadily with increasing
tensile stress up to a yield point where it decreases rapidly. A small elongation of the
epoxy results in a big drop in electrical breakdown strength.

The explanation for this behaviour could be due to the fact that compressive stresses
increase the density of the material by eliminating voids and increasing molecular

packing, while tensile stress can create voids and defects.

1.5.1 Electrical stress in gaseous cavities
Electrical discharge in gaseous cavities is one of the most important types of dielectric

breakdown [38]. The electric stress is enhanced in such low permittivity areas as
cavities, cracks, and delaminations within the dielectric. The study of electric field
distribution in and around cavities is very important for the design of electrical
equipment. The high stress value is an important parameter to control [39].

The field enhancement in cavities is highly dependent on the shape of the cavity and
its axis of orientation with respect to the applied electric field. A cavity with its axis
parallel to the direction of the applied electric field produces the highest stress
enhancement. The cavity stress increases as the permittivity of the surrounding
dielectric increases.

The electrical stress E in a gaseous inclusion in the solid insulation is

3¢k : . . :
E= 1.7 in a spherical void in alternating voltage, and
1+ 2¢
3 L
E= EEO 1.8 in direct voltage.
m
ed+—)
E = —nEO 1.9 in elliptic cylindrical cavity in alternating voltage
m
£+—
n
and, £ =2F) 1.10 in direct voltage.
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E is the electric field in the cavity; Eq is the electric field in the insulation. € is the
permittivity of the insulation. m and n are the semimajor and semiminor axis of the

cross-section of an elliptical cylindrical cavity.

1.5.2 Electrical breakdown processes
Electrical breakdown in polymer insulators is always catastrophic in the sense that it

is destructive and irreversible. [10]. The main mechanisms for electrical breakdown
are: thermal, electromechanical, avalanche, mixed mode breakdown [10].

A common feature of all breakdown mechanism is positive feedback.

Change in material

Increase in > properties Breakdown

local power

\ 4

A

Thermal breakdown occurs due to thermal stress in the insulating material.
Thermal stress is caused by an increase in temperature due to power dissipation in
the insulation, this is caused by the flow of current however small it is ( P= I°R).
This could:
¢ Increase conductivity as more carriers become available for conduction.
e Increase the segmental motion which could increase the mobility for intrinsic
ion conduction
When the insulating material is exposed to this for a long time the current density
will increase, which will increase the temperature further, and hence thermal
runaway will occur.
Electromechanical breakdown occurs when the mechanical compressive stress on the
dielectric caused by the electrostatic attraction of the electrodes (or, more accurately,
by electrostriction) exceeds a critical value, which cannot be balanced by the
dielectric's elasticity.
The breakdown of polymer due to mechanical and electrically produced mechanical
stress has been studied extensively [40]. The initial stages of such failure are

considered to involve the scission of main polymeric bonds, and generation of free
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radicals, which induced bond-breaking chain reactions, and the consequent growth of

a population of sub-microscopic voids, which ultimately leads to breakdown.

Mixed mode breakdown is where more than one mechanism operates. For example
the thermal breakdown mechanism starts to soften the material but perhaps the
voltage isn't big enough for the thermal runaway to occur. However, the softened
material might reduce the Young's modulus sufficiently for the electro-mechanical
mechanism to operate. Normally if the temperature was increased a little then only

one mechanism would operate (in this case the electro-thermal mechanism)
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CHAPTER 2

MATERIAL CHARACTERISATION

2.1 Problem Definition

In recent years the power feed line for optical telecommunications systems has
moved over to the use of copper track transformer coils embedded in an epoxy
laminate. This gives considerable saving in space and cost. They are currently

operated at voltages of about 500Vac/300dc and temperatures of (70-90)°C.

Figure 2- 1. Power copper track transformer in a multilayer printed circuit board.
This transformer consists of eight layers. It is used by Alcatel Submarine Networks
as part of a circuitry for power inverters and converters.

Alcatel Submarine Networks is intending to improve the power converters they are
using at the present time by:
e Increasing the voltage of the system power feed by 75% in the next five years.
e Improving the multilayer printed circuit boards design (PCB) used in the
power converters to include encapsulated transformer wirings.
As a result of this the PCB components will experience A.C and D.C fields much
higher than they are used to now.
The main difficulty in achieving this is the lack of knowledge of how the insulating

material (epoxy/glass fibres composite) is going to react to these higher fields, so the
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potential problem is insulation failure. It is therefore necessary to define the electrical
reliability of the insulating material and hence set a limit for their design and
operation.
The main objective of this research is to gain a fundamental understanding of the
electrical aging mechanism of the insulating material and its electrical performance as
wire encapsulation. In order to achieve our objective the following aims were set:
e To measures the epoxy /glass composite material electrical properties before
ageing.
e Measurements of epoxy core, pre-preg materials, and glass fibre mat
properties
e To age composite material under high fields and temperatures.
e Progressively measure electrical properties of aged composite material.

e Liaison with Alcatel Submarine Networks for technology transfer.

2.2 Material description

The material investigated in this thesis is FR4 .It is a well-established material in the
manufacturing of PCBs. It is a product of Nelco Ltd. The product line is N4000-2.
This is a system of multifunctional epoxy-laminate and pre-preg. It is designed for use
in high-density multilayer boards. The material is 50% epoxy and 50% glass w/w.

The following table gives some of the engineering properties of this material

Property Epoxy Glass Composite

Relative pemittivity Approximately 6.4 at IGHZ 4.1 at IGHZ
2.9 6.7 at IMHz 4.4 at IMHz
At 1MHz

Young Modulus 3Gpa 80Gpa 24Gpa

Coefficient of thermal 70%10° /m/°C 5%10° /m/°C

expansion

Specific Volume 0.83*10° m’/kg | 0.39%10° 0.52*%107

m’/kg m’/kg

Table 2.1 Engineering properties of this material [15].
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2.3 PCB Specimen and experimental
program

Wrekin Ltd makes PCBs. A visit was made to Wrekin where they demonstrated how
the PCB boards were made and what material they were made out of.

After some consideration of the experiments to be performed the following samples
were designed and manufactured by Wrekin in the same way as the PCBs:

All samples were circular shape samples

e Specimen with no electrode, shown in Figure 2.2a.

e Specimens of radius 50 mm and of 400 um thickness shown in Figure2.2b.
These samples were designed with electrode arrangements to be used for the
thin film PEA system.

e Specimens for conductivity/dielectric spectroscopy measurements of 80 mm
radius and 400 pm thickness, to be used in conductivity cell, shown in Figure
2.2c.

A large number of different samples (200), have been made and some of them

characterised (25) by:

Dielectric response

e Dynamic mechanical response (DMA).

e Space charge measurements.

e Differential Scanning Calorimeters (DSC).

e Scanning Electronic Microscopy (SEM) analysis.
Dielectric response and DMA gives information about the internal motions of chains,
dipoles, and charges. DSC and SEM give structural and morphological information

about the material. PEA gives information about space charge formation and traps.
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Figure 2- 2. Samples used to perform measurements. a) Specimen with no
electrode, b) specimen with two electrode rings, c) specimen with one
electrode ring.

Figure 2- 3. Cut sample to show fibres in the
epoxy/glass composite. Shown actual size.
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2.4 Dielectric Spectroscopy

Dielectric spectroscopy has been widely used by experimentalists for many years [1].
For example Jonscher (1983) refers to work on ferroelectrics and the silicon p-n
junction, (Deguchi et al 1982), (Mason et al 1974) to work on water. Dielectric
experiments have been performed by (Dissado and Hill 1981) on many materials.
Dissado and Hill have also developed a theory of the dielectric response [2 - 7].
Dielectric spectroscopy depends on the polarisation, which is induced in the material
due to the effect of an external electrical stress.

Dielectric spectroscopy is used because it is a good tool to probe the internal structure
of systems by means of observing macroscopic parameters, which are easily
measurable. It is also non- invasive making it suitable for materials, which change
characteristics when subjected to any form of stress.

Dielectric materials were initially investigated by J.C Maxwell. This work was
continued by Debye at the beginning of the last century (Debye 1912). Debye’s theory
is based on dielectric losses, which is concerned with polarisation and relaxation of
electric dipoles. His model is based on non-interacting dipoles floating freely in a

viscous medium and assumes that the rate of polarisation relaxation is directly
proportional to polarisation, i.e. 7 oc —P. Experiments, which the model was based
t

on, were performed on dilute solutions. Later investigations showed that this theory is
not applicable to solid materials [1].

In solid dielectrics morphology as well as chemistry affects the dielectric properties of
the material. Dielectric spectroscopy is used to investigate the conformation and
dynamics of amorphous polymers; it has also been used to follow the polymerisation
reaction.

This chapter presents the dielectric characteristics of the epoxy/glass composite
material in the frequency domain. Measurements were made on the samples before
being subjected to thermal and electric field; temperature was used as an experimental

variable. The aim is to characterise the system before ageing.
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2.4.1 Source of polarisation

In order to describe the dielectric properties of the material consider a thin parallel
plate capacitor held in a vacuum. If the capacitor is charged the potential established

across the capacitor would be

0y, C, are the charge and capacitance of the capacitor in vacuum.
If a dielectric is inserted between the plates of the capacitor and the charge @, is

maintained the voltage is reduced to V.

The ratio of the voltages defines the permittivity of the dielectric, &,

Ve C
E=—=— 22
Vo C,
C is the capacitance of the capacitor with the dielectric inserted.

The voltage across the capacitor can be written as

_9 _ 0
€CO CO
0, is known as the true charge, O is known as the free charge since it is the
portion of true charge which contributes to the voltage. The difference between
the true and free charge is the bound charge (0, — Q). The charge is bound by an
adjacent charge of equal magnitude and opposite sign, which lies in the surface of
the dielectric. Polarisation, P, is defined as the surface density of the bound
charge.
Polarisation is the difference in charge density contributed by the material, see

Figure 2.4.
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Figure 2.4. Charge density, D, versus electric field E. Polarisation, P, is that part of
the charge density contributed by the material.

To understand the source of polarisation induced in the material by the electric field,
polarisation unit can be thought of as the total dipole moment per unit volume.

Dipole moment, M , is the product of the charge Q, and the displacement, d, between
the positive and negative charge [8 - 11].

M = 0d 23

C/m’ = C.m/m’
There are four categories of polarisation, each having different mechanism depending
on the type of dipole moment which is established.

Total polarisation is the sum of all polarisations.

Total polarisation = Integrated sum of all dipole moments per unit volume.

P=Z(Me+[\/[i+Mo+Ms)/V 24

Me, Mi, Mo, Ms are dipole moments arises from electronic, ionic, orientational and

space charge polarisation respectively, V is the volume.

P=Pe+ Pi+ Po+ Ps 2.5

2-38



Chapter 2- Material Characterisation

Electronic polarisation Pe is electrons displacement inside the atom. Ideal situation is

shown in Fig 2.5 a.

N PN
e XD OO O
o 6 Sl s les)
f O 0008 O

: Y Yo Ward )
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-q

» E

b) lonic polarisation

© 0-¢ @

c) The distance between the ions increases by d

Figure 2.5. a) Electronic polarisation, b and c ionic polarisation.

In the absence of external electric field, on average the atoms have no net dipole

moment and hence no polarisation. However, if subjected to an electric field the

electrons (centre of negative charge), and the nuclei are shifted in opposite directions,

creating polarisation, the length of the applied moment proportional to the applied

field.

Tonic polarisation, Pi, originates from comparable displacement of ions and atoms. It

is shown in Fig 2.5 b. In an electric field, the ions feel forces in opposite directions.

For a field acting as shown, the lattice distorts a little bit (hugely exaggerated in the

drawing). Figure 2.5¢ shows the situation where the distance between the ions

increases by d. Electronic and Ionic polarisation are induced by electric field and both

disappear when the external field is removed.
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Orientational polarisation, Po, originates from permanent dipoles that change
orientation under an electric field to give a net dipole moment per unit volume. Space
charge polarisation arises when charge accumulates, often at internal or external
interfaces. Space charge polarisation arises only at high field. Experiments were
carried out at low field so there is no space charge polarisation.

The current investigation is concerned only with ionic polarisation illustrated in

Figure 2.5 and with orientational polarisation.

2.4.2 Theory of dielectric response

Dielectric relaxation is the polarisation of molecule or particle to form a dipole and/or
alignment of an existing dipole by an electric field.

Dielectric relaxation is the recovery /decay of the polarisation after the applied
electric field is removed [9].

Polarisation in the material is induced by the effect of an external electric field. Some
materials such as ferroelectrics and electrets have permanent finite polarisation in the
absence of external electric field, this form of polarisation does not exist in the epoxy
/glass fibre composite investigated.

In general the relationship between polarisation P(@) and electric field E(w) as a
function of frequency is [1]:

P(w)=P(0)+¢&( y(w)E(w)+ Higher terms in E 2.6
P (0) is the permanent polarisation, which is zero in our material.

£ is the permittivity of free space, ¥ (@) is the susceptibility.
0

x(@)=y'(0)-iy" (o) 2.7
y' =€ -1 2.8
Where 8; is the real part of the complex relative permittivity.
=& 2.9
E(w) is the electric field.
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The higher terms in E give rise to hyper- polarisation and exist only at higher fields
such as that found in lasers.

High fields in epoxies may give rise to space charge build up. From the macroscopic
view point this would give rise to non-linear dielectric effect. This may lead to quasi-
permanent polarisation but this is counteracted by space charge [12].

The Complex form of susceptibility (and polarisation) is due to the fact that relaxing
dipoles are out of phase with the applied AC field. At high frequency the molecular
force impeding the dipole orientation dominate. Consequently the dipoles become
unable to follow the field. This will lead to low polarisation and a very small
contribution to the dielectric constant. At low frequency the polarisation can easily
follow the field. This will give rise to a larger dielectric constant. The kinetic energy
is dissipated and hence lost as polarisation lags behind the field [9, 10, 11].

Considering this, polarisation can be written as:

P(o)=¢yy(w)E(w) 2.10

The value of either y'(®), y"' (@) may be expressed in term of the other throughout

the entire frequency range (—00,00) via Kramers-Kronig relations:

7('(60)=l EACY, (@) g 2.11
w 14
;("a)):l ] YAy (@) x 2.12

The above two equations are very important in the study of dielectric behaviour and

they are the Kramers-Kronig relations.

2.4.3 Dissado- Hill Theory

Dissado and Hill have developed a theory of dielectric relaxation based on a
cooperative approach [3]. The dielectric material is considered as a localised
structure. The dipoles relaxing effect is transmitted between the molecules. This is
will cause fluctuations which spread out through the material. The cluster is a

localised area near the dipole, which receives the dipole energy, as it is relaxing. This
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allows for clusters diploes interactions when calculating the overall dielectric
response of the material. The parameters in Dissado and Hill function are related
directly to the processes occurring within the system.

Dissado and Hill have shown that the susceptibility can be expressed in the form:

z(w)=z(0)F(§> 213

X

7(0) is magnitude of susceptibility dispersion ,i.e. the dielectric increment for a
single process relaxation, F'(w/®,) is the spectral shape function for this process

with the frequency normalised to characteristic frequency @, .

For bound dipolar charge centres. Dissado and Hill have shown that the spectral shape

function takes the form:

Flolo)=F'(+io/o)"" sF1-n2- n;;) 2.14
l+io/w,

where £y is a normalising parameter, , [ is the hypergeometric function [15], and n
lies between zero and one. In this equation n defines the degree to which the
displacements of a dipole or charge couple to those of its environment to form a
cluster. In one cluster relaxation occurs as a results of small rearrangements and the
parameter n applies in this case. In systems where charges are not strongly bound, and
charges are semi-free to move, the spectral shape function take the form

Flo/o)=F '(+io/o,)" " ,F(1-nl+p2- n;.;)z.ls
l+io/o,

where p is a measure of the ability of quasi free charges to transport between clusters,

and FO_I is the equivalent normalising parameter.
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2.4.4 Quasi- d.c behaviour (g-d.c)

Characterisation of dielectric response is possible by the dependence of the complex
susceptibility, equation 2.7, on the frequency, ®, temperature, humidity, pressure etc.
A loss peak is often observed in the frequency dependence of the imaginary part of
the susceptibility, in company with a dielectric increment in the real part [4, 5, 6, 7].

The shape of the peak is generally given by.

' " —(1-n)
7' (o)< y'(o)cw ; forow > o, 2.16a

7"(@)c y(0)—ay (w)co™ ; forw < w, 2.16b
where a is a constant, and y(0) is the susceptibility at zero frequency. The constants

n and m are between zero and one. @, is the reciprocal of the relaxation time and it is

the peak frequency.

It can be shown that

2" (@) y'(w)=cot(nz/2) forw>w, 2.17

Jonscher found another form of response in which equation 2.16a is valid for both
frequency ranges mentioned in equations 2.16a and 2.16b. No loss peak was observed
in any of the frequency ranges. The response goes into a steeply rising branch towards
the low frequency end. The susceptibility has been shown to be normalised with
respect to its dependent variables in the same way as loss peak[1]. Jonscher called this
behaviour anomalous low frequency dispersion (LFD). Dissado and Hill refer to it as
quasi d.c conductance( g-dc).
g-dc can be explained by the dynamical possibilities inherent in the material structure
and possessing limiting partial diffusion behaviour[4]. Dissado and Hill developed a
model for this process. The model is based on the concept of clusters of quasimobile
charges possessing partial structural regularity, which leads to a power law response
[2,4,5].

g-d.c is a charge transport process that exhibits a region of constant phase angle

behaviour (CPA)[7]. Replacing 1-n by p in equation 2.16a yield to:
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7'(@)c Y (@)cw™” 2.18

0.5< p<1

This kind of behaviour can be explained by assuming self-similarity in the system or

in its relaxation process. If p becomes equal to 1 then the process will be a d.c

conductance.

Equation 2.18 can be written in terms of capacitance as

C'(w)xc C"(@w)ocw? 2.19

where C' and C"' are the real and imaginary parts of capacitance.

To summarise:

The familiar loss peak behaviour, which has a loss peak in the imaginary
component of susceptibility together with dielectric increment in the real
component. This form of response originates from dipoles relaxation that is
out of phase with the applied electric field.

No loss peak observed down to the lowest measurable frequency. The

imaginary component of the susceptibility rises as f° 1 at low frequency

while the real component stay independent of frequency. This form of
response gives rise to a dc conductivity and it originates from the presence of
charge carriers in the material.

No loss peak observed down to the lowest measurable frequency. The real and
imaginary component of susceptibility rises steeply at low frequency at the
same rate. This form of response originates from the presence of partially

mobile charge carriers in the material.
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2.5 Measurement System.

The frequency response analyser FRA used is a Solarton instrument 1255 H.F FRA.
[12,13,14]. The measurements are based on measuring the current (amplitude and
phase) in the material to an ac electric field and the voltage, V, in a capacitive element
under the action of AC voltage signal.

The applied voltage is periodic function in the form of sin(wt), where @ is the

frequency in radians. The applied voltage is produced by a digital generator with
amplitude from 0 to 3V rms and applied to the sample by the means of two plain
electrodes. The resulting current is measured by operational amplifier. The frequency
range available is 10uHz to 20MHz. The amplifier is linked to the correlator of the

FRA where the signal is integrated. The measurements give the complex impedance

*

¥ =

. * . . . . .
in term of frequency Z = = R+ jX in the output file; this is transformed into
1

% ' . " * * .
complex capacitance C =C — jC , where V' ,I are voltage and current in

complex form, R and X are the real and imaginary part of the impedance, C ‘, C" are

real and imaginary parts of the capacitance.
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Figure 2.6. Solarton instrument 1255 H.F FRA .

1. Frequency Response Analyser (FRA) provides ac stimulus signal, and analyses the
interface's response.

2. Dielectric/Impedance interface increases the sensitivity of the FRA.

3. PC provides system set up and control via easy to use software.

4. Sample holder for test material.

5. Temperature controller.

2 -46



Chapter 2- Material Characterisation
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Figure 2.7. FRA system configuration. In the experiments performed the applied
voltage is (0-3) V and the amplification of the amplifier connected to the generator is
1.

2.6 Dielectric Experimental results.

Dielectric spectroscopy measurements were performed on disc samples of composite
material (glass/epoxy) of 54 mm diameter ranging in thickness from 200 to 400 pm.
Capacitive and loss components were measured over a frequency range from 1 mHz

to 100 kHz and from T=20 C to 100 °C.

The aim of the experiment was to characterise the composite material prior to ageing.
The measurement results of the experiment were obtained via a computer connected
to the dielectric spectrometer, see Figure 2.6. The results give the real and imaginary

part of the capacitance as a function of frequency.
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The results for the composite, shown in Fig 2.8 as a Bode plot, show how the
capacitance at low frequencies increases due to the increase of polarisation, which
leads to an increase in the dielectric constant.

Fig 2.9 shows a master plot (Bode plot). This plot was obtained by a normalising
technique. A temperature is chosen, and the response of each of the other
temperatures is displaced in frequency and/or amplitude to bring them into
coincidence with the response at the chosen temperature. The existence of a common
master curve shows that the response observed exhibits a common frequency
dependence over the temperature range investigated. The shift in frequency required
to bring the curves into coincidence gives the relative change of the characteristic
frequency for the process. A shift in amplitude would give the relative change of the
magnitude of the process. In the present case only a shift in frequency is observed that
can be interpreted as arising from the temperature dependence of the characteristic
frequency of the process. In general the experimental data of the dielectric response
can be satisfactorily normalised into reasonably single valued master curves. This
proves that the spectral shape of the loss characteristic remains invariant with
temperature. Normalisation technique is a very useful analytical tool of dielectric
behaviour.

A low frequency process was found that possessed a constant phase angle (CPA)

behaviour (i.e. C'oc C"oc @ Pwith p between zero and one). The value of p
determines the nature of process taking place in the material. [6]. For a dc
conductance the value of p =-1, from the plot p=-0.8 which is a quasi-dc conductance.
A broad loss peak was found at high frequencies that were assigned to the B-process
of the glassy epoxy. The B is a secondary loss relaxation process (o being the
primary) results from motion within the polymer in the glass like state. In this state
the main chains are effectively frozen in so that this process cannot be due to large-
scale rearrangement of the main polymer chain. Since the molecules of most
amorphous polymer contain side groups capable of undergoing hindered rotations
independently of the chain backbone, the  relaxation is ascribed to such rotations. It
applies to the relaxation region of low temperature and high frequency.

Figure 2.10 shows a master plot for this process.
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Figure 2.8: Shows the real and imaginary part of the capacitance against frequency
for the composite material for 8 temperatures 20-90° C.

The results show a constant real capacitance except at very low frequency, the
capacitance starts to increase as frequency goes down. At low frequency the
imaginary part of the capacitance increases as frequency goes down. These results

were found to be typical.
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Figure 2.9 Master plot of the dielectric response of composite for the low frequency
process q-dc. For real (upper) and imaginary (lower) parts of capacitance, for 8
temperatures from 20-90° C. The amount of shift that was applied for each
temperature to get the normalised plot is shown by the datum points below the curve.
The frequency scale is exact for the data of the 90° C. the activation energy is
1.1+0.02eV
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Figure 2.10. Master plot of the dielectric response of the composite for the high
frequency process being a f response. For real (upper) and imaginary (lower) parts
of capacitance, for 8 temperatures from 20-90° C.  The amount of shift that was
applied for each temperature to get the normalised plot is shown by the datum points

below the curve.

The frequency scale is exact for the data of the 20° C.

A broad loss peak was found at high frequencies that was assigned to the B-process
of the glassy epoxy. The activation energy of 0.3+0.03 eV found for the characteristic
frequency is typical of such processes. Both the q-dc response and the B response

have amplitudes that are not dependent upon temperature.
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2.6.1 Arrhenius behaviour

The spectral shape function of the normalised relative characteristic frequency is
strongly temperature dependant. It shows the characteristic activated or Arrhenius

behaviour represented by the following equation [1]:
f=foexp(-W/kT) 2.20
Where f is the frequency that represents the probability of escape.
fo 1s frequency that represents the rate of attempts to escape, most of which are not

successful.
W is the activation energy.
T is temperature in Kelvin .

k is Boltzmann’s constant

The activation energy of the g-dc and the 3 processes found in the composite material

can be calculated from the Arrhenius plot for each process.

Figure (2.11) shows the Arrhenius plot of the g-dc process, the plot is obtained from
the master plot shown on Fig (2.9) by plotting the log of the reciprocal of shift against
1000/T, where T is the temperature in Kelvin. The shift is in the frequency axis and it
relates to the characteristic frequency of the process studied. A Characteristic
activation energy of 1.1+0.02 eV was found. The activation energy for the
characteristic frequency gives an idea as to how the dipoles relax and how
temperature affects their relaxation rate. In this case the process observed relates to
the charge transport between clusters and the activation energy defines the barrier that
has to be crossed for the charge to make the transport. —Temperature dependent
amplitude changes would show how the number of dipoles involved in the relaxation
process changes with temperature. Here they are absent and hence the concentration

of charge transfer process is independent of temperature.
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Figure 2.11. Arrhenius plot of dielectric q-dc response for the composite material.

The activation energy is 1.1£0.02 eV
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Figure. 2.12. Arrhenius plot of dielectric [ response.

The activation energy of 0.3+0.03 eV found for the characteristic frequency of the -

relaxation is typical of such processes in glassy polymers.

The activation energy gives us a measure of how much the re-orientation rate of the
contributing dipoles is dependent on temperature. The small value of activation

energy indicates that the barrier to dipole re-orientation is small.

2.6.2 Dielectric Experiment On a Single and a Double Glass
Fibre Mats

Dielectric measurements were carried out on single and double glass fibre mats of 200
and 400 um thickness respectively over the frequency range [ImHZ to 100kHZ] and
at selected temperatures in the range 20°C and 50°C.

These experiments were performed to try to understand the effect of the fibres on the
dielectric response of the composite (glass fibre/epoxy), and by this means obtain a

characterisation of the samples prior to electrical ageing.
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The results obtained are plotted on a log-log scale, with the real and imaginary parts
of the capacitance plotted as a function of frequency on the same graph, and are

shown in Figure 2.13.
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Figure. 2.13. Shows the real and imaginary part of the capacitance against frequency
for single and double glass fibre mats at temperatures 20 and 50°C.
Comparing the single and double glass fibre mats the only difference is the thickness,

so in theory the real and imaginary parts of the capacitance (C / ,and C //) of the
single mat should be double that of the double mat. The real and imaginary parts of
the double glass fibre mat were therefore multiplied by two and plotted together with

the response of the single mat as shown in Figure 2.14.
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Figure. 2.14. Shows the real and imaginary part of the capacitance against
frequency for single and double glass fibre mats multiplied by 2 at temperatures 20
and 50°C.

From the plot we can see that:

In the frequency range 1Hz to 100kHz the real part of the capacitance is almost the
same for the single mat and 2x the doubled mat, and shows no real temperature

dependence.

At frequencies below 1Hz there is a frequency dependent transport process (C’
proportional to f? and C’ increasing with decreasing frequency) such as that observed

in the composite.

2.6.3 Dielectric Experiment On Glass Fibre Mat.

Dielectric measurements were carried out on a glass fibre mat of 200 um thickness
and 54mm in diameter over a frequency range from 1 mHz to 100 kHz and from T=

20 Cto 100 °C.
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These experiments were performed to try to understand the effect of the fibres on the
dielectric response of the composite (glass fibre/epoxy), and by this means obtain a

characterisation of the samples prior to electrical ageing.

The results obtained are plotted on a log-log scale, with the real and imaginary parts
of the capacitance plotted as a function of frequency on the same graph, and are

shown in Figure 2.15.
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Figure 2.15. Shows the real and imaginary part of the capacitance against frequency
for the glass fibre mat for 9 temperatures 20-100°C.

A master curve was obtained as shown in fig (2.16), from which the Arrhenius

behaviour was plotted fig (2.17).
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Figure 2.16. Master plot of the dielectric response of glass fibre mat. For real
(upper) and imaginary (lower) parts of capacitance, for 9 temperatures from 20-100°
C at the low frequency region. The amount of shift applied for each temperature to get

the normalised plot is shown.

The results in fig 2.16 show

At low frequencies (below 1.3*10Hz) the slope of the line is -1+0.01, this shows a
dc conductance.

At higher frequencies the slope of the line is 0.67+0.03, which is interpreted as a
quasi-dc conductance. The inflection point shows the existence of a barrier layer,
possibly the epoxy glass interface. This is caused by a build up of charge, which is
transported by the quasi-dc charge transport process before the conversion to a dc
conductance at the low frequencies.

The dc conductance and the quasi-dc conductance have the same temperature
dependence, it may be that both processes have the same origin.

The activation energy was calculated 0.46+0.02¢V; this is very much less than that
corresponding to the quasi-dc process in the composite. If the process was transport

inside the fibres the activation energy should be the same, this supports an argument
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that the transport process is on the surface of the fibres. The charge transport will be

more difficult in the composite where the fibres are coated with the epoxy, hence the

higher activation energy. A dc conductance is not found in the composite because the

fibres are insulated from the electrodes by the epoxy resin.
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Figure 2.17. Arrhenius plot of dielectric q-dc response for the glass fibre mat. The

activation energy was calculated to be (0.46eV.
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2.7 Space Charge Experiments Using PEA.

2.7.1 Introduction.

The electrical properties of dielectric materials such as conduction, ageing,
degradation and breakdown are closely related and significantly influenced by space
charge distribution in the material [16 - 24]. Understanding space charge phenomena
provide fundamental understanding of charge injection mechanisms, charge trapping
and de-trapping, and charge transport process. The DMM ageing model is based on
space charge. It is vital to investigate and characterise the behaviour of space charge
in order to arrive at a better design for high voltage equipments. The role of space
charge in insulating polymer, especially polyethylene, has been widely reported by
many researchers.

Not many space charge measurements have been performed on epoxy glass composite
material. In this thesis space charge measurements are made on such material using

the PEA system.

Space charge is charge trapped in the insulating material; it could stay there for hours
weeks or perhaps years.
Space charge is a function of space and time [p (X, t)].

The familiar space charge equations are as follow:

V.J(x,t)+0p(x,t)/ 0t =0 , Continuity 2.21
J(x,t) = pupo(x,t)E(x,t). , Transport 2.22
V.E(x,t)= p(x,t)/ &,¢, , Poisson 2.23

Where x is distance, t is time, p(x,t) is space charge, E(x,t) is field, p is mobility,

J(x,t) is current density , and gog; is permittivity, all in SI units.
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Assume that the charge injection is uniform across the surface of the electrodes, and

the capacitor edge effects are neglected, for a parallel plane geometry:
dE(x)/ dx = p(x)/ &, 224

This equation is a one-dimensional function of distance through the dielectric. The

applied voltage V(x), across the sample is related to the electric field within the

sample E(x), by:

V(x) = E(x)dx. 225

Insulating material experience high electrical and thermal stress. Under such
conditions electric charge (space charge) may be created from the impurities in the
material or injected from the electrodes.

The understanding of the relationship between space charge and electrical breakdown
is vital, as the existence of space charge in the material enhances the local electric

field around the space charge and might lead into electrical failure.

2.7.2 Homocharge and hetrocharge.

Space charge can accumulate near electrodes. Charge of the same polarity as the
electrode is called homocharge. Homocharge is injected by the electrode and therefore
dependant upon electrode-insulator interface, temperature, and in DC fields the
polarity. Polarity is considered in DC fields because some metals may inject carriers
of one sign , while others support bipolar injection. Hetrocharge is defined as space
charge that accumulates near an electrode with opposite polarity. It can be generated
by charge migration from the bulk to the electrode. Homocharge and hetrocharge

distort the electric field in insulators.
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2.7.3 Measurement system.

Numerous techniques are used to perform space charge measurements: thermal pulse,
thermal step, pressure wave propagation, laser-induced pressure pulse and pulsed
electro-acoustic method. The technique that is used in this research is the pulsed

electro-acoustic technique (PEA), see Figure 2.18

PEA is a non-destructive method, which has been developed in Japan and used to
measure dynamically net charge density as a function of distance through solid
insulating material under an applied voltage.

When a pulsed electric field is applied to a specimen containing space charges, the
sudden movement of the charges generates acoustic waves, which propagate in the

specimen.

A piezoelectric sensor under the electrode converts the acoustic wave into an electric
signal that can be observed by an oscilloscope; the amplitude of the signal is related to
the charge quantity and the delay indicates its distance from the electrode. In this way
the internal space charge distribution can be observed

The pulse generator generates a pulse between 200 and 2000 volts for a duration of
Sns.

The typical size samples used for this system are 100-400um thick and an applied
voltage up to 19.5KV was used to generate the space charge. The pulse amplitude
used was 400V.
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Figure 2.18. PEA measurement system and ancillary components for DC application.

2-63



Chapter 2- Material Characterisation

Compression wave Top aluminium
electrode

&«
r — r a — — — — — .
- — - - - - - - Induced negative
charge
A Rarefaction
v / wave
r'd
}34}4}4} PP PPPPIIID a‘i’tlg‘g;relr“ger test
positive space
O\ charge in centre
v
Induced negative
- - - - - - Py Py
- - - - - - - - charge

Lower aluminium

) _ electrode (thicker
\ 15\7_/,
than shown

PVDF
(microphone

=
Acoustic

, absorber

— — (PMMA — thicker

than shown)

Fast digital storage
oscilloscope linked

to PC

Figure 2.19. 4 schematic diagram showing PEA measurement system. The speed of

sound in the material is c.
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Figure 2.19 is a representation of the PEA system. The polymer under test is shown
to have a layer of positive space charge in the centre and there is no DC applied
voltage. The positive space charge has induced negative charges on the electrodes. A
positive electrical pulse applied to the top electrode repels the positive space charge
towards the bottom electrode. This results in a compression wave travelling from the
positive space charge downwards and a rarefaction wave travelling upwards. Similar
waves are seen emanating from the negative induced charges, but these are flowing in
opposite directions. The waves travel through the lower electrode to a piezo-electric
PVDF layer which converts the acoustic pulses to a voltage signal that can be stored
on a high speed DSO. To a first approximation, the shape of the voltage signal as a
function of time is proportional to the shape of the space charge density profile with

respect to distance
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2.7.4 PEA Results

Pulsed electro-acoustic (PEA) experiments were carried out on the composite material
samples at 19kV (applied field 47.5kV/mm) and temperatures [20,30,40,50,60°C].
The sample was subjected to the field for 24 hours at each temperature with the signal
being measured at a number of selected times. The potential was then turned off
(short circuited) and measurements taken during the period of decay.

The purpose of the experiment is to investigate the existence of space charge in the
material under high DC fields, and to characterise its high field behaviour prior to
ageing, also to measure decay after short circuit and charge condition close to the
electrodes.

The composite material can be thought of as three layers of material in series as

shown in fig 2.20.

Epoxy Epoxy and Glass Epoxy

Composite Material

Figure 2.20. Epoxy glass fibre composite material.
Each of the materials will contribute a frequency dependent dielectric response; in

particular the glass fibre gives a q-dc behaviour that can be expected to act rather like

a conductance.
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Figure 2.21. 4 typical PEA signal profile.

The first hump on the left shows the electrode near to the PEA sensor. The first 38-

second shows the signal in 100um of epoxy, after that it shows the epoxy glass

interface. The middle part of the signal represents the glass epoxy layer, then glass

epoxy interface, and the last hump represent the other electrode. Some space charge

1s found near the interface as shown.

The PEA response can be related to the three layers by using the speed of sound in

each layer to find the time delay of the signal reaching the detector.
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Distance Sound velocity (m/s) Time
travelled (um) taken (ns)
Epoxy 100 2600 38
Glass mat and | 200 (Dispersion, diffraction) occurs. In | 39
epoxy glass alone V=5100m/s
Epoxy 100 2600 38

Table 2.2 It shows the distance travelled and the time taken for sound wave to travel
in the composite material.

The time taken for a sound wave to travel through two fibre layers is 39 ns, any wave
through the epoxy is delayed and appears later as well as being diffracted

The results for each temperature are shown in Figures 2.22 - 2.31

For each temperature the graphs for different times are superimposed to show the way

in which space charge builds up and decays.
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2 4 <4+—5
5.0E-04 - ey a \//\
0.0E+00 /\v N —0s
3 5
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-1.5E-03 1 24h
-2.0E-03 1

-2.5E-03 - 1\

-3.0E-03 T

2.25E-06 2.30E-06 2.35E-06 2.40E-06 2.45E-06 2.50E-06 2.55E-06
Time(s)

Voltage(V)

Figure. 2.22. PEA signal at T=20°C, and E=47.5V/mm, measurement times denoted

in the inset (t=0 to 24 hours). Numbers 1-6 indicates the peaks.
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Voltage(V)
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Figure 2.23. Decay of PEA signal at T=20°C on voltage removal, following 24hours

at E=47.5V/mm, measurement times denoted in the inset.
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Figure 2.24. PEA signal measured at E=47.5kV/mm and T=30°C. time of

measurements are shown in the inset.
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Figure 2.25. Decay of PEA signal at 30°C following voltage removal at 24 hours.
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Figure 2.26. Shows PEA signal measured at E=47.5kV/mm and T=40°C. Times of

measurements are shown in the inset
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Figure 2.27. It shows decay of PEA signal at 40°C following voltage removal at
24hours.
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Figure 2.28. Shows PEA signal measured at E=47.5kV/mm at T = 50°C. Times of

measurements are shown in the inset.
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Figure 2.29. Shows Decay of PEA signal at 50°C, following voltage removal at
24hours.
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Figure2.30. PEA signal measured At E=47.5kV/mm and T=60°C.Times of

measurements are shown in the inset.
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Figure2.31. Decay of PEA signal at 60°C following voltage removal at 24hours.

Considering the Figures 2.22 to 2.31 we can deduce the following general features:

There is a large amount of hetero-charge at both electrodes that can be seen on the
first measurement after approximately 1minute of voltage application. This probably
originates with the internal frequency dependent transport within the material that
would start to build up charge after about 0.1 seconds see section (2.6). The frequency
dependent nature of this process means that it builds up capacitive charge by moving
charge over long distances in the material; see C’ below 0.1 Hz in section 2.6, Figure
2.13

Subsequently homo-charge injection reduces the charge on the electrodes and the
heterocharge in the bulk as shown in the plots, except for the experiments at 60C.

At 60°C Figure 2.30 the charge migration is the more dominant process, charge is
migrated from the bulk to the electrodes and hence the charge on the electrodes
increases. This may be expected, as at high temperature the charge will be easier to
transport as can be seen from the activated nature of the quasi-dc transport process in
the composite material.

Below 60°C charge injection is still taking place after 24 hours. At 60°C hetero-charge
is still building up at 24 hours.
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The presence of hetero-charge is revealed in the signals after voltage removal, where
it can be seen to induce a charge on the electrodes of the same polarity as that of the
applied voltage. The anomaly at 20°C for the bottom electrode is possibly due to an
overlap of the heterocharge peak with a small electrode peak.

The decay process is complex and involves both charge injection to neutralise the
heterocharge (predominantly at the anode) and neutralisation by charge transport. The
dominant process depends upon the relative time scales involved. In general the

process is faster at high temperatures.

The previous results can be summarized in the following tables. The tables show the
variation of peaks (magnitude and phase) (1-6), shown in Figure 2.22, with

temperature. The applied field is 47.5kV/mm for all temperatures.

perature | Peak Peak Peak Peak Peak
Peak magnitude | magnitude magnitude | magnitude | magnitude
at 20°C at 30°C at 40°C at 50°C at 60°C
1 -2.74 -1.88 -1.58 -1.66 -1.16 *10°V
2 5.77 3.91 2.74 3.01 1.24 *10%V
3 -4.96 -3.5 -3.26 -2.07 -209 *10V
4 1.91 1.25 0.68 0.39 0.14 *10*V
5 -1.551 -1.48 -1.33 -0.69 -0.96 *10V
6 7.93 5.25 3.68 2.48 1.95 *10*V

Table 2.3 shows the variation of peak magnitude with temperature

The magnitude of the peaks clearly decreases with increasing temperature. At higher
temperature the charge carriers have more energy to move and recombine.
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sition of peak at 20°C | 30°C | 40°C | 50°C | 60°C
emperature

Peak

1 233 [233 [234 234 [234 | *10°s

235 (236 (236 (237 (237 | *10°s

2.38 [2.38 [2.39 239 [239 | *10°s

245 (245 (246 (246 (246 | *10°s

2
3
4 242 (242 243 [243 [243 | *10°s
5
6

247 247 (248 248 [2.49 | *10°s

Table 2.4. Peaks positions for different temperatures

The peaks positions is almost the same for all temperatures

The following tables summaries the PEA signal features after field removal.

k magnitude at 20°C | 30°C | 40°C | 50°C | 60°C
Peak Temperature

1 436 |-129]-2.88 [-2.40 | -3.41 | *10° V

- 0.30 [0.83 [031 [0.02 | *10*V

- -0.17 [ -0.40 | -0.15|-0.01 | *10"V

- -0.38 [ -0.31 [-0.25[-0.03 | *10*V

2
3
4 - - 0.40 |- - *10* vV
5
6

- 0.08 [0.075|0.22 024 | *10°V

Table 2.5 shows the variation of peak magnitude with temperature after voltage
removal.

The magnitude of the peak near the sensor, peak 1, is going down to negative values
with increasing temperature. This explains why the value is high at 20 °C. The
magnitude of the peaks is decreasing with increasing temperature. Charge decay is

faster at higher temperatures.
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eak position at 20°C | 30°C | 40°C | 50°C | 60°C

Temperature

Peak

1 233 |2.33 [ 234 234 [234 | *10°s
2 - 235 [236 [237 [236 | *10°s
3 - 238 239 [239 [239 | *10°s
4 - - 243 |- - *10° s
5
6

- 245 [2.46 246 |2.46 | *10°s
- 248 [2.48 (248 [249 [*10°s

Table 2.6. Peaks positions for different temperatures after voltage removal.
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2.8. Differential Scanning Calorimetry
(DSCO).

Differential Scanning Calorimetery is used to determine the enthalpies of a change in
the physical state of a material such as melting or transition from one crystalline form
to another [25, 26].

DSC is a technique for detecting the temperature difference between the sample and a
reference during the process of heating or cooling, which is carried out at a specific
rate in identical environments. If a temperature difference develops between the
sample and the reference (because of exothermic or endothermic reactions in the
sample) the power is adjusted to remove this difference.

DSC measures the difference in heat flow between the sample and the reference. A
signal proportional to the difference between the heat input to the sample and that to
the reference is fed into a recorder. The recorder also registers the average

temperature of the sample and the difference, see Figure 2.32.

Reference Pan  Sample Pan Cylindrical
furnace

v

1
I Thermoelectric Disc I

' /
Measurement Thermocouples / \

7T
% o

Figure 2.32. Schematic representation of the DSC thermal analysis system.
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2.8.1 Glass transition temperature.

All amorphous polymers exhibit a glass transition temperature. Tg is the common
abbreviation for the glass transition temperature. Amorphous regions in partially
crystalline polymers exhibit the characteristic changes associated with the polymer at
its Tg. As the polymer is heated, it undergoes a transition. It is characterised by a
change in the expansion coefficient and heat capacity. These changes, however, occur
over a temperature range. Consequently, Tg is sometimes difficult to detect. Tg is one
of the most important parameters that define the properties and behaviour of polymers
[27]. Below Tg the polymer is hard and glassy, while above Tg it behaves as a rubber
and finally as the temperature increases it behaves as a highly viscous liquid
(thermoplastic) or degrades (thermosetting). The glass transition temperature is
obtained from a specific volume- temperature plot of observations taken on cooling.
This is not the case in DSC measurements. In this research Tg was obtained by DSS.
Figure 2.33 illustrates an idealised output (thermogram) from the DSC for Tg
determination. The y-axis is heat flow rate in millicalories/second, and the x-axis is
the temperature in °C. Tg is taken as the midpoint (inflection point) in the
thermogram. The Tg value depends slightly on the rate of flow of heat, being lower

for lower rates [28].

Exo

heat Ny i __
fl :
DW glass /

Endo | transition
temperature

temperature ———=

Figure 2.33. Ideal DSC output
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2.8.2 Tg and degree of cure

Polymeric materials may be broadly divided into two classes, thermoplastics, and
thermosets.

In general thermoplastic consist of high molecular weight molecules of more or less
linear structure. Thermoplastic polymer molecules have inter-molecular interactions .
Because of this, the molecules are relatively free to move with respect to each other
like the individual strands in a bowl of spaghetti.

A thermoset material has a molecuular structure, which is cross-linked. The molecules
are chemically bound together in a three-dimensional network by a curing reaction.
On raising the temperature, the curing (cross- linking) reaction proceeds to form a
rigid structure. Thermoset materials are not reformable, because of their rigid three-
dimensional structure. When heated they will degrade to lower molecular weight
products produced by a random scission of chemical bonds.

The degree of cure, the percentage completion of the curing reaction, is an important
parameter in determining the electrical and mechanical properties of the material.

The glass transition temperature increases as the curing reaction proceed to
completion due to the increase of cross- linking.

DSC can be used to test for the degree of curing. Figure 2.34 shows a typical thermal
behaviour of an epoxy resin. On first of heating the glass transition temperature is
observed. Upon continued heating, the appearance of the cross-linking exotherm
peak indicates that the curing reaction is taking place. The exotherm peak is heat
generated by the curing reaction of the non cross-linked portion of the resin. The area
under the peak is in units of energy, called the residual energy, proportional to the
amount of cross-linking, which is taking place. In theory a zero area means 100%

curing.
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Figure 2.34. The area under the exothermic peak generated by curing reaction and

proportional to the amount of cross-linking.

2.8.3 Experimental results

DSC was used to determine the glass transition temperature of the composite material,
and to check the degree of cure in the pure epoxy resin. The samples were well
encapsulated to ensure good thermal contact and prevent volatiles from escaping. The
samples weights were around 5Smg. The samples were heated from 20°C to 180°C at
constant rate of 20 °C per minute. The results were obtained via a computer connected

to the DSC machine. The results are shown below:
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Figure 2.35. Showing that Tg for the composite is 138.9 °C.
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Figure 2.36. After10 minutes curing Tg is 102 °C.
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Figure 2.37. After 1 hour curing Tg is 130 °C.
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Figure 2.38. After 6 hours curing Tg is 141 °C.
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Figure 2.39. The residual energy against curing time.

Figure 2.35 shows the thermal behaviour of the composite material, the glass
transition temperature is encountered at 138.9 °C, which agrees with the manufacturer

specification of 140 °C [29].

Figures 2.35-2.38 show the DSC response for different curing conditions of the pure
epoxy, the glass transition temperature is shifted depending on curing time, the area
under the peak is in units of energy and directly proportional to the amount of cross-
linking which has taking place [30, 31].

The DSC for the composite material shows that there is a residual energy, i.e. the
material is not 100% fully cured. This indicates that the epoxy may not have such a

strong bond to the fibres as it would when fully cured.

The results can be summarized in the following table.

Curing time Glass transition °C

10 min 102
1 hour 130
6 hours 141

Manufacturers | 138.9

Table 2.7. Glass transition temperature for different curing time

The glass transition temperature increase with increasing curing time.
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2.9 Dynamic Mechanical Analysis (DMA)

Rheology is the study of materials response to an applied deformation (strain) or
stress. Materials will respond to strain by dissipating energy in the form of heat
(viscous dissipation), storing the energy elastically, or through a combination of both

of these two mechanism [31,33]. DMA makes it possible to measure both of these

properties.

Figure 2.40. Dynamic mechanical analysers measure changes in mechanical
behaviour, such as modulus and damping, as a function of temperature, time,

frequency, stress or strain or combinations of these parameters.

Dynamic Mechanical Analysis (DMA) is used to analyse both elastic and viscous
material response simultaneously.

A sinusoidal strain is applied to a material via a motor. The resulting stress is
measured with a force transducer. The force is then separated into elastic stress and
viscous stress. Elastic stress is in phase with applied strain and viscous strain is in
phase with the rate of applied strain. The phase lag results from the time necessary for

molecular rearrangements.
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2.9.1 Experimental results

A torsion rectangular test was performed on a rectangular sample of 16mm length,
7.3mm width and 0.4mm thick, under the following conditions:

Frequency range [0.01 to 100] Hz, a range of temperatures between 40°C and 160°C
Figure 2.41 and 2.44 shows the results in terms of the real and imaginary part of the

compliance (J*= 1/G* where G* is the complex modulus) plotted as a function of the

frequency.
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Figure 2.41. DMA response for the composite material. For real (upper) and
imaginary (lower) parts of compliance. For 8 temperatures 60,80,100,120, and130° C
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Figure 2.42. Plot for DMA response for the low frequency process. For the composite
material. The shift is in amplitude.

This is not a straight line, so the process is not an Arrhenius process.
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Figure 2.43. Activation energy plot for DMA for the high frequency process. For the

composite material. The shift is in amplitude.
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Figure 2.44. The compliance against frequency for the composite material at 140 and
150°C.

From the analogy between the electrical dielectric response and the Dynamic
Mechanical response, particularly the compliance and the capacitance we can deduce
the following:

At 120°C and 130°C the slope of the imaginary compliance is —1 at low frequencies
shown in Figure 2.41. This implies the existence of constant viscosity near the glass

transition temperature, which is 140°C.
The complex compliance J =J'—iJ"”  where J' represents elastic compliance

and J" viscous compliance. Figure 2.44 shows a plot of the complex compliance

above the glass transition.

At a temperature 150°C the results are untrustworthy. At temperatures of 100°C and
below a broad loss peak can be observed at around 10rad/s. Another loss process also
occurs whose peak would be below 107 rad/s. The peak at 10 rad/s does not
correspond to anything observed dielectrically and so must relate to motions that do
not involve dipoles. The lower loss process occurs in the region of the q-dc behaviour
(see section2.5.1). An explanation in terms of charge transport cannot be applied to
the DMA behaviour unless the charges that move are ionic. Then an equivalent
mechanical response may possibly be observed.

An Arrhenius plot is shown in fig 2.43 for the amplitude data peaked around 10rad/s.

The frequency shift of this process with temperature could not be discerned because
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of its low magnitude and the obscuring effect of the low frequency process. However,
an increase in magnitude with temperature is noticeable in Figure 2.41. The
magnitude change was found to be activated with activation energy of 0.2eV. This
process was not observed in the dielectric response and its temperature dependence
indicates the activated displacement of non-polar regions, the concentration of which

increases with temperature.
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2.10. SEM Analysis

SEM is Scanning Electronic Microscopy. This is used to investigate the microscopic
structure of the material and provide an elemental analysis [34].

Figure (2.45) shows an elemental analysis obtained on a sample prior to ageing using
an SEM. The carbon peak is quite strong, as are peaks associated with the elemental

content of the glass fibres (e.g. Si, Ca, Al).

Counts
=00 Ei
—E E
E C
EOo—]
= h
aoo 3
_E EIT
200 —]
— ||I i e IICE
= ! T T 1
(n] =2 =}

Figure 2.45. Elemental analysis of composite material.

2.10.1 Glass fibre composition.

The glass used in the composite is woven E-glass as specified in IPC-4412.

The formula is as follows: [35].

B>0s: 5-10%

Ca0: 16 - 25%

ALOs: 12 - 16%

Si0,: 52 - 56%

MgO: 0 - 5%

Na,0 and K,0: 0 - 2%
TiO2: 0 - 0.8%

Fe;03: 0.05 - 0.4%
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F»: 0-1.0%

The aluminium found in the SEM elemental analysis of the glass Figure 2.46 is

therefore a constituent of the glass fibres.
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Fig 2.46. Elemental analysis for the glass fibre mat.

The bromine found in the elemental analysis of the composite material comes from
the flame retardant “tetrabromobisphenolA”, as confirmed by the manufacturers,

which was reacted with the resin [35].
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CHAPTER 3

AGEING

3.1 Introduction:

The Insulation system (epoxy/glass fibre) composite described in this thesis is
subjected during operation to combined electrical, thermal, mechanical and
environmental stress. During long time in service those stresses may act and interact
in a sophisticated way to deteriorate the equipment and possibly lead to degradation
and failure [1]. In order to understand and evaluate the way in which the insulation
system reacts to stresses mentioned, it is necessary to investigate the characteristic of
aged material. The composite material was characterised before ageing with the
results presented in Chapter 2. An ageing program was put in place to investigate the
effect of ageing on the composite material.

Ageing conditions were more severe than those experienced in normal working
conditions. The reason for this is that ageing takes a long time and it is hard to do in
the laboratory. Accelerated ageing can give an insight into what happens to the
material after years in service [8]. The ageing program includes electrical ageing,
thermal ageing, and a combination of both.

In the last thirty years extensive research has been carried out on XLPE cables with
regards to electrical treeing, from the start to the final stage [3]. Treeing was found to
be involved in the degradation process for most of the ageing mechanisms. Critical
ageing processes were found to occur in the bulk structure and the interfaces
[(insulation /electrodes), (insulation/fillers) and external interfaces (composite/air or
oil)]. So interfaces are very important in the ageing, degradation and breakdown
mechanisms.

Ageing leads to degradation and breakdown as mentioned before. leda et al. [4,5]

investigated the relationship between breakdown and polymers properties such as the
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chemistry and the morphology. Defects and impurities were found to play a major
role in ageing degradation and breakdown.
In this thesis the interface between epoxy and glass fibre has been shown to be the

weak point where ageing is initiated.

3.2 Ageing programme

Several attempts using different methods were made to perform the ageing
experiments at {15,20,25)} kV and {90 degrees, room temperature} but were
unsuccessful due to a flashover problem. Eventually the problem was overcome by
using a silicone rubber encapsulation. The samples were immersed by a thin layer of
silicone rubber leaving a region where an electrical connection could be made

between the sample and the electrodes.
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Sample Field Temperature Duration (day) Analysis
(kV/mm) °C
1 62.5 90 10 minutes (a)
2 50 90 50 minutes (b)
3 37.5 90 3 hours (b)
4 62.5 15+5 154 (b) PEA, Dielectric
spectroscopy,
SEM
5 50 1545 0 (@)
6 37.5 15+5 168 (b) Dielectric
spectroscopy.
DSC
7 62.5 1545 7 (@)
8 62.5 90. 12 (a)
9 50 1545 25 (b) Dielectric
spectroscopy,
SEM
10 25 90 237  (c) Dielectric
spectroscopy,
PEA
11 12.5 90 244 still  (c)
ageing
12 25 90 208 (b) PEA, Dielectric
spectroscopy,
SEM,DSC
13 12.5 90 227 still  (c)
ageing
14 37.5 15+£5 68 (b)
15 375 15+5 8 ()
16 62.5 15£5 69 (b)
17 62.5 1545 40 (b)
18 0 90 177 Dielectric
(c) Spectroscopy
19 0 90 237 (¢) Dielectric
spectroscopy

Table 3.1 Ageing conditions

Where

a: is flashover around outside of the sample.

b: breakdown through the volume of the sample.

¢: did not breakdown.
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Sample 5 broke down immediately. It was a flashover breakdown. This
flashover is caused by contamination on the electrode surface and the electrode

geometry. This led to a re-design of the electrode geometry.

Sample 1 broke down by flashover after 10min. It broke down in the same

way as sample 5, i.e. due to the electrode geometry.

Sample 2 broke down after 50min, and sample 3 after 3 hours. Both sample 2
and 3 had a breakdown through the material at almost the same place, which might
represent real breakdown data.

The way in which sample 1 and 5 broke down creates the need for samples

with different electrode arrangements.

Sample 8 was made with only one electrode ring on both sides; it is under 62.5kV/mm

and 90 degree C.

It seems that this electrode arrangement is not causing any premature breakdown

Sample (9) broke down after 25 days of ageing at 50kV/mm and room
temperature, Investigating the breakdown under the microscope shows breakdown
all the way through the sample, it also shows very thin black lines near the
breakdown but perpendicular to the field direction. Such lines were not observed

in the un-aged samples.

Samples 10 and 11 were aged at 90°C under lower fields than samples (1-3) and
sample 8 since the other samples could not withstand the higher fields at 90°C.
Sample 7 and sample 8 broke down after 7 and 12 days respectively.

Sample 4 lasted for 154 days during which progressive Dielectric measurements were
made.

Sample 6 lasted for 168 days.

Samples 10 to 13 were aged under (12.5,25) kV/mm.
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3.3 Experimental programme.

The aged material system was characterised by means of dielectric response [6, 7, 8],
space charge measurements [9, 10, 11], differential scanning caloromity (DSC)
[12,13,14], and scanning electronic microscopy (SEM) . The aim of the experiments
is to find out how ageing affects the response of the material and how to characterise
ageing in terms of the material response.

The results show significant differences in response between the aged and non-aged

material. The following results demonstrate these differences.

3.4 Dielectric Measurements on aged
samples

Dielectric measurements made on samples removed temporarily from ageing at one
week, five weeks, 87 days, 237 days (at E=62.5 and 25kV/mm DC, T= 90 and
15+£5°C) and on the sample that failed showed the same form of response as for the
un-aged composite. However, the q-dc process had moved to higher frequencies.

The results are shown in the following plots 3.1 — 3.21
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3.4.1 Room temperature aged sample
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Figure 3.1. Master plot for composite material for the low frequency process q-dc
process. For real (upper) and imaginary (lower) parts of capacitance, for 8
temperatures from 30-100° C. This is for sample (4), aged for 35 days (at
E=62.5kV/mm DC, T=15+5°C).
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Figure 3.2. Arrhenius plot for composite material associated with low frequency.
process, q-dc. This is for sample (4), aged for 35 days (at E=62.5kV/mm DC,
T=15+5°C).
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The activation energy was calculated to be 1.1+0.05eV. The activation energy did not

change after 35 days ageing compared with un-aged sample, which is given in Figure

2.11, 1.1£ 0.02eV.
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Figure 3.3. Master plot for the composite material for the high frequency process,

the p process. For real (upper) and imaginary (lower) parts of capacitance, for 8

temperatures from 30-100° C. This is for sample (4), aged for 35 day (at

E=62.5kV/mm DC, T=15+5°C).
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Figure 3.4 plot for composite material plot associated with the high frequency [
process. This for the sample (4), aged for 35 days (at E=62.5kV/mm DC, T=15+5°C).

The activation energy is 0.3£0.05¢V
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This is not a straight line so the process is not an Arrhenius process. This is could be

due to a curing reaction while the sample under measurements due to high

temperatures.
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Figure 3.5. Master plot for composite material for the low frequency process q-dc

process. For real (upper) and imaginary (lower) parts of capacitance, for 9

temperatures from 20-100° C. This is for sample (4), aged for 87 days (at

E=62.5kV/mm DC, T=15+5°C).
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Figure 3.6. Arrhenius plot for composite material plot associated with low frequency
process, q-dc. This for the sample (4), aged for 87 (at E=62.5kV/mm DC, T=15+5°C).
The activation energy was calculated to be 1 £0.05eV. The activation energy has not

changed after 87 days ageing.
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Figure 3.7. Master plot for composite material for the high frequency  process. For
real (upper) and imaginary (lower) parts of capacitance, for 9 temperatures from 20-
100° C. This is for sample (4), aged for 87 days (at E=62.5kV/mm DC, T=15+5°C).
The Arrhenius plot for f response above was found to be unreliable because it was not
a straight line. The shape of the response was different to that observed in the un-aged

samples and indicated an instrument problem in the high frequency range.
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Figure 3.8 Master plot for composite material for the low frequency process q-dc

process. For real (upper) and imaginary (lower) parts of capacitance, for 9

temperatures from 20-100° C. For failed sample (9) after 25 days (at E=50kV/mm

DC, T=15+5°C).
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Figure 3.9 Arrhenius plot for the composite material associated with low frequency

process, q-dc. This is for failed sample (9) after 25 days (at E=50kV/mm DC,

T=15+5°C).
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The results show there are two activation energies. One for low temperatures
(below 50°C) of 1.14+0.02 eV and one for high temperature (higher than 50°C) of
0.53+0.02¢V.

3.4.1.1 Overall comments on room temperature ageing results.

The response at low frequencies for different ageing periods shows a quasi —dc
conductance see Figures (3.1,3.5,3.8,3.14,3.17). The activation energy of this process
was calculated to be approximately 1.1eV see Figures (3.2,3.6,3.9,3.12,3.15,3.18).
Figure 3.3 shows the master plot for the B peak with an activation energy of 0.3eV.
The ageing has, therefore, not produced a change in the activation energy of the g-dc
but increased the [3 process activation energy a little. The normalisation for the 3
process for the samples shown in Figure 3.7 was found to be unreliable. Figure 3.10,
and Figure 3.11 show the results after ageing superimposed on those before ageing at
(T=80,30 °C). The reason for choosing these temperatures is to see both processes (-
dc and B). There is a clear difference Between the two results, even though the
activation energy is the same for the q-dc. The g-dc process has moved to higher
frequencies indicating that the pre-exponential factor has increased, possibly because
there are more carriers moving. In the case of the B-response the process has shifted to

lower frequencies, see Figure (3.3).
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Figure 3.10 The real and imaginary capacitance at 80°C. (A stands for after ageing,
and B for before Ageing).
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Figure 3.11The real and imaginary capacitance at 30°C. A stands for after ageing,

and B for before Ageing.
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Figure 3.12. Arrhenius plots of dielectric q-dc response in a range of samples as
shown .See key for notation. This data was located by choosing a temperature and a
frequency and referenced the g-dc of each sample to one another at that temperature

and frequency.
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It can be seen from Figure 3.12 that except for the high temperature region of the

failed sample, the activation energy has not changed with ageing. There is, however, a

displacement towards higher frequencies, i.e. the process moves towards the

behaviour observed on the fibre mat alone. This is even more marked in the failed

sample where the activation energy changes at high temperatures to a value (0.53eV)

close to that of the mat.

3.4.2 Results for samples aged at 90°C.
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Figure 3.13. The real and imaginary part of the capacitance against frequency for the

composite material for the low frequency process, q-dc process. For real (upper) and

imaginary (lower) parts of capacitance, for 9 temperatures from 20-100°C. This is for

sample (10) that was aged for 237 days (at T = 90°C and E=25kV/mm).
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Figure 3.14. Master plot of the low frequency process q-dc for the composite

material. For real (upper) and imaginary (lower) parts of capacitance, for 9

temperatures from 20-100° C. This is for sample (10) that was aged for 237 days (at T

= 90°C and E=25kV/mm).

The P process for this sample could not be normalised.
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Figure 3.15. Arrhenius plot for composite material plot associated with low
frequency process. This is for sample (10) that was aged for 237 days (at T = 90°C
and E=25kV/mm). The activation energy is 1.05+£0.03 eV.

There is a small decrease in the activation energy compare to the un-aged sample,

1.1+0.02 eV.
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3.4.3 Thermal Ageing

The results in the previous section show the effect of ageing on the dielectric response
on samples that were aged electrically at room temperature and electro-thermally at
90°C. It was necessary to investigate the effect of thermal ageing alone on the
dielectric response. Two samples were aged in the oven at 90°C for 237 days. The

dielectric results are shown in Figure 3.16.
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Figure 3.16. The real and imaginary part of the capacitance against frequency for the
composite material for the low frequency process, q-dc process. For real (upper) and
imaginary (lower) parts of capacitance, for 9 temperatures from 20 °C -100 °C. This is

for sample (19) that was aged for 237 days (at T = 90°C and E= 0kV/mm).
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Figure 3.17 Master plot of the low frequency process g-dc for the composite material.
For real (upper) and imaginary (lower) parts of capacitance, for 9 temperatures from
20-100° C. This is for sample (19) that was aged for 237 days (at T = 90°C and E=

O0kV/mm).
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Figure 3.18 Arrhenius plot for composite material plot associated with low frequency

process. This is for sample (19) that was aged for 237 days (at T = 90°C and E=

O0kV/mm). The activation energy is 1.1+0.02eV

The activation energy is exactly the same as that of the un-aged sample.
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Figure 3.19. Master plot for composite material for the high frequency f§ process. For

real (upper) and imaginary (lower) parts of capacitance, for 9 temperatures from 20-

100° C. This is for sample (19) thermally aged for 237 days (at E= 0 DC, T= 90°C).
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Figure 3.20. Arrhenius plot for composite material plot associated with high
frequency process. This is for sample (19) that was thermally aged for 237 days (at T
= 90°C and E= 0kV/mm). The activation energy is 0.31eV. This is the same as the
unaged material.

The activation energy is bigger than that observed in the un-aged material of

0.3£0.03 eV.
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Figure 3.21. Activation energy of dielectric g-dc response for two aged samples as

shown. See key for notation. The two samples were aged under identical thermal

conditions. One sample was subjected to 25kV/mm and the other OkV/mm.

It can be seen from this plot that, the activation energy has not changed with ageing

for either sample. There is, however, a displacement towards higher frequencies in the

electrically aged sample compared with the only thermally aged sample.

The results can be summarised in the following table.

A B C
g-dc activation 1.05+0.03 1.1 £0.02 1.1+0.02
energy eV
B- process activation Could not be normalised 0.31 +0.04 | 0.28+0.03
energy
Shift in frequency Shifted to higher frequency | Did not shift | -
Compare to un-aged
sample.
Table 3.2

A: Sample aged for 237 days at 25kV/mm and 90 °C
B: Sample aged for 237 days only thermally at 90 °C

C: Un-aged Sample
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3.5 SEM Analysis:

One sample (sample number 9) shows a breakdown in the sample volume.
Investigating the breakdown under the optical microscope shows breakdown all the
way through the sample, it also shows very thin black lines near the breakdown but
perpendicular to the field direction. Such lines were not observed in the unaged
samples. SEM was used to investigate the nature of these black lines since we could
not focus on them by the optical microscope

Figure 3.22 shows a view of a black line from above and there is little to see. Figure
3.23 shows a clearer view of such a line. The line can be seen to be a 2.5um void
running alongside the glass fibre for millimetres. Figure 3.24 shows an elemental
analysis obtained on a sample prior to ageing using an SEM. The carbon peak is quite
strong, as are peaks associated with the elemental content of the glass fibres (e.g. Si,
Ca, Al). The same analysis taken around the ‘black line’ in the failed sample, Figure
3.25, shows a strong reduction of the carbon peak with respect to the aluminium peak.
This indicates that the black lines are not carbonised tracks such as may be produced
by partial discharges.

Figure 3.26 and Figure 3.27 show the elemental analysis of glass and pure epoxy

respictivly.
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Figure 3.22. Shows the area near a black line that is indicated by the bar.

Figure 3.23 Shows the voids (black lines) between the fibres and epoxy. The white
line is 2.46 um long
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Figure 3.24. Elemental analysis of un-aged composite material (cps vs. keV).
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Figure 3.25. Elemental analysis of black line region (cps vs keV).

3-112



Chapter 3- Ageing

ops

25—
20—
15

10— Ca
] Al

L L e
u] ’ 2 4 G 2

Energy ke
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Figure 3.27. Shows elemental analysis of pure epoxy.
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3.6 Space Charge Experiment Using PEA

PEA experiments were carried out on the aged composite material samples at (20 and
30) kV/mm and temperatures [40 and 60]°C. The sample was subjected to the field for
3 hours at each temperature with the signal being measured at a number of selected
times.

The purpose of the experiment is to investigate the existence of space charge in the
material under high DC fields, and to characterise its high field behaviour after

ageing.

6.E-04
4.E-04 -
2.E-04 -
0.E+00
-2.E-GUE|
-4.E-04
-6.E-04
-8.E-04
-1.E-03
-1.E-03

— Peak shift
—

2.E-07 —aged
——un-aged

Significant
Difference

voltage(V) proportional to space charge

time(s)

Fig 3.28. It shows a comparison between PEA for aged and non-aged material for
E=30kV/mm and T= 60°C for 140 minutes. The measurements were taken under
identical conditions.

The results show a very significant difference from that of the un-aged material.
There is more charge (space charge) on the interface between the glass and the epoxy.
Fig 3.28 shows the difference very clearly. There is a clear shift of the bottom

electrode peak of 11ns.
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Epoxy-
Capacitive

Glass —epoxy composite
Gives q-dc similar to a
conductor

‘ ‘ Anode

Epoxy-
capacitive

Figure 3.29. The aged material thought of as two capacitor with a resistor in between

in a series configuration.

On ageing the g-dc gets faster, consequently the charge separation in the glass region

gets bigger at a given time. The PEA for the aged sample shows an increase in the

space charge.

Figures 3.30 to 3.37 shows results from sample (10) aged at (T =90 °C, E =25kV/mm)
for 87 days

Voltage(V) proportional to space charge
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Figure 3.30. Space charge measurements for 60s, at E=20kV/mm and T=40°C .
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Figure 3.31. Space charge measurements for180min, at E=20kV/mm and T=40°C.
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Figure 3.32. Space charge measurements for 60s, at E=30kV/mm and T=40°C.
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Figure 3.33. Space charge measurements for 180min, at E=30kV/mm and T=40°C.
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Figure 3.34. Space charge measurements for 60s, at E=30kV/mm and T=60°C.
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Figure 3.35. Space charge measurements for 180min, at E=30kV/mm and T=60°C.
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Figure 3.36. Space charge measurements for 60s, at E=20kV/mm and T=60°C.
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Figure 3.37. Space charge measurements for 180, at E=20kV/mm and T=60°C.

The results show that there is a large amount of hetero-charge at both electrodes that
can be seen on the first measurement after voltage application. This is similar to the
results obtained for the unaged material in 2.5.2.

The difference is that in this case the hump corresponding to space charge is bigger.

PEA signal features of the aged samples at 40 °C and 60°C and at fields of 20kV/mm
and 30kV/mm are summarized in the following tables.

Wgnimde at field | 20kV/mm | 30 kV/mm

Peak

1 -1.27 2.1 *107
2 3.23 4.7 * 107
3 -2.83 4.5 * 10
4 0.93 1.9 * 107
5 -1.19 3.7 * 10
6 3.82 73 * 10
Table 3.3

The peaks clearly increased with increasing the applied field. The magnitude of the
peak before reflection, peak 1 and peak 2 directly proportional to the field. The field
at 20kV/mm is 2/3 of that at 30kV/mm
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) position at field | 20kV/mm | 30kV/mm
1 20.09 20.09 * 107
2 30.70 39.8 * 107
3 50.52 57.2 *107
4 80.66 89.8 *107
5 100.24 100.5 * 107
6 120.24 127 *10”

Table 3.4
The peaks position did vary a little. The PEA system was serviced after the

measurements on the un-aged sample. This is could explain this slight variation in the

peak position.

PEA signal features at 60 °C

ak magnitude at field | 20 kV/mm | 30kV/mm
\EZN
1 5.5 -13.5 *107
2 23 2.9 *10™
3 22 3. *107
4 0.91 1.2 *10™
5 -1.8 -1.9 *107
6 3.1 5.0 *10™
Table 3.5
position at field | 20kV/mm | 30kV/mm

1in 107 25.0 22 * 107
2in 107 42.7 40 *107
3in 107 60.0 58 * 107
4in 107 93.60 89.8 * 107
5in 107 112.0 107 * 107
6in 107 130.21 127 * 107
Table 3.6
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Comparing the results for 40 °C and 60 °C for constant field, it is clear the magnitude
of the peaks decreases with increasing temperature. At higher temperature the charge

carriers have more energy to move and recombine.
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3.7 Differential Scanning Calorimetry (DSC):
Differential Scanning Calorimetery was used to investigate the effect of ageing on
glass transition temperature.

The samples were aged at (room temperature, 37.5kV/mm) for 168 days and (90°C,

25kV/mm) for 208 days.

The results are shown in Figure 3.38 to 3.42
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122 124 126 128 130 132

Temperature degree C

Figure 3.38. A4 temperature scan of sample (6) aged at (room temperature,

37.5kV/mm) for 168 days. Glass transition temperature is 128.1°C.
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Figure 3.39. A4 temperature scan of sample (6) aged at (room temperature,

37.5kV/mm) for 168 days. Glass transition temperature is 133 °C.
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Figure 3.40. 4 temperature scan of sample (12) aged (at 90°C, 25kV/mm) for 208

days. Glass transition temperature is 127°C.
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Figure 3.41. A temperature scan of sample (12) aged (at 90°C, 25kV/mm) for 208

days.

Glass transition temperature is 127 °C.
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Figure 3.42. A temperature scan of sample (19) aged (at 90°C, E=0kV/mm) for

237days. Glass transition temperature is 143.2°C

The results show very clearly that the glass transition temperature has moved

down with electrical ageing. This is a clear indication that electrical ageing is

changing the morphology of the material. Thermal ageing has increased the glass

transition temperature. This may be due to the effect of post curing.

A
B: Sample (12) aged at 90°C, and 25kV/mm for 208days.
C: Sample (19) aged at 90°C, and 0kV/mm for 237 days
D: un-aged sample.
A B |C D
Glass transition | 128.1 | 127 | 143.2 | 138.1
Tg°C
Table 3.3

: Sample (6) aged at room temperature for 168 days at 37.5kV/mm
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CHAPTER 4
DISCUSSION

A wide range of experiments has been performed to characterise the material before
and progressively through ageing as reported in chapter 2 and chapter 3. In this
discussion, an attempt will be made to analyse these experimental results so that valid
deductions can be made concerning the effect of high electric field on epoxy /glass
fibre composite material. The evidence relating to the processes that go on inside the
material will be examined in order to fundamentally understand the cause and effect
of these processes. The dielectric response obtained for the system will be represented
by the Dissado and Hill model [1]. The effect of ageing on space charge were
determined. The change in dielectric, mechanical, and thermal response will be
determined as a function of ageing. The main contention in this thesis is that ageing
causes delamination between the glass fibre and epoxy resin. Throughout this
discussion evidence from dielectric, space charge, DSC, DMA, and SEM will be used

to deduce facts concerning the system that will be used to support this contention.

4.1 Dielectric Response

The relative permittivity of the composite material €, was calculated to be 4.8 in
frequency range (10-100)Hz, the manufacturing specification is 4.4 at IMHz.The
difference between the calculated value and the manufacturing specification value is
due to the fact that both measurements were taken at different frequencies. The
relative permittivity goes down as the frequency goes up. This is due to the fact that at
higher frequencies it is not possible for the polarised molecule to make their full

contribution to the total polarisation, which reduces the permittivity [2].

The dielectric response of the composite material has shown a g-dc process in the

low frequency region. The process follows the constant angle phase (CPA) behaviour
where C'(@) oc C"(w) oc @ 7 [1,2,3]. A similar process was found on single and

double glass fibre mat, see section 2.6. Comparing the single and double glass fibre
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mats the only difference is the thickness, so in principle the real and imaginary parts

of the capacitance (C : ,and C //) of the single mat should be double that of the
double mat. The real and imaginary parts of the double glass fibre mat were therefore
multiplied by two and plotted together with the response of the single mat as shown in
Figure 2.14 page 2-56.

In the frequency range 1Hz to 100kHz, the real part of the capacitance is almost the
same for the single mat and 2x the double mat, and shows no real temperature
dependence. This means that in this region the permittivity of the glass fibres
contributes to the capacitance in accordance with the sample thickness. The small
deviations from exact equality that are observed are probably the result of variations

in the surface area of the fibres for the single and double mat cases.

At frequencies below 1Hz there is a frequency dependent transport process (C/ !
proportional to f* and C’ increasing with decreasing frequency) such as that observed
in the composite. It is therefore likely that the same process is involved in the two
cases. However, unlike the case of the composite the transport process is observed in
this frequency range at room temperature. The charge transport involved is therefore

easier in the mats than in the composite.

In Figure2.14 it can be seen that C” for the charge transport process is dependent on
sample thickness. Therefore it is not a process limited to the electrode. However, c’
does not come into co-incidence when the mat thickness is allowed for, i.e. doubling
the C” for the double-mat sample does not bring the two C” curves into equality. This
means that the charge transport does not contribute in accordance with the thickness
of the sample. The most probable origin of this process is therefore charge transport
around the surfaces of the fibres. These paths are tortuous and will not scale in length
with the sample thickness. The variation in the power exponent p would also suggest
such an origin, since this exponent should depend upon the tortuousity of the transport
path [3,4], which will be different for the single and double mat cases. Such an origin
would be in agreement with the greater ease of the process in the mats compared to
the composite, since in the composite the charges must move along the interface
between epoxy and glass and in the mats the interface is air and glass. If the transport

process were to be due to conduction within the fibres and inter-fibre transmission at
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contact points it is extremely unlikely that the replacement of air by epoxy resin
would reduce the facility of the process to the extent observed in the composite
sample where transport is only present above 30° C in the frequency range of the
measurement. Furthermore it is highly unlikely that the fibres have very good contacts

to allow for the charge transport to be within the fibre.

There is a general trend of an increase in C” with temperature such as found in the
composite. This indicates that the charges may be moving on the fibre surface by an
activated hopping. The nature of the charges is not known, but they may be associated
with adsorbed water vapour. The elemental analysis of the pure epoxy shows that it
contains Bromine Br. It is also possible that Br ~ is the ion whose transport provides
the g-dc in the composite. To investigate the nature of this charge, dielectric
experiment was performed on samples for various humidity levels. The results are
shown in Figure 4.1. It can be seen that the q-dc was decreased for the dry sample,
and increased for the more humid samples. This is suggesting that water molecules
are involved in the g-dc process. In the glass fibre mat there is no bromine available
for transport so the charge is most probably water molecules on the surface of the mat.
Furthermore the activation energies for this process are 1.1eV in the composite and
0.46eV in the glass fibre mat. This is further evidence that it is much easier for the

charge transport to occur in the mat than the composite.
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Figure 4.1: Shows the real and imaginary part of the capacitance against frequency
for the composite material for various levels of humidity. The symbols in the inset are
defined as follow:

0 means sample has 0% relatively humidity, the sample was left for 72 h in a vacuum
oven at 50° C.

S means the standard humidity, which existed in the sample at room temperature
(15+5)°C.

L sample was left in water for 12h.

M means sample was left in water for 24h.

H sample was left in water for 72h.

All measurements were made at 20° C.

This form of dielectric response has been associated with equivalent circuits that
exhibit self-similarity, i.e possess a scaling relationship between sub-circuits of
different size [1,3]. Percolation systems lie in this class and a model for them has
been developed [1] in the form of a scaled circuit hierarchy, Figure 4.2. Repeated
embeddings of the generator circuit, as shown in Figure 4.2 gives the macroscopic
system. The derived response [1] has a CPA form with an exponent p whose value is
determined by the arrangement of capacitors and resistors in the generator circuit, i.e.
the system geometry. The CPA behaviour corresponds to the increasingly tortuous

paths needed to achieve transport over ever-longer distances. At very low frequencies
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the conducting paths that cross the sample yield a limiting dc conductance. The
capacitance and conductance contributions to the system response are inversely
dependent upon a power of the sample thickness. These results can be interpreted on
the basis of this model if we assume that charge transport takes place on the surface of
the glass fibres, with contacts between fibres acting as blocking capacitors. In the case
of the fibre mats a direct contact to the electrode occurs and so the limiting dc-
conductance is observed. The fractional power low (FPL) response given in Figure
4.2 of [1] is very close to the dielectric response observed throughout this thesis, see
chapter 2 .The fibres will perform the same function in the composite, but now the

epoxy on their surfaces increases the activation energy for charge transport.

3/\
| ey
|_\v

@ Z():Ro

i Xo = (iwCo)™

Figure 4.2. Three embeddings of a simple scaled circuit representation of a
percolation system. Taken from [1].

A layer of epoxy resin will also block access to the electrode, preventing the
observation of a limiting dc-conductance. It is probable that the charge carriers
involved in the transport are supplied by water molecules adsorbed on the fibre
surfaces [5], though other ionisable molecular species produced during the curing

procedure may also be involved.

4.1.1 The effect of ageing on the dielectric response

The above picture allows an interpretation of the changes in dielectric response

measurements in terms of the physical changes introduced by thermo-electric ageing.
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The results from the aged samples show a consistent trend towards a bigger and/or
faster response without any significant change in activation energy, or exponent p.
This implies that the circuit geometry remains the same, but that the resistance and/or

the capacitances of the components have reduced. The time scale of the response is
scaled to that of the elemental system, i.e. 7o = CyR) = (@, )_1, so smaller R and

C leads to a shift of the response to higher frequencies This would be achieved if

some portion of the capacitive areas were to become conducting. This is just what
would happen if the epoxy became de-bonded from the fibres in some places. The
SEM analysis of the failed sample, see Figure 3.23 and 3.25, suggests that this in fact
has taken place during ageing.

The dielectric response of the failed sample showed other features in addition to the g-
dc behaviour. In part this may be due to the presence of the bored-out breakdown
channel. The activation energy plot shows two regions of behaviour: one at low
temperatures that paralleled that of the composite and one at higher temperatures that
followed the fibre mat behaviour. A possible explanation is that this response is
contributed by two systems in series. In this case the one with the largest

impedance will dominate. Thus the one with the smallest activation energy will
dominate at high temperatures, and vice-versa, the one with the largest activation
energy will dominate at low temperatures. Figure 4.3 shows an interpretation for such

behaviour

4-131



Chapter 4- Discussion

The total impedance is
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Z, 7z

In(Z)

1000/T
Figure 4.3. A model for the behaviour of a failed sample

The values of the activation energies obtained indicate that the two systems
correspond to regions where the fibre mat has become substantially de-bonded and
regions where the fibre mat is still mainly bonded to the epoxy. During the period of
stress progressive development of de-bonding between the epoxy and the fibres has
been shown to occur. Since the epoxy-fibre interface is the region where the
percolative charge transport takes place it is possible that the heating effects of local
currents may have caused the de-bonding. However, there is no sign of carbonisation
in the de-bonded regions investigated via SEM. It is possible therefore that the de-
bonding may have occurred as a result of mechanical stresses produced by interface
fields [6]; see sections 4.6 and 4.7. Alternatively the de-bonding may be the result of
differential thermal expansions of fibres and epoxy under the local temperature rise

caused by Joule heating, see section 4.8.
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4.2 Dynamic Mechanical Analysis.

The activation energy obtained from DMA is for the amplitude, while that from
dielectric spectroscopy is for the frequency. The activation energy in the DMA case
refers to the concentration of the entities that can move under mechanical stress. The
charge transport is nearly dc (q-dc) involving an activation energy of 1eV. The DMA
is similar in form, i.e. a near viscous flow. Consider a situation with fibre- epoxy
barrier (bottleneck). An ion can move from one side of the barrier to the other via a
state with 1eV of thermal energy. The number of moving segments can also be
increased under a mechanical. What might be happening is the following. Giving 1eV
of thermal energy to the material of the epoxy-fibre bottleneck allows it to move, this
would contribute to the DMA, but when it moves the ion can travel through where the

barrier was. This allows the ion to contribute to the g-dc.

The relationship would be that freeing of the bottlenecks does not allow more ions to
move, it just allow the same number of ions to move more easily. The barriers to
movement are the bottlenecks in both cases.

The DMA Technique was found to be not useful, as the machine was not working.

Consequently, it was not possible to measure the aged sample.

4.3 Space charge profile

The interpretation of the PEA signal is not simple because the material is a composite.
The mismatch between the acoustic impedances of the epoxy and glass fibre
components will give rise to reflections that may reach the detector at the same time
as other direct signals. Since the time delay is used to identify the position of the
charge in the material, some portion of the charge at a given position will be identified
as originating from deeper within the material or even as fake peaks further away

than the upper electrode.
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In the PEA experiment the composite material sample is bound and held between

plane parallel electrodes [9]. The sample consist of three layers as shown in Figure 4.4

Epoxy I 100pum
Epoxy and Glass fibre 200 pm
Epoxy 100pm

Figure 4.4. Schematic of the layers of material.

Consider a space charge in the epoxy layer as shown in Figure 4.5.

Electrode and detector

Space charge\ Epoxy

Glass
Figurd.5. Shows direct (in compression) and reflected ( in rarefaction) of the
acoustic wave generated by hitting the space charge with the pulse.
The acoustic plane wave propagating away from the detector in the epoxy is reflected
and transmitted at the epoxy/ glass interface with wave amplitude components in

accordance with the reflection coefficient p

Ty

p="n__ 4.1
Lo
™

This is from epoxy to glass

N1 1s the acoustic impedance of epoxy; 1 is the acoustic impedance of glass.
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771 = chl 4.2

772 = D2C2 4.3
D, and D, are the densities of epoxy and glass respectively, ¢; ¢, are the velocities
of epoxy and glass respectively,

Assume the transmitted signal has a magnitude E. the reflected signal at epoxy glass

interface would be E;, where
E.=pE, 4.4

Substituting the values from tablel and table2 from chapter2 gives

E, =0.6E,
The reflected signal travels in the opposite direction to the incident wave and the total

signal is the victor sum of the direct and the reflected signals.
The wave length A is of the acoustic wave is given by

c=Af 4.5
and since the pulse is 5ns long so the fundamental frequency Fourier transform is 0.2
*10° Hz and hence A=13um in the epoxy.
The behaviour of the acoustic signal is dependent on the dimension of the glass fibre
and the glass fibre spacing in the material. If the glass fibre separation is large
compared with the signal wavelength, then the signal may not experience a change in
acoustic impedance on its way to the detector. If the glass fibre spacing dimensions
are small compared with the signal wavelength the signal will be refracted, reflected
and scattered by the glass fibres. The spacing between the fibres is about 6 um. The
spacing dimensions are smaller than the wavelength, so that some of the signal will be
reflected by the glass fibres as calculated above. Some of the signal will be diffracted
and scattered. The signal wavelength needs to be smaller than 100 pm, for the signal
to be able to propagate through the material.
The PEA signal profile observed is a combination of reflected and transmitted signal
and so it is complicated.

The scattering of the reflected signal off the glass can be seen in Figure 4.6.
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Figure 4.6. Scattering of the glass fibre surface.

4.3.1 Dispersion calculation

Dispersion is the difference in time taken between the fastest and slowest signal to
reach the detector. The difference in time taken is due to the difference in the length
or in the nature of the paths taken. The PEA signal will suffer from dispersion. To
calculate dispersion, consider Figure 4.4. The slowest time is when the signal travels
all the way in the epoxy and the fastest is when it travels half of the distance in the

glass.

The maximum time taken for the signal is:

_400%107°

! max =154ns
2600

The minimum time taken is

- 200%107° . 200%107

fo. = =116ns
i 2600 5100

The dispersion At =¢,,, — i, =38ns 4.6

The effect of dispersion on the signal is shown in Figure 4.7
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The dispersion broadens the signal observed, i.e. it progressively increases the width

of the peaks originating at greater distance from the detector.

Dispersion

v

Figure 4.7. It shows the effect of dispersion on the signal

interfacel interface 2

Direct signpl
\ reflection Electrode

e

Detector
reflection of
bottom|electrode in interfacel
+interface 2
U «—>» | « > ‘¢ >
Electrode 38ns 39ns 38ns

Figure 4.8 Basic PEA signal

The method of Images for sound waves can be used to analyse the PEA signal [10]. A
source of sound on one side of the plane boundary between two extended media may
be regarded as having an image at a distance on the other side of the boundary. The
resultant effect at any point in the first medium will then be made up of the sum of the

effects due to the source and its image. The phase of the reflected wave will depend
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on the values of the acoustic impedances of the two media. Thus if a sound wave in
the epoxy is reflected from the glass as shown in Figure 4.5, the image will be exactly
similar to the source.

Consider space charge near the epoxy glass interface. The pulse acts on the space
charge producing a mechanical stress with an amplitude proportional to the density of
the space charge. In response to this, two stress waves, one in compression, and one in
rarefaction are generated in accordance with reflection coefficient as shown in Figure
4.5. The rarefaction wave will be reflected by the glass fibre and change phase and
become in compression. The time taken for the signal to reach the detector is equal to
the distance travelled divided by the speed of sound in the medium. The repetition
frequency of the pulse can go up to 1kHz .The signal to noise ratio of the
measurements was improved by taken repeated measurements. 1024 measurements
were recorded and the average taken. Consider Figure 4.8 the signal can be
explained from the calculation of the time taken for direct and reflected signals to b
received at the detector. The detector is near the bottom (negative) electrode so the
pulse from the electrode does not travel far and a sharp peak is observed. For the top
electrode (positive) the signal travels through the glass and epoxy and suffers from
attenuation, reflection and dispersion. The time taken for this signal to reach the

200 N 200
2600 5100

signal, such as reflection from interface 1 charge, and charge from interface 2.

detector is ¢ = =116ns . Other signals will be hidden underneath this

Signals may be out of phase, which lead to a further decrease in the signal amplitude.
The signal near interface 1 is a direct signal. The signal near interface 2 a reflection of
the bottom electrode in the first interface plus maybe some direct signal.

This is the picture in the PEA signal obtained. In Figure 2.21 in Chapter 2. The width
of electrode peak is increased due to dispersion, the signal magnitude is decreased due
to attenuation, and the extra part of the signal is due some space charge, reflection and
scattering. It is very complicated to compute the values for the signal. However the
signal shows some space charge accumulated near the epoxy glass interface, see
Figure 2.21.

The composite material can be modelled by a combination of resistors and capacitors

as shown Figure 4.9.
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epoxy glass epoxy

Figure 4.9. 4 circuit model for the composite material, combinations of resistors and

capacitors.

Cl C2

FElectrode Flectrode

Figure 4.10. An approximate model for the PEA response

The g-dc process charging the capacitors (the epoxy fibre bottleneck). The charge in

the material is accumulated by the charge transport process q-dc.
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4.3.2 The effect of ageing on space charge

The pulsed electro-acoustic (PEA) space charge measurements show a very clear
difference between the aged and non-aged composite material, see Figure 3.28. There
is more space charge in the aged material. It could be due to chemical traps [11] and
free volume created by bond breaking due to ageing. Considering the model in Figure
4.1. ageing may increase the speed of g-dc by reducing the time constant for charging
the capacitors. This will lead to more interface charge at the edge of the fibre layers.
The effect of this is bigger fields in the epoxy layer and lower fields in the glass fibre
layer. The space charge will enhance the electric field at the epoxy- glass fibre

interface. This is will lead to more mechanical stress leading to delamination.

4.4 DSC

The DSC results from the un-aged samples show clearly that the composite material is
not fully cured. The glass transition temperature goes up as the amount of curing time
goes up. Electrical ageing was found to decrease the glass transition temperature. This
may be due to an increase of the free volume due to bonds breaking. A glass is formed
by the loss of bulk viscosity, caused by the structure becoming rigid. Lowering the
glass transition temperature means that it is easier to reduce the rigidity. Since in
epoxy the rigidity is produce by cross-linking, lowering the glass transition
temperature implies that some of the cross-links have been broken. The effect of
thermal ageing on the glass transition temperature is quite the opposite. The glass
transition temperature was found to increase as a result of thermal ageing. This could
be due to the effect of post curing, producing more cross-linking. This is a very
significant finding, as only electrical ageing seems to create the delamination. The
delamination causes the voids that lead to partial discharge and hence electrical

breakdown and failure.
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4.5 General Discussion

The generation of the interface voids and delamination is likely to be the cause of
dielectric breakdown [7] as long as they are aligned with their long axis in the
direction of the electric field [8]. Because of the weave of the mat most such voids
will be aligned perpendicular to the field direction with a width of around 2-3um,
which is insufficient to support discharges at the fields applied [8]. At some stage,
however, such voids can be expected to join together to provide a gap in the field
direction long enough to support discharges. Once discharges can occur failure will

follow rapidly.

The thermal ageing alone did not produce the same effect on the dielectric response,
see section 3.4. The activation energy was the same as that for un-aged and for the
electrically aged. The response did not move to higher frequency as in the aged
samples. This is indicating that only electrical ageing causes the effect discussed
above.

The space charge increases the field in the epoxy this will lead to bond breaking
between the epoxy and the glass fibre creating small voids. With time this will lead to
delamination. The voids will enhance the field further and break more bonds and
create more voids. This is a positive feedback mechanism and at some stage the voids
will be coalescence and lead to partial discharge and failure.

The decrease of glass transition with ageing indicates an increase of the free volume

of the material.

4.6 Strain and expansion calculations.

To further support the argument presented here, mechanical strain and thermal
expansion calculations are presented here.

These calculations are to find approximate values for the mechanical strain resulting
from electric field E at the interface between the epoxy and the glass fibre [15,16].

The electrostatic compressive mechanical stress o is

o =1/2¢ ¢, B> 4.7
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where & is the permittivity of free space and equal to 8.854*10™*Fm™ (C°N"'m™)

&, is the relative permittivity and E is the electric Field.
The relative permittivity for the epoxy is 2.9, and 6.7 [17] for the glass at IMHz.
There are two boundary conditions; the composite can be thought of as two materials

in series or in parallel. In reality the material system will be somewhere in between.
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|
+
VC > Epoxy | Glass
B |

Figure 4.10. The epoxy and glass fibre represented by two capacitors in parallel. The
electric field is equal in both materials but the flux density will be different.

\% Epoxy

Glass

Figure 4.11. The epoxy and glass fibre represented by two capacitors in series. The
flux density is the same in both material, but the electric field will be different.

Consider the system arrangement shown in Figure 4.10. the capacitors are in parallel.

The electric field E will be the same in each material, but the flux density D will be

different.
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If the field is the same then, from equation 4.7

o (glass)/ o (epoxy) = &, (glass)/ & (epoxy) = 6.7/2.9 =2.31. The
strain in both materials will be different according to Young’s modulus Y
Y = Stress/strain 4.8
Young’s modulus for the epoxy is approximately 3GPa. Young’s modulus for the
glass is approximately 80GPa , from table 2.1 page 2-33
Y (epoxy) = stress (epoxy)/strain (epoxy).
Y (glass) = stress (glass)/strain (glass).
If we divide Young’s modulus of glass by Young’s modulus of epoxy
Y (glass)/Y (epoxy) = [stress (glass)*strain (epoxy)]/[strain (glass)*stress (epoxy)]
Substituting the values above, we have:
Strain (epoxy) = 11.5 Strain (glass).
This means the electrostatic compressive stress produces twelve times as much strain
in epoxy as in glass. This could lead to delamination in the composite. This is very
much in agreement with previous argument.
Now let us consider the system arrangement shown in Figure 4.11 in which the
electric flux is the same in both materials, but the electric field is different.

Following a similar argument.

D= ) gglass E glass 4.9

D= 505epoxyEepoxy 4.10

E & E

gglass glass — Cepoxy™epoxy

E
P 231> E =231E

epoxy glass 4.11

glass

1 2
U:E%@E

2
E glass

glass

O glass— E &oé

_ 2
Gepoxy - 5 € gepoxy E epoxy

substituting the values
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O glass = 0.4206p0xy
using Young modulus equation
Y (glass)/Y (epoxy) = [stress (glass)*strain (epoxy)]/[strain (glass)*stress (epoxy)]
Substituting the values above, we have:
Strain (epoxy)= 63.5 Strain (glass).
The stress and strain considered so far are perpendicular to the glass fibre mat
direction. A strain in the vertical direction will produce a strain in the other horizontal
direction in accordance with Poisson ratio v.

Strain (horizontal)= v*Strain (vertical)  4.12

Poisson ratio is 0.4 for epoxy and 0.3 for glass.

In the horizontal direction for the case considered in Figure 4.10
Strain (epoxy)=0.4/0.3*11.5=15.3 (strain glass).

In the horizontal direction in for the case considered in Figure 4.11.
Strain (epoxy)=0.4/0.3*63.5=84.5strain glass.

If we consider shear modulus, G

Shear modulus is sheer stress/ shear strain

E

= 4.13
201+v)

80*10°

G =27 7 -30.76*10° P
(glass) =514 0.3) :

3*10°

oy =—————=1.07*10 Pa
2(1+0.4)

Assuming a tangential electric field using the same analysis as above

For case in Figure 4.10 the, strain epoxy=12.44 strain glass, and for the case in Figure

4.11, strain epoxy =68.5 strain glass.

It can be seen that either boundary condition results in very different strains existing
in the materials. The strain is mainly in the epoxy. One would therefore expect strong

mechanical forces in the interfacial regions producing different strains in the two
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materials. This is the type of strain that would produce mechanical failure of the

interface if it is big enough.

4.7 Electric stress calculations in gaseous
cavities.

The electric stress is enhanced in voids delaminations and cavities within the
dielectric as mentioned in chapterl [12, 13, 14].

The field enhancement in cavities is highly dependent on the shape of the cavity and
its axis of orientation with respect to the applied electric field [13]. A cavity with its
axis parallel to the direction of the applied electric field produces the highest stress
enhancement.

The shape of the voids created by the mechanical stress is not known. A typical
applied voltage is 10kV, the sample thickness is 400pum so the average applied field is
25kV/mm, and a field enhancement of 1 to 100 was considered. However, the
difference in permittivity between the epoxy and the glass means that the field in the
epoxy is larger than the average value.

If the applied field is 25kV/mm, how much the field inside the epoxy

To calculate that consider Figure 4.4.

Vtotal =Vglass + Vepoxy 4.14

Vtotal = Eglass * Lglass + Eepoxy * Lepoxy

substituting the value for Eglass from equation 4.11

gives Eepoxy =1.4Eapplied 4.15
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Field inthe  Enhancement  Enhanced Stress Strain Energy per unit volume

epoxy V/m field V/im N/square m Joule/cubic meter
3.5E+07 1 3.5E+07 1.57E+04 5.24E-06 4.12E-02
3.5E+07 15 5.3E+07 3.54E+04 1.18E-05 2.09E-01
3.5E+07 2 7.0E+07 6.29E+04 2.10E-05 6.60E-01
3.5E+07 3 1.1E+08 1.42E+05 4.72E-05 3.34E+00
3.5E+07 5 1.8E+08 3.93E+05 1.31E-04 2.58E+01
3.5E+07 7 2.5E+08 7.71E+05 2.57E-04 9.90E+01
3.5E+07 10 3.5E+08 1.57E+06 5.24E-04 4.12E+02
3.5E+07 15 5.3E+08 3.54E+06 1.18E-03 2.09E+03
3.5E+07 20 7.0E+08 6.29E+06 2.10E-03 6.60E+03
3.5E+07 30 1.1E+09 1.42E+07 4.72E-03 3.34E+04
3.5E+07 50 1.8E+09 3.93E+07 1.31E-02 2.58E+05

Table 4.1. Stress strain and stored energy calculations for the epoxy.

The mechanical strain is plotted against enhancement in a log-log scale as shown in
Figure 4.13.

The electromechanical stress will create very small voids as shown in Figure 4.12,
with time these voids maybe will coalescence and align themselves in the field

direction and cause partial discharge and hence failure.

OO OO0 0000000

»
»

Figure 4.12. The small voids with time they form a bigger void as shown.

The energy per unit volume produced by the electromechanical force is calculated in

table 4.1.
1 . o
Energy = Estress strain 4.16

The bond agent used to bind the glass to the epoxy is Amino- and epoxy- silanes, a
typical bond length is 200pm.

Consider the bond volume, to calculate the energy per bond volume, assume bond
volume is 20%107° m’.

Consider, as an example, a field enhancement of 5, from table 4.1 the energy per unit
volume stored in the material is 25.8Jm™. The energy per bond is 3.22*10” eV the
energy required to break a bond is 3.5¢V. The energy stored per bond is very small
compared with the energy required to break the bond. If the energy stored per bond

were to be comparable with energy required to break a bond the material will fail
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instantly. The question is how does the bond break if the calculations show that
energy available is much smaller than the energy required to break a bond. The points
to consider are: The time scale, ageing is a progressive process, the g-dc shift to
higher frequency is a function of ageing time the longer the sample aged the more the
dielectric response shift to higher frequency. With time some bonds will acquire
enough energy to break, which in turn will reduce the modulus and increase stored
energy and with time more and more bonds will break causing voids and delamination
between the epoxy and the glass fibre.

If the g-dc is in the middle layer, which is, there will be little field there. Most of the
field will be in the epoxy glass interface. This will lead to a higher concentration of
energy near the epoxy-glass fibre interface causing bonds to break.

Only energy to break a few bonds is required so progressive build-up g-dc causing
more stress reducing the yield strength of the epoxy. This will lead to a non-linear
stress strain relationship causing plastic deformation hence voids and delamination.
There could be a statistical distribution of energy in the material causing some bonds
to have much more energy than the average energy per bond. The points mentioned

supports delmination occurrence between the epoxy and glass.

1

0.1

] *
0.01 .

0.001 + *

log(strain)
.

i L 2
0.0001 .

4

0.00001

[ 4
0.000001 ‘

1 10 100

log( field enhancement)

Figure 4.13. The log of mechanical strain against the log of field enhancement in the

epoxy.
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4.8 Thermal expansion calculations.

Now let us consider the thermal expansion effect.

The coefficient of thermal expansion for the glass is 5*10°m/m/°C at [20 —100] °C.
The coefficient of thermal expansion for epoxy is 70*10°m/m/°C at [20 —100] °C.

If the temperature goes up from 20°C to 100°C, the glass will expand by 400%10°m
/m, while the epoxy will expand by 5600*10°m/m.

The difference between the two expansions 5600%*10°-400%10°m =5100%10°m. This
difference in expansion is likely to create delamination.

The samples that were thermally aged at did not show the same response as the
sample that were electrically aged even though this calculation suggests that it should.
This could be due to two reasons. The thermal-only ageing produces more cross-
linking eliminating any effect caused by thermal expansion. Maybe that is why there

was little change in the thermal aged samples.

4.9 Binding Agents

The research program has shown ageing causes a debonding between fibre and epoxy.
This debonding creates voids and can lead to electrical breakdown.

Stronger bonding is therefore required.

The manufacturers were contacted regarding the binding agents they used. The silane-
binding agent is applied by glass supplier and the exact formulation is proprietary to

them.
The silane formulation has a large effect on the finished laminates and

for this reason, glass suppliers like to keep it secret.

Parcnelco (epoxy manufacturer) imply that Amino- and epoxy- silanes were used.
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The most effective binding agent will be a silane that contained a group similar to the
hardener for the epoxy impregnate. Since this is dicyandiamide then a silane
containing amino groups can be expected to give the best bond. However a mixture of
amino and epoxy silanes may be the best solution. In this case composition could be
varied to try to achieve the best bond.

Other points to consider

Rough glass surface gives more contact surface area, which leads to better bonding.
To try to choose material with combination of permittivity and Young’s modulus that
results in a similar strain (may depend on frequency).

Choose material in which thermal expansion are similar.

Longer and better curing.
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CHAPTER 5

CONCLUSIONS

The work carried out during the course of this study sought to accomplish a

fundamental understanding of the electrical ageng mechanism of the insulating

material, and its electrical performance as printed circuit board material. In this

chapter the main finding of this research work is reported and some recommendations

are made to the manufacturers. Some future work is also recommended.

A g-dc transport process at low frequencies was shown to occur on glass fibre
as well as in the composite material. This charge transport process was shown
to occur on the surface of the fibre along the epoxy- glass fibre interface.
Electrical ageing was found to cause de-bonding of the epoxy and fibre
resulting in interface voids. Progressive changes in the dielectric response
were observed that could be attributed to the increase in de-bonding, and
therefore provide a measure of the extent of the ageing that has occurred.
Ultimate failure is expected to be caused by discharges when voids aligned
with the field are formed by coalescence.

The main finding of the space charge measurements is that, under the same
measurements conditions, more space charge accumulated near the epoxy
glass fibre interface in the aged samples than in the un-aged. The space charge
can be trapped in traps caused by bond breaking due to ageing. The main
conclusion is that space charge measurements can be used as a diagnostic
technique to check for ageing.

The main findings of the DSC results are: the glass transition temperature goes
down with electrical ageing, the glass transition temperature goes up with
thermal ageing, and the composite material is not fully cured. The conclusions
that can be drawn out of these are: the composite material needs more curing
to increase the bonding between the glass fibre and the epoxy, electrical
ageing created free volume that causes the glass transition temperature to go

down. DSC can be used as a diagnostic technique to check for ageing.
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e Electrical ageing causes delamination that can cause voids that lead to partial
discharge, which could lead to failure. Thermal ageing at the temperatures
used ( less than glass transition temperature) had little effect by itself, doe not

have the same effect.

Recommendations

To improve the performance of the composite material the following maybe
recommended.

1. A rough glass surface will give more contact surface area, which will lead to better
bonding.
2. If materials are chosen with combinations of permittivity and Young’s modulus
that results in a similar strain (may depend on frequency). This would reduce the
interfacial delaminatiom force.
3 Similarly materials in which thermal expansion are similar would reduce interfacial
forces.
4. Longer and better curing may be advantageous.
Recommendations for assessing new composite materials

e Strain calculations.

e Ageing conditions, choice (strain, working conditions).

e Diagnostic tests (dielectric response, space charge, DSC).
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