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by

STEPHEN JOHN DODD

abstract

As part of a National Power/National Grid funded collaborative project on electrical
breakdown in synthetic resins, various non-evasive optical techniques were developed
to quantitatively characterise resin microstructure and residual internal mechanical

(RIMS) and to study the physical processes occurring during electrical tree
initiation and tree growth in the pin-plane geometry.

Light scattering measurements have been used to determine the origins and
magnitudes of the microstructure content (MC) of the Epoxy (CT200) and unsaturated
polyester rains, and in conjunction with FTIR spectroscopy, the polyester rain cure
reaction kinetics have been established.

Polarisation microscopy with the aid of an interpretive fictive force model have
enabled the RIMS to be quantified for the first time. It is shown that the RIMS
relaxes with a time constant of some four years for CT200 and polyester rains and is
associated with structural relaxation (physical ageing). The large variations of MC
and RIMS dgjend on the supplied material, preparation procedures, sample age etc.,
and have important ramifications for any study of electrical tree initiation and growth.

Light emission measurements, using phase synchronous photon counting and CCD
imaging during tree initiation and growth shows that three distinct types of emission
occur. Type A; associated with charge injection processes which may be explained in
terns of a deep trap charge recombination model. Type B; with
microdischarges as a prelude to tree propagation and Type C; associated with the
conventional partial discharge activity in growing tree channels. Electrical tree
initiation foUows slow material degradation and debonding of the metal/polymer
interface with the formation of the first microchannels.

A study of tree initiation and growth in the CY 1311 epoxy resin details some of the
many factors that influence electrical breakdown in resins. The early tree growth is
shown to be driven by the high electrical field near the pin tip, which is itself
dependent on the pin-plane electrode sqnration as well as the applied voltage.
Significantly, at least two diHierent tree growth mechanisms occur and compressive
mechanical stress acts to retard tree initiation. Tree growth may also be impectod by
high compressive or tensile mechanical stress and a region of zero RIMS may
completely passivate a growing tree.
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Chapter 1

Introduction

Crosslinkcd polyester and epoxy resins and their composites constitute the most
widely used class of thermosetting polymers in electrical insulation systems and in
service, they are required to support both high electrical and mechanical stresses for

some considerable time, possibly at elevated temperatures.

Electrical treeing is the main long term insulation failure process. Void formation at a
region of local electrical stress «ihancemoit (tree initiation), is followed by the
growth of fine erosion channels (tree growth stage) driven by partial discharges.
Once the tree structure has crossed the inter-electrode space, high discharge currents
can flow causing catastrophic failure of the insulator. Little is known of the physical
processes which lead to void formation and tree growth. However, electrical field
enhancement is likely to occur around material defects, such as voids, conducting
impurities, or moulded-in metal inserts and this enhancement drives the process.
Much of the published dau on electrical treeing breakdown uses the pin-plane
geometry to model a simple conducting defect and to produce the high electrical
fields necessary for quick tree initiation. Some of the techniques used to investigate

tree initiation and growth will be summarised below.
111. Electrical Tree Initiation Studies

Tree imtiation in synthetic resins occurs at the microscopic level beginning with the
injection and extraction of charge carriers. Direct observation of the tree initiation
stage IS therefore impossible, and because of this, the physical mechanisms leading to
tree initiation are not well understood. Many worken have attempted indirect
methods to elucidate the processes involved. Hibma and Zeller [1], have claimed to
have measured the charge injection into the resin directly. They then identify material
dependent voltage thresholds for charge injection and use this as the basis of their
field limiting space charge model. This is a very difficult technique as the charge
injected is many orders of magnitude lower than the capacitive charge with

the pin-plane electrode arrangement. Guarded pins are required, and even then, after



bridge balancing to subtract the residual capacitance, a computer deconvolution of the
measured data is required to remove additional resin polarisation effecu to recover
the charge injected into the resin. More promising investigations have used sensitive
light detection techniques to measure the light emission at the pin-tip during the tree
initiation phase before the onset of partial discharge activity. Here, the characteristics
of the light emitted with respect to applied voltage, waveform, phase and spectral
characteristics have been used to determine material degradation mechanisms that
lead to void formation and tree growth. Several electrical tree initiation mechanisms
have been proposed. Shibuya et al. [2]. suggest that hot electron collisions with the
resin matrix cause bond breakage. Bamji et al. [3]. suggest that UV
electroluminescence photo-degrades the resin at the pin-tip whilst Zeller and

Schneider [4], propose an electrofracture process.

1.2. Electrical Tree r. mwth Studies

Tree growth in transparent resins can be observed directly using optical methods.
Although essentially driven by partial discharge activity, the mechanisms of tree
growth are not fully understood. Observation of tree growth has prompted authors to
propose various models for tree extension. TTiese include, ballistic erosion of material
at the pin-tip [5J. induced electron avalanches in the resin adjacent to the tree [6] and
electroftacture of the resin [4]. The random nature of tree extension and branching
has led some. i.e. Dissado and Sweeney [7], to develop stochastic models for tree
growth, where the growth process is essentially a random process. Random
farameten that can be built into the model include charge distribution within the tree
to randomly modify the local electric field within the tree after each partial discharge
and resin inhomogeneity. A key result from this analysis is that tree branching is very
difficult to achieve unless a stochastic element is incorporated into the model. Hence,
simple deterministic models alone are unlikely to succeed in explaining electrical tree
growth. Given the wide range of tree structures that are found to occur (even with
samples made from the same material), a universal tree growth model will requite

both deterministic and stochastic elements.



Partial discharge activity is often monitored by direct measurement of the current
flowing in the high voltage test circuit [2). Partial discharge activity can be separated
from the capacitive current by filtration leaving just the high frequency components.
The characteristics of the partial discharge activity with stressing voltage

depend on the type of defect, i.e. electrical tree, voids etc. and may be useful for

diagnosing faulu in filled resin insulation where direct observation is not possible [8].

Although useful, partial discharge detection is of limited value for determining tree
growth mechanisms as it is a measure of the integrated discharge activity throughout
the tree. Spatial measurement of the partial discharge activity within the growing tree
would be far more instructive. TTiis has been attempted by very few authon. however
Shibuya [2], and Uurent and Mayoux [6] have demonstrated that this can be done by
measurement of the light emission within the tree channels using image intensifier

tubes.
U . FaetPn Influencing Tree Initiation and Growth

Previous worken studying electrical breakdown have highlighted many factors that
can influence electrical breakdown in resin materials. This has been comprehensively
reviewed recently by Dissado and FothergiU [9]. Such factors may include resin
chemistry, cure conditions and reaction completion, crosslink density, glass transition
temperature [10], resin morphology [11], mechanical and residual internal stress [12],
fracture toughness [4], temperature [13], applied voltage and frequency [14], voltage
waveform, impulse voltages, polarity reversal [15], sample geometry, sharpness of
the high voltage electrode, shape of the ground (earth) electrode [12], cleanliness of
the electrodes, inter-electrode gap, electric field enhancement [16], sample aging
[17], gas. water and oxygen absorption [18] etc. Any serious experimental study must
take these and possibly many others into account before reaching any final
conclusions. The situation is further complicated as the factors listed above are not all
mutually independent. For example, residual mechanical internal stress will depend
on resin chemistry, glass transition temperature, crosslink density, temperature etc.
and may be affected by material aging, absorption of water vapour and air. As

another example, testing say. at elevated temperatures, wUl also change the residual



internal stress, fracture toughness, and the amount of water and air absorption.
Hence, arriving at clear conclusions as to the effect of a change in one parameter is

difficult and account must be taken of the associated changes in other parameters.

The situation can be redeemed somewhat, by standardisation of the sample
preparaUon techniques and testing methodology. It is also possible to determine
quantitatively such factors as reaction completion, glass transition temperature,
fracture toughness etc. However to date, no quantitotive techniques have existed to

determine resin morphology or residual internal mechanical stress.
L 4. NP/NG Collaborative Researrh Programme

The electrical treeing failure process is of interest to the electrical generation and
distribution industries as it is a possible cause of insulation failure in electrical
machines, cables, switch-gear and gas insulated substations. Prediction of insulator
service life time, is essential for efficient servicing of insulation systems and
minimising electrical generation and supply disruption. Further, an understanding of
this process will «table the design and manufacture of insulators, (materials,
manufacture process and quality control), to be optimised for increased reliability and

maximum lifetime.

To address all this, a collaborative research programme has been set up by National
Power (NP), and National Grid (NG) to investigate electrical breakdown in resin
systems and involves a number of academic institutions. The work concmitrates on
two resin systems, CT2(X) qwxy resin (widely used in insulation systems) and
unsaturated polyester resin. Both these resin systems, have been studied exteisively
in terms of their reaction chemistry, have high optical transparency and are easy to
prepare. The majority of the work used the pin-plane electrode configuration to
accelerate in particular, the formative stage (tree initiation stage) of electrical
breakdown, requiring only moderate high voltages 5-10kV to be applied to the

sample.



As background to the work undertaken in this thesis, a brief overview of the
collaborative project, consisting of a list of collaborators and the scope of their work

is summarised below.

National Power:-

Study of partial discharge phenomena.

National Power St Bristol University:-
Numerical computer simulation of charge injection from a pin-tip into resin

insulator using the pin-plane geometry.

King’s College and National Power:-
Stochastic numerical modelling of the tree growth and relation between fractal

geometry and statistics of tree growth.

King’s College London:-
Computer simulation of physics of electrical treeing and cumulative damage.

Numerical computer simulation of charge injection using the plane-plane
geometry.

National Grid St Manchester University:-
Experimental study of tree growth in CT200 epoxy and polyester resins.
Characterization of electrical trees.

Influence of barriers on electrical treeing.

Glasgow Collage of Technology:-

Partial discharge detection, analysis and diagnostics.

City of London Polytechnic:-
Material supply and characterization.

Experimental investigation of tree initiation and growth.



City of London Polytechnic and National Power;-

Video and charge coupled device camera observations of tree growth in real

time.
L 3. Scope of the Work Undertaken at the City of London Polytechnic

In order to reduce variation in the quality and physical properties of pin-plane
samples, which may occur through slightly different production techniques employed
at the different establishments, it was decided to centralise sample manufacture at the

City of London Polytechnic.

An early objective, was to develop non-evasive optical techniques of material
characterization which would allow a quantitative assessment of the lesin
microstnicture (inhomogeneity) and internal mechanical stress to be made for the first
time. As the resins are transparent, non-evasive optical techniques were chosen
having the advantage that no special or destructive sample preparation techniques are
required that may modify the sample characteristics or make interpretation difficult.
This would then enable well characterized pin-plane samples, superior to those used
in previous studies, to be used to investigate the formative and propagation stages of

electrical breakdown in these materials.

These early objectives were then extended to develop other non-evasive optical
techniques, to investigate both the formative and propagation stages of electrical
breakdown. Runmng parallel with this, other resin systems were aty 4jjed to identify
further 'model’ resin systems to complement the study of CT200 epoxy resin and
unsaturated polyester. One such resin system, the CY1311/H1300 from Ciba Geigy

was used extensively for the tree growth study.
L6. Aims of the Work Undertaken in this Thesis

Due to the wide range of activities documented in the thesis, the aims and < of

each area of study as it appears in the thesis, are given below.



1.6.1. Resin Microstructure

Prior to this work no reliable techniques existed to quantitatively determine the
amount of microstructure present in resin materials. The aim was to develop a non-
evasive optical technique based on light scattering to quantitatively measure the
microstructure content of resin samples. This would then allow different samples to
be ranked in terms of their microstructure content for possible future electrical

breakdown studies on the effect of resin morphology.

Light scattering is a sensitive probe of the small density fluctuations that may occur
in these resin materials. It also has the advantage that it is theoretically well
understood. Having its basis in Maxwell’s equations. Mie [19] in 1909, solved the
scattering problem for isotropic spheres. The task here, once a reliable method of
measuring the angular distribution of scattered light is developed, is to invert this
data to obtain information on the nature, size distribution and concentration of

scatterers present in the resin material.
1.6.2. Residual Internal Mechanical .Stress

Residual internal mechanical stress is always present in pin-plane samples. It arises
due to resin shrinkage during cure and the difference between the thermal contraction
of the resin and metal pin as the sample cools after post cure [12]. Mechanical stress
is known to influmce tree initiation and growth, yet to date, no quantitative study has
been undertaken. The aim in this part of the work was to develop a non-evasive
optical technique to quantitatively determine the residual internal mechanical stress in

pin-plane resin samples.

Polansed light when passing through a mechanically stressed material suffers a
optical retardation which is proportional to the mechanical stress and the optical path
length. If the sample stressed homogeneously, a simple analysis of the polarised
light emerging from the sample would suffice to determine the mechanical stress,
however in pin-plane samples this is not the case and the observed c”~cal rttardation

must be related to the int~ral of the stress distribution over the t*cal path. A



method of quantitatively determining the mechanical stress distribution from optical
retardation measurements in pin-plane specimens was developed. This was then
extended to include the more general case of time dependent residual internal

mechanical stress as well as externally applied mechanical stress.

1.6.3. Optical Detection of the Light Emission during Tree Initiation

The physical processes involved in tree initiation are unclear. Before the onset of
partial discharge activity, a low intensity light emission is observed associated with
charge injection and electroluminescoice. In this part of the work, an ultra sensitive
synchronous light detection system based on photon counting techniques was
developed. An ultra sensitive photomultiplier tube and high efficiency light collection
optics were used providing an order of magnitude increase in sensitivity compared
with previous investigations. This was then used to elucidate the mechanisms
responsible for electroluminescence and to investigate tree initiation in CT200 epoxy
resin and unsaturated polyester. Recently, extremely sensitive liquid nitrogen cooled
charge coupled device (CCD) cameras have become available, offering even greater
sensitivity with the additional advantage of being able to spatially resolve the light
emission. A camera, hired from Wrights Instruments Ltd. was used to complement

some of the key results of the photomultiplier work.

1.6.4. Optical StudiM of Tree Initiatjon and Growth in r v i3ii Edoxv Resin

The aim of this section of work was to investigate tree growth in CY 1311 epoxy
resin using various non-evasive optical techniques, to identify factors which may
influence tree initiation and growth and to determine the partial discharge activity
within growing trees. Tree growth was studied over a range of stressing voltage, pin-
plane separation and mechanical stress. Partial discharge activity was recorded by

monitoring the light emission using a Peltier cooled CCD camera.



L 7. Presentation of the Work in M i Th,»««

The wide range of subject areas are arranged into a number of self contained
chapters. Chapter 2 introduces the resin materials studied and describes the cure
procedures and sample preparation. Chapters 3 and 4 concentrate on the development
of material characterization techniques.”or the determination of resin microstructure
and residual internal mechanical stress respectively. The optical investigaUon of tree
initiation in CT200 and polyester resin is described in chapter 5. Chapter 6 describes
the tree initiation and growth study using optical techniques in CY 1311 epoxy resin.
The final discussion and conclusion, chapter 7, will link all this work together and

discuss overall achievements.



Chapter 2

Materials

The two rcsm matenals used throughout this work arc the CT200/HT901 epoxy resin
system from Ciba Geigy and the unsaturated polyester resin C from Strand. A brief
description of their chemistry and cure methods are given in the following sections
During the course of this work a further resin system was utilised, mainly for the tree
growth studies. This resin system is the araldite CY1311/HY 1300 epoxy resin system
from Ciba Geigy.

Two types of pins were used, commercially available steel pins from Ogura Jewel
Co. Japan, and electrochemically etched tungsten. The manufacture technique for the
tungsten pins will be described in detail in this section along with the production of

standard pin-plane specimens and samples for light scattering.

2J. CT2QQ/HTI9Q1 Enoxv Resin .Swt«m

The CT200 epoxy prepolymer is a diglycidyl ether of bisphenol A (DGEBA) resin
which is cured with HT901 phthalic anhydride (PA) hardener. TTe chemical structure
of these two components has been examined by Stevens and Richardson [20] and are.
shown in figure 2.1. The DGEBA molecule forms hindered and rod-like diepoxidc
monomer and oligomers, with a repeat unit. n. having an average value of 1.7 and

comparable n=0 to 4 fractions.

The crosslinldng reactions, shown in figure 2.2. occur when the resin and hardener
are mixed and these have been discussed in detail by Stevens [21J. Both addition
esterification and the slower addition etherification reaction leads to branching and
crosslinldng. The addition esterification reaction consists of two steps, the DGEBA
free hydroxyl groups ring open the anhydride forming a monoester linkage and a
reactive carboxyl group before a diester crosslink can be formed. Etherification is
promoted in the presence of PA and carboxylic acid groups and little or no
etherification is observed in the pure DGEBA resin even when heated to 12(PC [22].
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2.2. Unaturatix] Polvrster Resin

The polyester resin used consists of unsaturated polyester linear molecules in styrene
monomer. Unsaturated polyesters are usually formed from the fusion of propylene
glycol, phthalic anhydride and maleic anhydride to give chain structures similar to
that shown in figure 2.3 [10]. TTre resin should be supplied containing 40% styrene
corresponding to a stoichiometric ratio of two styrene double bonds for each
polyester double bond [23]. However, in most cases excess styrene is present to
account for inefficient use of styrene and competing styrene homopolymerization
reaction. A inhibitor is usually added by the manufacturer to prevent oxygen initiated

free-radical polymerization during storage.

Addition of methylethylketone hydroperoxide (MEKP) catalyst causes a free-radical
crosslinldng reaction to take place between the polyester and styrene molecules via
their carbon double bonds. Possible chemical reactions during cure have been
reviewed by Yang and Lee [24] and are shown in figure 2.4. Crosslinldng occurs
between different growing polyester chains (intermolecular crosslinldng) either
direcUy or more likely involving styrene molecules if they are available; these
reaciions are re”~sible for macrosomie gelation. Because of the high flexibility of
the polyester chains before gelation, intramolecular crosslinks can form (cyclisation),
either direefiy or involving styrene. Styrene homopolymerization can also occur if th®
local styrene concentration is high compared with the availability of polyester double
bonds.

2.3. Material Preparari™

In order to produce resin samples with high conformity and maximum stability, a
standard cure Khedule is required which ensures a complete cure reaction. Stamlard
cure schedules for both CT200 epoxy and polyester resins will be given in section
2.3.2. Resin samples were prepared with 2 levels of purity, i) 'as received’ where the
resin and hardener were used as supplied by the manufacturer and ii) ’ultra clean’

where the resin and hardener were first filtered before use.

12






2.3.1. Material Filtration

CT200 gx)xy resin and HT901 hardener are supplied in a solid form. The HT901
hardener was first heated to 14(K: to first melt the hardener before passing through
two 0.2/tm PTFE filters. Two different filtration techniques were employed for the
CT200 resin.

a) CT200 passed through three 0.2Mm PTFE filters at 14(PC in its liquid
form.

b) CT200 resin was first dissolved in butanone at 60X2, (volume of butanone
added in ml = 1.5 x mass of crnoo in grammes). The dissolved resin was
then passed through 0.2Mm PTFE filters at «irC, then the butanone was

removed by evaporation at 80/ under vacuum.

Further details of the filtration techniques and equipment can be found in the thesis
by Perkins [25].

The unsaturated polyester resin and MEKP catalyst are supplied in liquid form. These
were filtered by passing through two 0.2Mm PTFE filters at room temperature (18 to
22*C).

2.3.2. Cure Schedules

Cure schedules for the CT200 epoxy resin and unsaturated polyester resin are given
in table 2.1. These follow Stevais and Richardson [20] and Perkins [25] for the
CT200 epoxy resin and C o «” and Stevens [10] for the polyester resin to ensure
cure reaction completion and hence, maximum stability of the cured resin. After
mixing (TT200 epoxy resin with the HT901 hardener, the mixture was degassed for
10 minutes under vacuum to reduce the possibility of microvoids in the fully cured
resin. The polyester resin was not degassed to prevent substantial styrene loss.
Experience has shown that a slow cool rate of 2.yc per hour is required to produce

the highest yield of pin-plane samples with good interfaces and to minimise internal

- 14-



mechanical stress. A more detailed description of the cure technique and reaction

vessels required are given in reference [25].

Table 2.1. CT2QQ and polyester cure scheduler

2.4. CY1311/HY1300 Eooxv Resin

Araldite CY1311 is a modiried and flexibilised bisphenol-A epoxy which is reacted
with an aliphatic polyamine hardener, HY 1300 [26]. Before mixing, the resin and
hardener are degassed for 1 hour in a vacuum oven at 40”. After mixing for 10
minutes (using a high speed magnetic stirrer), the mixture was further at
40~ for 10 minutes before pouring into preheated moulds. This procedure reduces
considerably the population of microbubbles, however, it does not completely

eliminate them. The resin is cured for 7 days at room temperature (18-22%).

2.5. Pin Supply. Manufacture and Characterization

The commercially supplied Ogura steel pins having a shank diam”er of 1mm and
pin-tip radius ranging from 2 to 5/»m, were first polished and cleaned before
characterization at National Grid PLC. Tungsten pins were manufiKtured using the

technique described in section 2.5.1. at the City of London Polytechnic. For
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characterization of each pin, the scanning electron microscope (SEM) facility at NG
PLC was used, to obtain high quality, high resolution images. All pins having

attached dirt or non-spherical tip were rejected. Pin-tip radius was measured directly
from the SEM micrographs. The characterized pins were stored individually in glass

vessels and to prevent rusting, the Ogura pins were coated with a light oil.

2.5.1. Tungsten Pin Manufacture

Tungsten pins were prepared from 0.4mm diameter tungsten wire using a
electrochemical etching technique and is based on the technique used by Shibuya [2].
The experimental arrangement is shown in figure 2.5. A 20% by weight aqueous
solution of potassium hydroxide (KOH) is floated on top of insulating carbon
tetrachloride (CCIt) in a glass vessel, such that the two layers each have a depth of
lcm. A negative electrode made from tungsten wire is positioned such that its end
extends into the CG” layer. The positive electrode, which will be etched to form the
pin, is placed into the etching solution in a similar manner but arranged such that it is
lowered slowly at a rate of 0.1mm per minute into the etching fluid using a modified
travelling microscope and electric motor with gearbox. This was done to form a

gradual tapering cone and prevent a sharp shoulder from forming near the pin-tip.

The positive electrode starts to etch as soon as the 6V potential is applied. An
amm”er in the circuit is used to monitor the current during the etching process.
Typically, after an initial surge, the current quickly settles down to between 80 and
100mA. OvCT a period of approximately 15 minutes, the current falls to around 20 to
30mA as the wire is etched, until the lower section of the wire drops off, leaving a
tip at the etching fluid surface. Once this occurs and for the finest pin-tips, the
etching current is interrupted using the switch. For pin-tips of larger radius, greater
than 0. Iftm, the etching current is allowed to continue for a 'post etch’ period before
interruption. Figure 2.6 shows the dependeixx of pin-tip radius on post etch time and
can therefore be used as a guide (with an accuracy of 50%) for producing pins

over a wide range of radius. The pins are then cleaned using distilled water, propanol
and chloroform.
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Figur« 2.6. D*p«nd«nc« of pln-tlp radius on po«t «tch tia«.
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2.6. Pin-Plane Sample Manufacture

Pin-plane CT200 epoxy and polyester resin samples were cast in seu of 10 using a
stainless steel mould as shown in figure 2.7. Small groves in the inner surfaces of
both the top and bottom part of the mould help to locate and clamp the pins in place.
Once the pins have been set in place the top and bottom parts of the mould is then
clamped together. Once the pin-plane resin samples have cured, they are individually
cut to produce standard pin-plane samples as shown in figure 2.8. For the light
scattering measurements, glass cylindrical moulds were used having an inner diameter

of 2Smm and 50mm high.

For the CY1311 epoxy resin, silicone rubber moulds were used to produce standard
pin-plane samples. This had an additional benefit of producing samples with high
optical quality surfaces without the need to polish, which is difficult due to the

rubbery nature of this material.
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Figure 2.8. Standard pin-plane sample.
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3.1. Introduction

Although controversial and contradictory, evidence for the existence of microstructure
in cross-linked amorphous resins has been found using many techniques. These
include, small angle x-ray scattering, (SAXS), small angle neutron scattering,
(SANS), electron microscopy, (EM), and light scattering, (LS), and these will be
reviewed in the next section. It has been suggested that microstructure i.e. density
fluctuations with sizes in the region IOnm to 10(X)nm in these resins can affect their
mechanical properties [21,27,28,29,30,31], however, few clear correlations have
been proved. One recent study [32], using Epoxy resin in which the preparation
procedure was modified to increase the microstructure, characterized using SAXS,
found a factor of 2 increase in the fracture toughness when the magnitude of the

density fluctuations is increased by a factor of 40.

Zeller [4], has proposed an electro-fracture process for electrical breakdown and
hence, it is conceivable that the network structure of these resins may also influence
their electrical breakdown properties. However, very few studies have been
undertaken to investigate this, possibly due to the difficulty in the characterization of
microstnicture in these resins. Stevens at al. [33], have used light scattering in epoxy
resin to explore the relationship between network structure and mechanisms of void
formation, under both mechanical and electrical stress. Most other studies on the
influence of resin morphology on electrical breakdown, for example, Hozumi et al.
[11] and Tanaka et al. [34], have used polyethylene, which is semi-crystalline, and

where the resin morphology is more clearly understood.

The electronic properties of these resins may be directly influenced by microstructure
[35], which can affect electrical conduction and charge trapping processes.

Microstructure will also control free volume, voids or areas of low crosslink density
which may act to increase the mean free path of charge carriers in these regions and

enhance the effect of electrical erosion processes [36].
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In order to be able to confirm or refute these assertions, quantitative methods of
microstructure characterization will be required. In this chapter, a quantitative
method for determining the microstnicture content of these resins will be described,

using light scattering techniques.
li.l. Evidence for Microstructure in Synthetic Resins

Most evidence for microstnicture in cross-linked resins has come from EM studies of
etched or un-etched fracture surfaces or surface replicas. Mijovic and Koutsky [37]
using transmission EM, Aspbury and Wake [38] using EM, and Gupta et al. [39]
using scanning, transmission and scanning transmission EM, have shown that a
nodular structure exists on the surfaces of epoxy resins, with a nodule size generally
in the range 10-100nm. Gupta et al. [39], have also shown a correspondence of
nodule size with resin stoichiometry and that these nodules are attributed to regions
of higher cross-link density dispersed in a lower cross-link density matrix. Stevens
[21] claims to have seen this also. Yang and Lee [40] using scanning EM, observe
microgel particles of sizes between "xmand IO/xm in unsaturated polyester resin,

with differing styrene-polyester molar ratios.

Dusek et al. [41], has compared the nodular structure that appears on fracture
surfaces using EM with bulk measurements of the microstructure using SAXS. They
find that the nodular structure of DGEBA epoxy with hexamethylenediamine curing
agent (chosen for iu homogeneous reaction chemistry), is similar to that of PMMA
or polystyrene, having a nodule size 20-40nm. The SAXS results were found to be
consistent with thermal density fluctuations, but at lower scattering angles the excess
scattering is consistent with inhomogeneities of colloid dimensions (- 1(X)nm).
However, swelling in a solvent of lower electron density was found not to increase
the low angle scattering and it was concluded that the physical structure of the epoxy
resin does not essentially differ from that of common amorphous polymers artd are
therefore essentially homogeneous. Matyi et al [42], using SAXS on epoxy resins,
has found a similar low angle excess scattering consistent with inhomogeneity sizes
up to 4(X)nm. They also note that the SAXS results are inconsistent with TEM

observations of the concentration and size of nodular structure. Uhlmann [43], has
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suggested that this inconsistency may be due to imaging of surfaces at high
resolution, leading to a ’pepper and salt’ structure, similar to the speckle observed in
laser light. Defocussing of the electron microscope leads to a change in the scale of

the ’salt and pepper’ structure.

Wu and Bauer [44], have used SANS to elucidate the network structure of partially
deuterated DGEBA epoxy resins cured with di and tri-amines. They find evidence for
intra-network correlation and hence, network structure. However, Bai [45] using
DGEBA resin cured with deuterated di-amine, found that the crosslinks are

distributed uniformly throughout the epoxy network.

Few light scattering studies of microstructure in cross-linked resins have been
undertaken. Bogdanova et al. [46] using LS and epoxy resin, found that the scattered
light increases during cure, due to a inhomogeneous cure reaction. The extent of the
inhomogeneities depend on the cure chemistry and cure temperature, having values
ranging from 40 to 100nm, which correlate with inhomogeneity sizes obtained from
EM observations. Stevens et al. [47], using LS, have shown that molecular
aggregates exist in unreacted CT200 and CY207 epoxy resin with sizes up to 70nm.
The molecular aggregate size, number and stability are related to the
epoxide/hydroxyl ratio of the resins and the degree of intermolecular hydrogen

bonding.
11.2. Formation of Network Structure

Formation of network structure in crosslinked resins has been extensively reviewed
by Stevens [21], For an ideal network, random inteimolecular crosslinldng occurs
during cure. With increasing degree of branching, the molecular weight distribution
broadens and at the gel point, an infinite network forms extending over the
macroscopic dimensions of the sample. If the reaction is able to continue beyond the
gel point, the unreacted monomer will become attached to the infinite network as the

reaction proceeds to completion.
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In the case of real networks, structural imperfections or defects may exist ranging
from local network configurational order at the molecular level, up to the
macroscopic dimensions of the sample. Dusek and Prins [48], have identified four
basic types of defect which will result in the formation of network structure. These

are,

i) pre-existing order in the uncured materials,

ii) network defects such as unreacted functional groups, loop formation and

permanent chain entanglements.

iii) inhomogeneous network formation due to an inhomogeneous cure reaction,

iv) Phase separation.

Of these, pre-existing structure and inhomogeneous network formation are likely to
be the most important for the two crosslinked resin systems, CT200 epoxy and

unsaturated polyester under study in this work.

Stevens et al [47], using LS have found evidence for pre-existing order in unreacted
CT200 epoxy resin, (see previous section). Zimm et al. [49], Dusek et al. [50] and
Funke [51] have suggested that intramolecular reactions are favoured during the early
stages of the cure of unsaturated polyester resins, due to the high flexibility of the
growing polymer chain. Intramolecular cyclisation occurs at the onset of the free
radical co-polymerisation reaction, leading to the formation of compact internally
crosslinked particles (microgel). Microgel formation continues until macroscopic
gelation occurs. This inhomogeneous reaction therefore results in a network with non-
uniform network structure. This process is unlikely to occur in CT200 due to the

rigidity of the DGEBA monomer chains.
Network structure may form due to insufficient mixing of the pre-cured resin

components. Ghaemy et al. [52], using ultra violet microscopy on amine cured

epoxy, have shown that inadequate mixing can lead to locally high amine
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concentrations and incomplete crosslinking. Bell [53], found that increasing the
mixing effectiveness of amine cured epoxy, decreased the size and number of nodules
observed on fracture surfaces using EM. A corresponding increase in the glass

transition temperature and ultimate tensile strength was also found.

L 1.3. Use of Light Scattering Techniques

The existence of local variations in the density and therefore in the refractive index of
these resins, will scatter light out of the incident light direction. Measurement of this
scattered light, coupled with a knowledge of theoretical models for the light scattering
process will enable information on the physical structure of the scattering entities to
be elucidated. A method of microstructure characterization using light scattering
techniques will be described in the following sections. This technique will then be
used to assess and characterize the microstructure present in CT200 epoxy and
unsaturated polyester resins and to determine the origin of the observed

microstructure.

3.2. Lieht Scattering Theory

Only those theories, namely Rayleigh and Mie theory which are directly related to
this work will be given here. Derivation from the basic principles will not be given

as excellent reviews already exist in the literature [54,55,56,57].

An account of Rayleigh and Mie Theory is given in appendices 1and 2 respectively.
It is also necessary to define the scattering parameters such as scattering angle,
polarisation etc. which are related to the actual light scattering apparatus used. These

are shown in figure 3.1 below.

The scattering plane is defined by the plane in which the detector arm moves and is
the horizontal plane. The scattering angle, 8, is the angle between the direction of the
incident light and the position of the detector arm. The incident light polarisation

direction is vertical and hence perpendicular to the scattering plane. The x and y axis

- 24 -



define the observation plane, the detector aperture at this surface measures the

unpolarised scattered light intensity.

3.2.1. Applicabilitv of Ravleieh Theory

Rayleigh theory (as described in appendix 1) is only valid for scatterer sizes up to
X\20, where Xis the wavelength of the incident light. This will not be applicable for
the analysis of the light scattered from resins which may have inhomogeneity of sizes
up to I/xm or more. However, Rayleigh theory accurately describes the scattering
from liquids and hence, will be used for the calibration of the light scattering

equipment.
3.2.2. APPlicabilitV of Mie Thnry

Although Mie theory (as described in appendix 2) is exact for homogeneous spheres
of arbitrary size, it would be unrealistic to assume that such entities exist as
microstructure in crosslinked resins. In real systems, the relative refractive index is
likely to vary over the spatial range of the microstructure. In addition, they may also
be non-spherical in shape and have random orientation. A complete review and study
of the applicability of Mie theory for the situation described above, would be a

project in its own right and therefore lies outside the scope of this work. However,
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some evidence exists in the literature, suggesting that Mie theory can be used to

approximate to this non-ideal situation and these will be summarised below.

The solution of Maxwell's equations for homogeneous spheroidal particles have been
formulated by Asano and Yamamoto [58], Asano and Sato [59] computed the light
scattering behaviour for randomly orientated spheroidal particles and found that the
scattered light in the forward direction (scattering angle less than 70») is comparable
to that of equivalent area spheres, calculated using Mie theory. In the case of a
polydisperse collecrion of scatterers, the scattered light envelope will be dominated by
the individual intense forward scattering lobes of the individual scatterers, this
suggests that Mie theory should give a reasonable approximation. Also, Holland and
Gagne [60] and Pinnick et al. [61], have shown experimentally that for monodisperse
and polydisperse, randomly orientated collection of non-spherical particles, Mie

theory can be used as a good approximation, particularly for particles with a size

parameter less than 5.

U . Experimental Arrangement

A schematic of the light scattering measurement system is shown in figure 3.2, and is
based around a light scattering goniometer capable of measuring the scattered light
intensity over an angle range of 10° to 105» in the horizontal scattering plane. The
system was developed to allow simultaneous mechanical or electrical stressing of the
sample whilst taking light scattering measurements. For a more complete description
of the light scattering measurement system, see reference [25]. The sample sits at the
centre of the scattering cell which is filled with index matching fluid of the same
refractive index os the sample to reduce spurious reflections at the sample surface.
The light source is a IOmW HeNe laser of wavelength 632.8nm and its polarisation
set vertically. The scattered light collection optics consist of two 0.6mm pinholes
separated by 300mm, and defines a scattering area of 0.2mm x 0.2mm at the
scattering volume. Two photomultipliers, one measuring a fraction of the incident
light intensity and the second™ mounted on the goniometer arm measuring the
scattered intensity. A two channel Brookdeal 5C1 photon counter was used to

simultaneously count photons detected at the two photomultipliers over
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Expariaantal Arranganent.
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an adjustable time interval. A Research Machines 380Z microcomputer controls the
system, setting the detector arm angle using a stepper motor and potentiometer, and

recording intensity measurements at these angles from the photon counter.

3.3.1. Data Collection and Calibration

Date collection is fully automated, the computer program written for the 380Z allows
the initial, final and total number of scattering angles to be set. It also allows a set
number of intensity measurements to be taken at each scattering anglers© that mean
and standard deviation values can be calculated at each angle. A further feature of
this program is that a whole set of angular intensity measurements can be repeated a

set number of times.

The only other control on data collection is the photon counter integration time
over which it counts photons from the two photomultipliers. This has to be long
enough so that a reasonable number of photons are detected for each measurement
such that the statistical error associated with photon counting (standard deviation =
square root of the total number of photons detected) is acceptable. Given the low
intensity of scattered light, a count time of at least 10 seconds is found to be

necessary.

In this work, light scattering measurements were taken over the angle range 20" to
100“, with a total of 32 angles. The lower angle limit of 20* was chosen so that
surface scattering, and scattering from foreign bodies in the index matching fluid do
not contribute to the measured scattered intensities. Data is automatically stored on

floi*y disk for later data analysis.

Calibration of the light scattering measurement system is described in appendix 3.

Standard liquids with known light scattering properties were used.
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3.3.2. System Appraisal

The scattering by solids of highly coherent laser light, reveals the existence of
speckle in the scattered light which has the effect of superimposing noise on the
measured data. With no speckle reduction technique employed, the signal to noise
ratio of the measured data could be as low as 1:1. A technique to reduce the speckle
noise and increase the signal to noise ratio to 10:1 was developed and is described in

appendix 4.

Before using the light scattering system to measure the scattered light from resin
samples, some tests were performed to ensure correct operation of the system. Figure
3.3, shows the measured scattered light intensity with angle for toluene. Over the
angle range 20° to 100°, the scattered light is isotropic as expected and no peaks due

to spurious reflections of the incident light are observed.

Light scattering measurements were taken on dilute aqueous solutions of polystyrene

latex spheres of known diameter, refractive index and concentration. Using the
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technique described in section 3.4.1 to fit theoretical data for a single size scatterer
(using Mie theory) to the measured data, the size and concentration of the polystyrene
spheres may be determined. The results are shown in table 3.1 together with the
diameter given by the manufacturer and concentration determined assuming that the

measured size rather than the manufacturer’s size is correct.

Good agreement is found for the concentration of scatterers. However, only for the
Sigma 0.33Mm spheres was good agreement found in the scatterer size. For the
Polyscicnces spheres, large differences are found between the manufacturer’s size and
that found from light scattering measurements. To investigate this, scanning electron
micrographs were obtained for the Sigma 0.33/im spheres and the Polysciences

0.77/im spheres. The sizes (diameters) obtained from the micrographs are given in
table 3.2 below.

The scanning electron microscope measurements agree with the sizes obtained using
light scattering and therefore cast doubt on the sizing technique employed by the
manufacturer. These results therefore confirm the calibration of the light scattering
system.
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3.4. Data Analysis and Computation

Light scattering measurements for three different CT200 epoxy resin samples are
shown plotted against scattering angle in figure 3.4. Although the intensities of the
scattered light differ significantly, the shape of the light scattering envelope is similar
for all three samples. Also noticeable is a lack of lobe structure indicating that a
distribution of scattercr size exists. The scattered light intensity is observed to
increase sharply at angles less than 30° suggesting that scatterers of size greater than

1/im are present.

Many different techniques of inversion of the measured scattered light to determine
size, concentration, size distribution of scatterers etc. have been used by various
workers. These include least squares fitting [67,68,69], the Phillips-Twomey
inversion method [70,71,72] and the Backus-Gilbert inversion method [73,74].

Least squares fitting is perhaps the most useful. Although an a priori assumption of
the size distribution is required, the comparison of the fitted sum of squares allows
decisions to be made as to the most likely size distribution or family of distributions
compatible with the measured data and experimental error. This technique has a
further advantage in that an estimate of the error (standard deviation) of the fitted

parameters can be obtained.

Both the Phillips-Twomey and Backus-Gilbert inversion methods do not rely on an a
priori assumption of the size distribution. A comparison of these two techniques by
Chow and Tien [72], reveals that the latter method gives solutions which are not as
stable as the former method and hence the Backus-Gilbert method was not considered
further. In use. the Phillips-Twomey method (using tight scattering measurements
from resin samples) allows solutions involving negative concentrations. To overcome
this, it is necessary to pre-weight the theoretical Mie data which is equivalent to
assuming a size distribution. Hence, this technique offers no real advantage over the

method of least squares and was not considered further.
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Figure 3.4 Scattered Light from 3 Different CT200 Resin
samples.
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The method of least squares was therefore chosen to invert the light scattering
measurements and to obtain information on the size and concentration of scatterers.
Three different size distributions were considered, single size, normal distribution and
log-normal distribution. These will be considered in the following sections along with

the value for the relative refractive index of the scatterer.

The computation of the Mie formulae require some care to prevent round-off errors
from accumulating and yielding erroneous results. The techniques followed are given
in appendix S.

The method of least squares along with the procedure for estimating the errors in the

fitted parameters are given in appendix 6.

374.1. Fitting a Single Size of Scatterer

The scatterer diameter and concentration (cm ’) was chosen as parameters in the least
squares fitting analysis. Mie theory was used to compute the theoretical data to be
compared with the measured data. The relative refractive index of the scatterers is

chosen at the start and remained fixed during the analysis.

For a known scatterer relative refractive index, as is the case with the aqueous
solutions of polystyrene latex spheres, the analysis program directly determines the
size and concentration of scatterers present. This has been successfully used to
confirm the calibration of the light scattering measurement system (see section
3.3.2).

For samples with unknown relative refractive index, repeated analysis for a range of
relative refractive indexes, will yield different values for the fitted Xx The
correct value for the relative refractive index may then be identified from the lowest
value of x’. This will only be true however if it is known that all the scatterers
present in the sample have the same diameter. Plotted in figure 3.5 is the fitted sum
of squares against relative refractive index for CT2(X) epoxy resin sample P108. A

minimuns observed in the fitted sum of squares, having a minimum value of
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approximately 200, at a relative refractive index of 0.66 which is close to that of a
void (0.629). This would seem to suggest that the scatterers present are voids all of a

single size.

3.4.2. Fitting to a Size Distribution of Scatterers

Microstructure in synthetic resins is likely to Kavc. a distribution of scatterer
sizes. For instance, Stevens [21], has found using SEM that the inhomogeneities in
CT200 epoxy resin have a log-normal size distribution with a modal diameter of
150nm and inhomogeneity sizes up to 400nm were observed. To allow for this, the
analysis program was modified to take into account different size distributions. Two
distribution functions were considered, normal and log-normal.

The normal distribution function [54] is defined as

P -(a-a)’
(a) »on .1
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where a is the effective diameter of the scatterer, i is the mean scatterer diameter and
a the standard deviation. The pre-exponential factor normalizes the expression such

that

fpia) da 3.2

In order to allow for a concentration variation, the distribution function is modified
by including a factor C, representing the total number of scatterers in the distribution,
as shown below.

N(a) .exp '(az'oi"l)/\ G.3)

Similarly, the log-normal distribution function [54] is defined as

N(a) - A .exp (loga-1loga,,)"
(2n) '~Mo”a 20!

G-9

where log(aJ is the mean value of log(a) and a. is therefore both the median and the
geometric mean value of a. <, is the standard deviation of log(a) and is termed the
geometric mean standard deviation. The mode a,,, median a., and the mean a, of the

distribution are related to the geometric mean a,, by, [54],

Ln a, Lna.-ai, (3.5)
Lna,, ¢ Lna . (3.6)
Lna » Lnag+0.SOg. @G.7D

Equations 3.3 and 3.4, along with Mie theory can be used to obtain theoretical light
scattering data for scatterers with a distribution of sizes, to compare with the
measured data using the method of least squares. The range of scatterer sizes that

needs to be considered in the analysis is limited by both Mie theory and the angle
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range of the measured data. Mie theory shows that the scattered light is essentially
isotropic for scatterer sizes below 0.1/im diameter. As the scatterer size increases,
more of the incident light is scattered into a lobe in the forward direction i.e. in the
low angle range. The angular width of this lobe decreases with increasing scatterer
size. Light scattering measurements are taken over the angle range 20*to 100° and so

the largest scatterer diameter that can be considered in the analysis is LSm.

The theoretical data for a distribution of scatterer sizes is calculated by computing
from Mie theory, the scattering envelopes for a range of scatterer diameters, 0.01/im
then 0.1/xm to 1.3/im in O.I"m steps, for a given relative refractive index. Each of
these, is then multiplied by the corresponding value of the distribution function, N{a),
for the given values of the distribution parameters, before summing each of the now

weighted scattering envelopes. This procedure is shown mathematically below.

1.3nx

10016202 M@ L @G.S)

where 1. is the theoretical data for the distribution of scatterer size for each angle $,
and Ifc are the individual scattering envelopes for each of the scatterer diameters, a,

ranging from 0.01>»m to 1.3/im.

The two fitting parameters used in the least squares fitting analysis were the
concentration parameter C (cm’), and the geometric mean standard deviation,
henceforth called the *width’ parameter. For the normal distribution analysis, the
relative refractive index and the distribution mean diameter were fixed at the start of
the analysis. By repeated analysis using different values for these two values, and

comparing the fitted sum of squares, estimates of their real values can be made.

For the log-normal distribution, the relative refractive index and the modal diameter
of the distribution are fixed at the start of the analysis. Preliminary analysis using the
log-normal size distribution on CT2(X) and polyester data, and by comparing the
fitted sum of squares, has shown that the modal value must be less than 0.01/tm for
the distribution to be compatible with the measured scattered light data. As the light
scattering envelopes of scatterers less than O.Ol/tm are isotropic, no further

information can be gained and so the model value of the distribution was fixed at
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O.0lMm in all subsequent analysis. This value is also consistent with other light
scattering studies [47] on CT200 resin where hydrogen bonded aggregates were

observed of approximately this size.

Figure 3.6 shows the variation in the fitted sum of squares for a log-normal
distribution of scatterers plotted against relative refractive index for CT200 sample
Pill. A minimwin the fitted sum of squares is obtained, having a value of 48, for a
relative refractive index of approximately 1.0Olj the actual value being difficult to
gauge as no sharply defined mininmmexists. Similar results are found for the polyester
resin. However, this method of analysis suppoits the hypothesis that the scatterers
present are inhomogeneities having a log-normal size distribution, rather than voids

all of a single size, see section 3.4.1..

log-normal distribution - sample pi 11

RELATIVE REFRACTIVE INDEX

Fi%ure 3.6 _Fitting Results for a Log-Normal Distribution of
Inhomogeneities.

If a normal distribution of inhomogeneities of relative refractive index 1.01 is fitted
to the same experimental data (CT200 sample Pill), a minww.is obtained in the
value of the fitted sum of squares, of value 130, when the mean size of the
distribution is zero, as shown in figure 3.7. The fitted standard deviation of the

normal distribution was found to depend on the mean value, preset at the start of the
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analysis. For mean sizes above 0.6S|tm, the fitted standard deviations have values of
approximately 20/<m, corresponding to a flat distribution where all the scatterer sizes
considered in the analysis have similar populations. The fitted standard deviation
parameter tends to zero for a distribution mean size of 0.3/im, corresponding to a
monodisperse distribution of inhomogeneities. At the sum of squares minimum,

(distribution mean value of zero), the fitted standard

deviation has a value 0.14/<m. Considering just the positive sizes in the distribution,
the fitted distribution approximates to the fitted log-normal distribution but having a
higher fitted sum of squares value of 130. Fitting a normal distribution of voids,

having a relative refractive index of 0.629, a similar result is obtained, but having a

sum of squares minima of 104.

Comparing the fitted sum of squares values, for all data analysis methods, it is found
that the log-normal distribution of inhomogeneities gives the best fit to the measured
scattered light data. Subsequent analysis on all resin samples will use this method of

analysis in order to characterize the microstructure in these resins.
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Values of the relative refractive index and modal value of the distribution were fixed
to 1.01 and O.Ol/im respectively for all samples in order to standardize the
characterization procedure, as from Mie theory it can be seen that small changes in
the relative refractive index, lead to large changes in the scattered intensity.
However, the shape of the scattering envelope is fairly insensitive to changes in the

refractive index.

The measured and fitted light scattering envelopes for CT200 sample Pl 11 are plotted
in figure 3.8, showing the good agreement obtained when fitting to a log-normal
distribution of inhomogeneities. The fitted log-normal distribution for polyester
sample RC7 is shown in figure 3.9 along with the calculated 68% and 95%
confidence limits. The logarithm of the concentration (per cm’) is plotted against the
inhomogeneity diameter to show the large range of concentration for the individual
scatterer sizes in the distribution. In figure 3.10, the fitted log-normal distributions of
8 consecutive measurements of the scattered light were taken at various positions
within the sample. The spread in the 8 fitted distributions, is approximately the same

as the 95% confidence limits shown in figure 3.9. This suggests that the analysis
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procedure is repeatable and that the microstructure concentration and size distribution

does not change significantly within different regions in the sample.
L4.3. Microstructure Characterization Procediirt®

A log-normal size distribution is fitted to the measured scattered light envelope as
described in the previous section along with the error analysis to determine the

standard deviation in each of the fitted parameters.

In order to obtain a figure of merit describing the amount of microstructure each
sample contains, the following procedure was adopted. For each fitted log-normal
distribution, the area under the distribution curve is calculated over the size range
0.25iim to 1.S”m. The figure obtained, here after called the 'microstructure content’
corresponds to the number of scatterers per cm* present within this size range. The
lower limit voos set due to the uncertainty in the distribution below 0.2/im. This
uncertainty is due mainly to the isotropic scattering behaviour of the small scatterers
(less than 0.1/im) and the arbitrary choice for the modal value of the distribution.

The upper limit set by the largest scatterer size used in the analysis.

Errors for the microstructure content (number of scatterers present per cm’, of sizes
between O.ISfim and 1.3/im), are calculated by taking into account the standard
deviations in the fitted distribution parameters, 65% confidence limits were

calculated.
IS. CT2QQ Epoxy Resin Characterization Results

Light scattering measurements were obtained for a number of 'as received' and ’ultra
clean’ CT2(X) samples. Filtration of the uncured resin (for the ’ultra clean’ samples)
followed the two techniques described in section 2.3.1., i.e. with or without the use
of butanone. The uncured resin of two of the “as received’ samples were subjected to
a special treatment. For these two samples, the unfiltered resin was dissolved in

butanone which was then evaporated from the resin at 8(XX.
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Additional light scattering measurements were taken on the uncured resin in order to
determine the origin, type and amount of microstructure found in the various cured
resin preparations.

3.5.1. Fully Cured CT200 Eooxv Resin

The fitted log-normal distributions for the ’as received’ samples are shown in figure
3.11, the distributions labelled B refer to the butanone treated samples. The fitted
distributions are very similar and the butanone treated samples having the higher
microstructure concentration. The log-normal distributions for the ’ultra clean’
samples are shown in figure 3.12. A wide range of microstructure concentration is
found for these samples. The distributions labelled U refer to samples prepared

without using butanone.

The characterization results for the fully cured CT200 samples are given in table 3.3
below. Tabulated are the preparation procedure, the fitted width and concentration
parameters of the log-normal distribution and the microstructure content (the number
per cm’ of scatterers between 0.25/im and 1.3#xm in size). Two or three light
scattering measurements were taken on each sample and the analysis results for each
are given. The samples are ranked in increasing values for the microstructure
content. The amount of microstructure can vary by up to 2 orders of magnitude
depending on the sample preparation technique. Repeated measurements of the
microstructure content on the same sample agree within the calculated 65%
confidence limits, whilst the fitted log-normal width and concentration parameters do
not. This suggests that the characterization technique is stable, the width and
concentration parameters compensate each other such that the calculated
microstructure content agrees from measurement to measurement. Hence the
characterization technique is not significantly affected by measurement error such as

the speckle noise on the scattered light data, (see appendix 4).
The ’as received’ samples have similar microstructure content having values in the

range 8.5x10° to 1.0x10* cm™. The ’as received’ resins treated with butanone,

(AR-I-B), have a higher microstnicture content than the ’as received’ samples and
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AS RECEIVED CT200 SAMPLES

Figure 3.11 Fitted log-normal distributions for the fully
cured "as received®” CT200 samples. B - resin butanone treated.
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suggests that the butanone treatment increases the microstructure in the uncured resin.

The ’ultra clean’ samples show considerable variation in their microstiucture content.
The ’ultra clean’ samples with the lowest microstructure content, P124 and P125,
were prepared by filtration at 140°XT without butanone. These results again suggest

that butanone is involved in the formation of microstructure.

3.5.2. Formation of Microstructure in CT200 Enoxv Resin

In order to investigate when and how the microstructure forms during the preparation
of the samples, light scattering measurements were made on the uncured rusin at
different stages of the ’ultra clean’ preparation technique. This was then repeated

using a fresh batch of “as received’ material.

Light scattering measurements were taken at 3 stages of the preparation of the pre-

cured resin.

A) The ’as received’ resin.

B) After filtration of the resin through 0.2/xm filters at 14<yc.

C) The resin from stage B, after filtration through 0.2/im filters using butanone as a

solvent and removal of the butanone at 8(TC.

The microstructure content measured at the three stages are given in table 3.4 below.
Label (1) refers to the original and (2), repeat measurements on fresh ’as received’

resin.

The ’as received’ pre-cured resin has microstructure content (1.4 x 10*cm’)
comparable to the fully cured ’as received’ samples (9 x 10’ cm ) if the volume of
hardener is taken into account. After filtration at 140~ without butanone, the
concentration of microstructure drops by approximately two orders of magnitude,

indicating that
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TABLE 3.4 Microstnicture at Various Stapes of Resin Prenaratinn

filtration can remove most of the microstructure present in the 'as received’ resin.
After filtering the resin at 80°C using butanone, the microstructure increases to the
level found in the ’as received’ material (1.4 x 10* cm’), and for the repeat
measurement, approximately one order of magnitude greater than this (2.2 x I0*
cm’).

In order to determine whether any additional microstructure forms during the cure of
the CT200 resin, light scattering measurements were taken on uncured resin which
was filtered without butanone. The same filtered resin was then cured by the addition
of filtered hardener, and light scattering measurements taken on the cured sample
(P125). The characterization results are given in table 3.5. During the cure of the
resin, the microstructure content was found to increase by a factor of approximately
3, suggesting that some microstructure forms during resin cure. However, the
microstructure content found in the fully cured sample P124, see table 3.3, has a
microstructure content similar to the filtered resin, and so microstructure formation
during cure is not conclusive. This increase is small compared with the

microstructure concentration found in the ’as received’ samples.



3.5.3. Discussion

Light scattering measurements taken on the uncured CT200 resin showed that
significant microstructure exists in the 'as received’ resin supplied by the
manufacturer. Microstnicture greater than the pore size of the filter could be removed
from the resin by filtration, suggesting that the microstructure is of a particulate
nature. It was found that microstructure could reform when the butanone solvent nws

removed from the resin at 8(rc after filtration.

It is concluded that this microstructure is due to the formation of microgel during the
removal of butanone. It is suggested that microgel particles form by
homopolymerization of the resin with the butanone acting as a catalyst at 8CTC. The
butanone, through hydrogen bonding, may facilitate opening of epoxide rings of the
DGEBA molecules, allowing etherification reactions with DGEBA hydroxyl groups.
Etherification of the pure resin is found not to occur even when the resin is heated to
120°C [22].

The fully cured 'ultra clean’ samples filtered using butanone were found to have
microstructure concentrations which varied by up to two orders of magnitude. The
amount of microstructure was found to depend on the length of time and temperature
of the butanone removal. Of these samples, the lowest concentration of
microstructure was obtained if the majority of the butanone was removed at room
temperature. Only when most of the butanone was removed, was the temperature
increased to 80°C. The 'ultra clean' samples with the highest concentration of
microstructure were obtained when the temperature was carefully maintained at 80°C
throughout the butanone removal. For the other 'ultra clean’ samples, where
butanone was used, evaporation of the butanone caused the temperature of the resin
butanone mixture to drop (depending on the rate of evaporation) and therefore to
suppress  microgelation. This is consistent with a thermal activated etherification
reaction and explains the large variation observed in the microstructure concentration

in these samples.



To prepare ’ultra clean’ samples with the minimum amount of microstructure it was
found necessary to filter the resin at 140“C without butanone. The two butanone
treated ’as received’ samples showed an increase in the amount of microstructure

compared with untreated ’as received’ samples, supporting the above conclusions.

Comparing the amount of microstructure present in the ’ultra clean’ uncured resin
(filtered at 140°C without butanone), with the same resin fully cured, suggests that
some additional microstructure may form during the cure reaction. The amount of
additional microstructure formed is small and much less than that present in the ‘as
received’ samples. The microstructure in these samples is therefore due primarily to
pre-existing microgel in the uncured resin supplied by the manufacturer. The origin
of this microstructure must be in the resin manufacturing process employed by the

manufacturer and probably results from etherification crosslinking reactions.

3.6. Unsaturated Polyester Resin Characterization Results

Light scattering measurements were taken on a number of fully cured ’as received’
and ’ultra clean’ polyester samples. As this particular resin cures at room
temperature, it is possible to take light scattering measurements at all stages of the
resin cure. These results, along with results from the measurement of the reaction
kinetics using FTIR techniques, refractive index and gel point, will be used to explain

the origin, type and amount of microstructure found in the various resin preparations.

3.6.1. Fully Cured Unsaturated Polyester Resin

The log-normal inhomogeneity distributions obtained for the fully cured ’as received’
polyester samples are shown in figure 3.13. Two distinct distributions are obtained.
Those labelled (1), the earlier samples, have less microstructure than the latter
samples labelled (2). The difference is due to a different batch of resin being used in

the sample preparation.

The ’ultra clean’ samples have similar log-normal distributions as shown in figure

3.14. They have less microstructure than the ’as received* preparations suggesting at
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least some of the microstructure in the 'as received' samples is due to pre-existing

microstructure present in the pre-cured materials.

The characterization results are shown in table 3.6, where the samples are ranked in
increasing values of the microstructure content. Tabulated for each sample is the
preparation procedure, the log-normal width and concentration parameters and the
microstructure content, (the number of scatterers between 0.25#im and 1.3/im per
cm’). Where several light scattering measurements were taken on each sample, the
value of the microstructure content agrees within the calculated 68% confidence
limits. The samples are found to fall into 3 groups. The first group with the least
amount of microstructure are the 'ultra clean' samples. The second and third groups
are the 'as received' samples which were prepared from two different batches of
polyester resin. The samples made from the earlier batch of polyester resin have
approximately twice the amount of microstructure as the 'ultra clean' samples, while
the later 'as received' samples have approximately 3 times the amount of
microstructure as the 'ultra clean' samples. Hence, the amount of microstructure in
the 'as received' samples depends on the resin batch and possibly the storage

conditions.

3.6.2. Microstructure in the Pre-cured Materials

The microstructure content for the unfiltered 'as received' and filtered 'ultra clean'

un-cured resin and MEKP hardener are tabulated in table 3.7 below.

TABLE 3.7 Microstructure in Uncuret Polvester Resin and Hardener

SAMPLE MICROSTRUCTURE CONTENT (cm”)
'As Received' Polyester Resin (4.3 -14/-0.3) x 107
'‘Ultra Clean' Polyester Resin (2.6 +/- 4.0) x 10»
'As Received' MEKP Hardener (1.1 +/-0.5)x 10*
'Ultra Clean' MEKP Hardener (1.3 +/- 3.2) x 10*

The amount of microstructure present in the 'as received' resin and hardener is

reduced considerably as expected when the resin and hardener are filtered. This
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suggests a particulate nature for the microstnicture, microgel can form by styrene
homopolymerization (see section 2.2) and hence, the amount will depend on resin
batch and the storage conditions. Large errors in the 'ultra clean' results are due to
the lack of large scatterers present compared with the number of smaller scatterers
(<0.1/tm), resulting in a nrar isotropic scattering envelope. The errors will however,
give the upper limit for the microstructure concentration compatible with the errors in

the scattered light data.

As only 1% by volume of hardener is used to cute the resin, its intrinsic
microstructure is not likely to contribute significantly to the microstructure present in
the fully cured resin. Comparing the microstructure content value for the uncured
‘ultra clean' resin with the values for the fully cured 'ultra clean' resin samples,

suggests that significant microstructure forms during the cure reaction.

3.6.3. Formation of Microstructure during the Cure of Unsaturated Polyester Resin

An 'ultra clean' resin preparation was made. After adding the hardener and stirring
for 10 minutes, the resin was poured into a glass cylindrical cell which had been
cleaned but not treated with release agent (to avoid spurious surface scattering). The
glass cell was then placed into the light scattering goniometer and at IS minute
intervals, light scattering measurements were taken over the scattering angle range of

20° to 100*, each full angular range taking 10 minutes to complete.

Figure 3.15 shows the scattered light intensity at 90° as a function of time since the
addition of the hardener. An induction period of approximately SO minutes is
observed where the scattered light remains constant. After the inhibitor, used to
prevent oxygen initiated free-radical polymerisation during storage [23], has been
neutralised, the scattered light steadily increases with time. A similar behaviour is
observed with the scattered light measured at 30°, as shown in figure 3.16. These
results show that microstructure starts to form approximately SO minutes after the

addition of the hardener.
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POLYESTER CURE - LIGHT SCAHERING MEASUREMENTS

REACTION TIME (HOURS)

Figure 3.15 90° scattered light intensity during the cure of
polyester resin.

POLYESTER CURE - LIGHT SCAHERING MEASUREMENTS

Figure 3.16 30“ scattered light intensity during the cure of
polyester resin.
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Figure 3.17 shows the fitted log-normal width parameter over the same time interval
as the previous measurements. The width parameter remains constant for the first 2
hours of the cure reaction and corresponds to a near isotropic scattering envelope.
The microstnicture that forms after 50 minutes must therefore be less than 0. I"m. A
sharp increase in the distribution width occurs between 2 to 3 hours after the addition
of the hardener, indicating that larger inhomogeneous structures are being formed.
The width parameter then remains constant until, after 6-7 hours, another increase in
the width parameter is observed to within the range found for the fully

cured samples.

The microstructure content, shown plotted against reaction time in figure 3.18,
increases initially, reflecting the initial formation of small inhomogeneities, then
increasing sharply over the time range 2 to 3 hours, corresponding to where the
width parameter was observed to increase sharply. After 3 hours the microstructure
content remains constant until between 6 to 8 hours, when it starts to increase again.
Hence it would appear that microstructure formation occurs at three distinct stages

during the first 8 hours of the polyester cure reaction.

The long term scattered light behaviour at 30° is shown in figure 3.19. The scattered
intensity increases to a maximum after the first day, then slowly decreases over a
period of a few weeks, down to the value obtained for a fully cured sample.
Applying a post cure to the sample will accelerate this process. These long term
changes are probably due to changes in the relative refractive index of the
microstructure, due to shrinkage of the sample and to any remaining styrene within

the sample polymerising.

3.7. Measurement of the Reaction Kinetics of Unsaturated Polyester Resin using

Fourier Transform Infra Red Techniques

3.7.1. Introduction

Light scattering measurements taken during the cure of unsaturated polyester resin

has shown that significant microstructure forms during several stages of the cure

- B8 -



POLYESTER CURE - FITTED LOG-NORMAI DISTRIBUTION

Figure 3.17 Fitted log-nornal width parameter during the cure
reaction of polyester resin.

POLYESTER CURE - FITTED LOG-NORMAL DISTRIBUTION

Figure 3.18 Logarithm of the microstructure content during the
cure reaction of polyester resin.
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POLYESTER CURE - LIGHT SCATTERING MEASUREMENTS

Figure 3.19 Long term light scattering behaviour during the
cure of polyester resin.

reaction. In order to correlate the light scattering results with particular stages of the
cure reaction, the reaction kinetics for the polyester cure reaction were monitored
using FTIR techniques. Both thin film and bulk sample measurements were taken, the
thin film data giving detailed information on the cure kinetics whilst the bulk samples
were used to assess the differences between thin film and bulk cure. To compliment
these and the light scattering results, detailed measurements of the refractive index

during cure and the gelation time were also undertaken.

3.7.2. Measurement of Infra Red Spectra during the Cure of Unsaturated Polyester
Resin

To start the cure reaction 1% volume of MEKP hardener was added to the 'as
received polyester resin and stirred for 10 minutes. A small quantity of the resin was
then placed between two KBr plates separated using a 12Mm thick Melinex spacer.
The two KBr plates were then clamped together into a spectrometer sample holder
ready for measurement of  infra-red absorption spectra. The rest of the curing

polyester was then poured into glass sample cells (1 inch diameter, 2 inches high) for
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bulk samples. Once -tKsse had gelled, suitable samples were made by
cutting thin (approx. 12”m) layers from the centre of these samples, using a Reichert

Jung microtome with a glass blade, which were then sandwiched between KBr plates.

Infra red absorption spectra were taken using a Perkin Elmer 1720-X IRFT
spectrometer with a resolution of 4 cm ‘. An average of 20 scans were recorded for
each measurement taking 1.S minutes to complete. All spectra were stored on floppy
disk for latter analysis. Examples of the infra red spectra are shown in figure 3.20
(a), for uncured polyester resin and (b) for the fully cured resin. The absorption

peaks of interest are shown labelled. The peaks were identified using reference [76].

3.7.3. Analysis of the Infra Red Spectra

The analysis follows Yang and Lee [24], with some modifications. Their technique

uses four absorption peaks listed below.

1) Polyester double bonds at 982 cm'

2) Styrene double bonds at 992 cm''

3) Styrene double bonds at 912 cm'

4) Total number of C-H bonds at 2942 cm'*

For a given quantity of polyester resin the number of C-H bonds will remain constant
during the cure reaction. This peak can therefore be used to normalise all the
absorption data to correct for thickness changes and shrinkage of the resin during
cure. However, it is found that the shape and fine structure of this peak changes
during cure and is therefore unsuitable for normalisation purposes. Instead the styrene
benzene ring peak at 697 cm ' can be used instead assuming no styrene loss during

cure.

The measured spectra have a resolution of 4 cm ' and hence the 982 and 992 cm '
peaks will overlap, as shown in figure 3.21, where the 992/982 cm ' and 912 cm ' are
shown at various stages of resin cure. In order to separate these two peaks it is

necessary to determine the styrene contribution to the measured double peak 982/992
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(b)

Figure 3.20 Infra red spectra of unsaturated polyester resin,
(@ before cure, (b) after post cure.
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Figure 3.22 Infra red spectra of pure styrene.



cmThis was done by first measuring the absorption spectra of pure styrene, as
shown in figure 3.22. The relative areas of the two styrene peaks can be found such
that

ng2 « CXaogw2+ (3.9

Hence for the polyester resin spectra, the contribution of the styrene peak to the
measured double peak \vnmii is given by C times the measured absorption peak A,,,.

The polyester contribution is therefore found from

~ 927982 - C X ~12 (3-10)

The styrene and polyester conversions, o, and a,, during the cure reaction at time, t,

can therefore be calculated from

1. : (3.11)

dp “ 1 “ A5g2(t)/A5g2ir*(In « G-12)

A computer program was written to read the spectral data files and calculate peak
areas. The base line correction for each of the spectra was performed by subtracting
from each of the spectra, the spectra for the fully cured resin. A correction was made
to all peak areas for the residual styrene and polyester peaks in the background

spectra. This was found to be the best method of base line correction.

3.7.4. Polyester Reaction Kinetics

The styrene and polyester conversions for the first 5(X) minutes of the cure reaction
are shown plotted against time in figures 3.23 and 3.24 respectively. An induction
period is observed (the first 30 minutes) where the inhibitor, used to prevent oxygen
initiated free-radical polymerisation during storage [23], is neutralised. The

conversion rates increase significantly after this time.

Figure 3.2s shows the result of plotting styrene conversion, a,, against polyester

conversion, or,. During the early stages of cure a styrene/polyester crosslinldng



Figure 3.23 Styrene conversion during the first 8 hours of the
cure reaction.

poli ESTER REACTION KINETICS

Figure 3.24 Polyester conversion during the first 8 hours of
the cure reaction.
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Figure 3.25 Polyester and styrene conversion during the cure

reaction. Also shown are the results from a second thin film
sample and the bulk samples.
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occurs, shown by the dashed line (assuming that the ratio of styrene double bonds to
polyester double bonds is approximately 2:1). After 90 minutes, the polyester
conversion slows, as shown by the in the reaction curve, probably due to the
lower mobility of the polyester monomer in the gelled resin network. As the cure
reaction proceeds, the ratio of styrene/polyester reaction increases with increasing
styrene homopolymerization occurring until after 8 hours the polyester reaction is
essentially complete, whilst free styrene in the network continues to react. A post
cure procedure ensures virtual completion of the styrene reaction. Measurements
from another thin film sample and from the bulk samples, also plotted in figure 3.2S,
show identical behaviour (except for the early bulk samples where significant styrene
loss occurred during the preparation of the samples) and suggests that there is no

difference in the reaction kinetics in the thin film and bulk samples.

3.7.5. Refractive Index Measurements

Refractive index measurements during the cure reaction were taken using a Abbe
refractometer. A sample cell made from CT200 epoxy resin and glass ensures that a
higher refractive index material separates the polyester from the refractometer prism,

otherwise measurement is not possible.

Refractive index measurements of the curing polyester resin are shown in figure
3.26, plotted against styrene conversion. It is found that the refractive index
measurements follow the styrene conversion over a limited range. Temperature

rise is responsible for the initial drop in refractive index and shrinkage of the

curing polyester responsible for the large step between 8 and 24 hours.

3.7.6. Measurement of Gel Time
The gelation time of the polyester resin was determined by noting the time the
reaction had proceeded whereon abrupt increase in the viscosity w«observed. The

viscosity was determined by measurement of the terminal velocity, t of small steel
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MEASUREMENT OF GELATION TIME

Figure 3.27 Gelation tine neasurements for polyester resin at
18°C and 22°.
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spheres, of radius, r, which were dropped periodically into the curing resin. The
viscosity, >, can be calculated [77] from.
2 (p-o0)z”g (3.13)
9 %
where, p is the density of the sphere, a is the density of the resin and g is the

acceleration due to gravity. This expression is valid provided that, nr << rj, [77]. It

was also assumed that (p-a) was constant during the reaction.

Viscosity measurements were taken at two ambient temperatures, at 18°C,
corresponding to the temperature of the light scattering measurements, and at 22°C,
corresponding to the FTIR study of the reaction Kkinetics. The results are shown in
figure 3.27, where viscosity of the curing resin is plotted against cure time. A sharp
increase in the viscosity and hence gelation is found after a cure time of 90 minutes
for the 18°C measurements and 50 minutes for the 22°C measurements. This
difference must be taken into account when correlating the light scattering results

with the cure reaction Kinetics.
3.7.7. Correlation with Light Scattering Measurements

Before a comparison can be made between the light scattering measurements and the
FTIR measurements of the cure reaction kinetics, the reaction temperature of the two
different sets of measurements must be taken into account. From the gelation time
measurements, the reaction rate of the FTIR reaction kinetic samples is
approximately 1.8 times faster than that for the light scattering samples. In the
following discussion, all reaction times quoted refer to the light scattering

experiment.

The light scattering measurements taken during the cure of the 'ultra clean’ sample
suggests that microstructure starts to form after SO minutes into the cure reaction, and
agrees with the induction period of 30 minutes found from the FTIR measurements.
Before this time the inhibitor in the resin was neutralised. Two competing reactions,
styrene-polyester crosslinking and styrene homopolymerization proceed after this time

leading to an increase in the isotropic light scattering.
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After 90 minutes, the resin gels with the polymerised polyester and styrene forming a
3-dimensional network throughout the sample. At this stage, only approximately 8%
of the styrene and 1S% of the polyester monomer has polymerised. After gelation, a
sharp increase in the log-normal size distribution width parameter and microstructure
content occurs. As the 3-D network matures, spatial segregation of the
homopolymerized styrene and the crosslinked styrene-polyester network may account
for this.

The polyester-styrene crosslinking and styrene homopolymerization reactions continue
until after approximately 7 hours into the reaction. The width parameter then slowly
increases to that found in the fully cured samples. This is associated with a decrease
in the rate of the polyester crosslinking reactions, due to the reduced mobility of the
polyester in the now dense network. The styrene reaction rate is less affected due to
the smaller size of the styrene monomer. The 3-D network is fully defined and is
identical to the fully cured resin once the polyester crosslinking reaction reaches
completion, after 14 hours.

The styrene homopolymerization reaction continues (over several days), a post cure
being required to ensure styrene completion. The long term light scattering
observations, as shown in figure 3.19, is due to the free styrene within the resin
network. (The refractive index of the curing resin was found to follow the styrene
conversion, see section 3.7.S.). This will have the effect of increasing the relative
refractive index contrast, between the styrene rich lower refractive index regions and
the higher refractive index microstructure. As the amount of free styrene diminishes
in time, the relative refractive index of the scatterers falls leading to a reduction in
the scattered light intensity. From Mie theory, a relative refractive index reduction of

1.013 to 1.01 would account for the excess scattering behaviour.

3.8. Comparison Between the Microstructure in (mOO Epoxy and Unsaturated

Polyester Resin

Before the characterization results for the two resin systems can be compared, it must

be remembered that the choice for the inhomogeneity refractive index used in the
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analysis of 1.01 is arbitrary. Changing Cre refractive index from 1.01 to 1.02 will
reduce the fitted concentration parameter by a factor of 4, (from Mie theory). As the
exact relative refractive index of the inhomogeneities is not known for either
material, only orders of magnitude comparisons of the microstructure concentrations

can be made. The width parameters however, can be directly compared.

The percentage volume occupied by inhomogeneities of sizes between 0.2S/tm and
1.3"m, i.e. those sizes considered in the calculation of the microstructure content, for
typical and extreme cases for both the CT200 and polyester resins are given in table
3.8. For the CT200 samples, the percentage volume ranges over 2 orders of
magnitude, while the polyester samples were found to range over a factor of 4. The
‘ultra clean' resin preparation techniques were responsible for the large
microstructure concentration variation in the CT200 samples. Microstructure in the
‘ultra clean' CT200 preparation filtered without butanone has a percentage volume S
times less than for the 'ultra clean’ polyester samples and suggests that a more
inhomogeneous cure reaction occurs for the polyester resin compared with CT200
resin. The 'as received’ CT200 and polyester samples are found to have similar

percentage volume of inhomogeneity.

TABLE 3.8 Percentage Volume Occupied by Inhomogeneities of Sizes Between
Q.25um and 1.3um

RESIN PREPARATION PERCENTAGE VOLUME OF
INHOMOGENEITIES
BETWEEN 0.25Mm AND 1.3Mm

CT200 uc (1.2-1-1-0.2)x10-’
CT200 AR (2.7-1-1-0.2)x107
CT200 uC-I-B (1.7-h/-0.1)x10-’
POLYESTER uc (5.1-1--0.6)xia’
POLYESTER AR (1.1+/-0.1)x 10"
POLYESTER AR (2.3-1-1-0.2)x10"

Due to the log-normal size distribution, the main contribution to the percentage

volume, is from the smaller sizes in the distribution (<0.2S/(m) which were not



considered in the calculation. Hence, care must be used when comparing these results

with results from other studies.

3.9. Conclusions

Light scattering measurements and subsequent analysis has shown that microstructure
exists in both resins under study and that a reliable quantitative characterization of the
resin microstructure can be made. This technique was then used successfully to
determine the origin of the observed microstructure. In both lesin systems, the
microstructure was found to be inhomogeneities having a log-normal size distribution
with a modal diameter of O.Ol/im and geometric mean standard deviations ranging
from 0.7 to 1.0. This is in agreement with the type of structure observed by Stevens
[21]. using electron microscopy of CT200 and CY207 epoxy resin fracture surfaces.
Due to the insensitivity of the angular dependence of light scattering with relative
refractive index, it was not possible to accurately determine the actual value for the
inhomogeneity relative refractive index and hence, the absolute concentration of
microstructure. Instead, the relative refractive index was standardised in the analysis,
having a value of 1.01. This makes comparison between different resin systems
difficult, due to differences in their inhomogeneity relative refractive index.
However, this will still allow samples made with one resin system to be ranked in
terms of their microstructure content. It is also worth comparing the size distribution
obtained for epoxy resin using light scattering with the size distribution obtained by
Matyi and Uhlmann [42]. for Epon 828 epoxy resin cured with tricthylenetetriamine.
using small angle x-ray scattering.

This comparison is shown in table 3.9. Surprisingly, the absolute concentrations,
which depend on the assumed values for the relative refractive index and electron

density variation, are in good agreement.

The fully cured as received’ CT200 epoxy resin samples were found to contain
significant microstructure and all having similar concentrations. This microstnicture
was due primarily to microgel in the uncured ’as received’ resin being frozen into the

fully cured resin matrix. Microstructure concentration in the fully cured ’ultra clean’
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CT200 epoxy resin samples, varied over two orders of magnitude. This is due to the
filtration technique used, where homopolymerization of the filtered resin occurs
leading to the formation of microgel as the butanone solvent was removed from the
resin at StK. The concentration of microgel formed depends on the time and
temperature of butanone removal. Hence, by controlling these factors, fully cured
“ultra clean’ resins may be made, covering a large range of microstructure
concentration. This will be useful for correlating microstructuie concentration with
the mechanical and electrical properties of this resin. ’Ultra clean’ samples with the
lowest microstructure, were prepared by filtration of the resin at 140RC without
butanone. The log-normal size distributions for the ’ultra clean’ and ’as received’
samples are found to be similar. This suggests that butanone or a similar solvent, or
perhaps a process which is prone to resin microgelation, may have been used during
the manufacture of the resin. If this is the case then the microstructuie present in
different batches of "as received’ resin supplied by the manufacturer, may also vary
by a similar amount. This may have important consequences for industry where large
quantities are used, as the amount of microstructure in the material may influence its

mechanical and electrical properties.

Significant microstructure was also found in the fully cured polyester samples. The
“ultra clean’ samples were found to have the lowest microstructure concentration.

Measurements of the light scattering, and reaction kinetics using FTIR techniques has
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shown that this microstructure forms as a result of a complex inhomogeneous cure
reaction. Microstnicture forms due to the competitive polyester-styrene crosslinking
and styrene homopolymerization reactions. The 'as received’ polyester samples were
found to have significant additional microstructure compared with the 'ultra clean’
samples. This is due to microgel, present in the uncured ‘as received’ resin, being
frozen in to the fully cured network and will vary from batch to batch. The microgel

forms due to styrene homopolymerization during storage of the resin.
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Chapter 4

Material Characteriation - RMidual Intemal Mechanical
Stress using Optical Birefringenrg

4.1. Introduction

There have been many investigations during the last twenty years of the electrical
breakdown in synthetic polymer resin insulators and that mechanical stresses in the
resin can markedly influence the breakdown characteristics. For example, Schirr [12]
has shown for epoxy resin samples that a reduction of 40% in the electrical tree
initiation voltage occurs when subjected to a 20 MN/m» tensile stress, and a 16%
reduction occurs for a 60 MN/m* compressive stress. He acknowledges that when
using the pin-plane electrode geometry to produce enhanced electric fields, a large
residual internal mechanical stress (RIMS) develops during sample preparation due to
resin shrinkage during cure and subsequent cooling to room temperature. Nakanishi
et al [78] have qualitatively repotted the effect of RIMS in the epoxy CT200 (Ciba-
Geigy) on tree initiation voltage, being unable to quantify the magnitudes of the stress
distribution. They conclude that micro-cracks caused by the high stresses in the pin-
tip region lead to premature tree initiation.

More recently Campoccia and Schifani [79] reported the strong effect of the RIMS in
the epoxy resin system CY225 (Ciba-Geigy) on the time to electrical breakdown.
Qualitatively reducing the RIMS by heating the sample close to the glass transition
temperature, increases the median time to breakdown by a factor of two. Billing and
Groves [80] have stated that for cable quality polyethylene, a 20% decrease in tree
initiation voltage occun when bending a sample to induce a 33 MN/m” tensile stress,
and the initiation time in general is approximately proportional to the applied
mechanical stress. They recognise the results only serve as a guide due to the simple
analysis used of a complex stress distribution. Densley [81] has also stated that in
XLPE cable insulation, increasing the mechanical tensile strain to 30% reduces the

time to breakdown by as much as two orders of magnitude.
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Arbab and Auckland [82] have examined the inHuence of mechanical stress on tree
growth using polyester resin bars with embedded electrodes. They state that for a
bending stress of 34 MN/m” tree initiation times are reduced by 60%, whilst the tree
growth rate increases five-fold. Auckland et al [83] find that the polyester resin
insulation contains some RIMS due to differential cooling during sample manufacture.
They have also qualitatively used coloured isochromatics produced by a circular
polariscope to describe the changes in the internal stress due to vibrational

electrostatic forces.

Shibuya [2] attempted to quantify the RIMS by proposing a Active force model (see
below), but found that for the CT2(X) epoxy resin in which a large RIMS occurs, the
maximum mechanical stress at the pin-tip unreconcilably exceeded the resin
compressive strength by a factor of four. His work highlights the problems associated
with photoelastic stress analysis. Firstly, quantitative analysis of a three dimensional
stress distribution is difficult as the measured optical phase retardation is the integral
value along the light path, and can only be simply related to the integral of the
difference in the principal stress perpendicular to the light path [84]. To fully
quantify a three dimensional stress distribution, further experiments such as observing
the light scattering envelope along the light path [85], are required. Secondly, using a
plane/circular polariscope to produce isoclinic/isochromatic fringes, does not enable
the absolute value of the fringe order to be determined unless a zero order fringe
occurs within the sample. It was this latter faa. that introduced the unreconcilable

magnitudes of the maximum stresses found by Shibuya [2].

The aim of this section of work was to determine a method by which the magnimde

and distribution of the RIMS within the pin-plane region of cast transparent synthetic
resins electrode may be quantified. With this, the effect of age of

the materia®can be assessed and may be important for long term electrical tests”if the
RIMS changes appreciably with time. Then to extend this method to monitor the M aioJ.
contribution of externally applied mechanical stress.  This will then enable a Juit
quantitative assessment of the effect of mechanical stress on electrical tree initiation

and growth to be undertaken for the first time.
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4.2 Theory

As stated above, detailed analysis of a three dimensional stress distribution from
photoelastic observations is in general not possible as the observed optical retardation
(and hence birefringence) is the integral value over the light path through the sample.
However the symmetry of the slab samples used produces a principal axes of RIMS
(and birefringence) along the pin axis in the pin-plane region. Hence along this axis
(z) the integrated birefringoice i (n, - nJ.dL may be directly related to the integrated
principal stress difference J (a, -aJ.dL via the stress optical (Brewster) constant. The
axes designations are shown in figure 4.1. Conventionally, if (a, - <rj > 0 the
material is in tension along the z axis and for (a, - aj < 0 it is in compression. The
magnitude and sign of the Brewster constant is a material function, with a positive
value when a, > a, and n, > n,.

In order to determine the stress distribution in the region of the pin-tip Shibuya [2]
proposed a Active force model having found that the RIMS distribution in the pin-
plane sample geometry is cylindrically symmetric about the pin axis z. The model
assumes a homogeneous stress distribution and that the set of forces in the material
(compressional in the case of CT200) produce equal and opposite reaction forces
single Active force P, directed along the pin axis and acting from the surface of the
embedded pin. These reaction forces are replaced by a acting at a distance z, from
the position of the pin-tip, as illustrated in Agure 4.1. Analytic expressions for the
components of stress in cylindrical coordinates »,,a, and a, due to a force P in an

inAnite solid have been derived by Timoshenko and Goodier [86], i.e.,

a™~B[ (1-2v) z(r"*z™) -3z z(r"*z"\} , (4.1)
a,~B(l-2v)z(r"*zn)-~"\ (4.2)

@i-2v) (r=+z*) , (4.3)
t,--FI[(1-2v)r(r’+2M """ *3rzA(rA*z’)-"/" , (4.4)
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where each stress component is illustrated in figure 4.1, u is the Poisson ratio
and B = P/8t(1-u).

Shibuya integrated these expressions over an optical path (the r axis) that
through and perpendicular to the pin axis in the pin-plane space, i.e., the total optical
retardation in terms of numbers of wavelengths (X),

nX « Cj (0,-0,) .dr. (4.9)
He obtained the expression

z(n) - (CP/nX) <i/ii) -z,. 4.
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where z(n) is the axial position from the pin-tip of an optical retardation of n
wavelengths, and C is the Brewster constant. The stresses at the pin-tip may be

obtained by putting r=0 and z=z, in the above equations giving

N*2v)I2(2-v), and . (4.7)

As u - 0.35 for the fully reacted epoxy resin CT200 [87] then a. - -10<,,, and an
estimate of the maximum mechanical stress S(max) at the position of the pin-tip and
in the z-diiection may be obtained from the expression

5(max) » F2-v)/(4n(1-v) “4.©

Using equation 4.6 a linear plot of z(n) versus 1/n enables P and z, to be determined

and then using equation 4.8, S(max) can be obtained.
4.3. Experimental

4.3.1. Samples

Ogura steel pins of 1mm shank diameter and S”m tip radius or laboratory produced
etched tungsten pins of 0.4mm shank diameter and O.1"m tip radius were embedded
in three resin materials, CT200 and CY1311 epoxy and polyester, (see chapter 2 for
the sample fabrication process), forming standard pin-plane specimens 5mm thick,
20mm high and 50mm Irmg. The age of the samples is taken from the end of the

whole cure process.

4].2. Experimental Arrangement

Initially and for the CT200 samples, an optical bench circular polariscope”shown in
figure 4.2 (a), having a 16mm objective lens and magnification at the screoi of X50.
With a mercury arc lamp and Wratten 77a filter to isolate the mercury green line (X
= 546 nm); this was used to produce the isochromatic fringe pattern of the RIMS.

Photographic records of the fringe pattern were taken using a polaroid camera and
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with a knowledge of the optical magnification, each of the fringe positions may be
determined. This technique was found not to be suitable for the CY1311 epoxy and

polyester resin samples as no fringe pattern is observed.

To measure the RIMS of samples with low internal stress or Brewster constant,
where no isochromatic fringe pattern is observed, the sample was mounted on a
precision traverse movable along the z axis with its position with respect to the pin-
tip determinable to -H/-li»m. This is mounted in an X50 magnification optical bench
polarising microscope with a 16mm objective lens and a X1O magnification Babinet
compensator eyepiece, see figure 4.2(b), to measure the optical retardation, (see
Longhurst (88) for a detailed description of the Babinet compensator and its use).
This enabled long working distances, a magnification of X5(X) and small beam
divergence through the sample to be achieved. An optical resolution of Ifim is
obtainable, the limiting factor being essentially the optical quality of the sample. The

Babinet compensator has a range of -I-/-4X retardation at X = S46nm and a setting
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reproducibility of better that +/-0.02 fringe. The ability of the Babinet compensator
to measure both the sign and magnitude of the optical retardation, enables the sign of
the stress to be determined once the sign of the Brewster constant for the material
under test is loiown. Using fringe counting, retardations of up to +/- 10X may be
measured. Hence, this method is also suitable for CT200 samples, providing the
minimum retardation (usually at the sample edge) is 3X or less. Retardations greater
that this are difficult to measure due to mismatch of the t*cal dispersion of the

sample material and the quartz wedges of the compensator, causing fringe jumping.

4JJ. Application of an Aoolied Mechanical .Stress

The external application of a mechanical stress to an already present RIMS must
maintain a principal axis of stress along the pin axis direction if the stress distribution
along this axis is to be determined. Preliminary tests have shown that a uniaxial
tensional or compressional stress does not produce this condition, whilst an applied
bending moment symmetric about the pin axis and in the plane of the sample does.
Figure 4.3 shows schematically the arrangement, and with appropriate choice of the
separation of the double supports, a known tensional or compressive stress
distribution may be applied along the pin axis direction. The complete system could
be traversed in the polarising microscope with the same precision as above. For
symmetric bending of a beam with no embedded pin then, assuming the stress
distribution is determined solely by the applied bending momait, it is easily shown
(from beam bending theory [78,86]), that the optical retardation due to the added
stress, n-no, (n< being the retardation with zero applied stress), is related to the

applied load, F, by.

SCFgYd

(n-Ho) bAX . (4.%)

where, C is the Brewster constant, X the wavelength of light used, d is distance
measured from the central neutral axis of bending, and the remaining parameters
defined in figure 4.3. Provision has been made for simultaneous mechanical and

electrical stressing of samples as shown in figure 4.3.
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4.4, System ADPraial - Brewster Constant Measurements

As the above analysis requires knowledge of the Brewster constant, C, for each of
the materials, the polarising microscope and mechanical stressing system were used
to measure the Brewster constant for a range of materials for which literature values
are available as well as the resin materials used in this work. Both standard dogbone
samples subjected to uniaxial tension or compression aiul bent beam samples were

tested. A summary of the measured data is given in table 4.1.

From the literature, polystyrme [89] has a Brewster constant of +9x1& " mVN,
PMMA [89] has a value of -3.8x10”” m”/N and CT200 [84] has a Brewster constant
of -1-Sh.IxIO” mVN. Good agreement is therefore found between these and the

measured values. It is also shown in table 4.1 that the

-82-



MATERIALS METHOD STRESS BREWSTER

FORM CONSTANT
mVN xIO-"
Polystyrene Dogbone Tension -1-87 +1- 0.2
PMMA Dogbone Tension -3.9 +1-0.2
CT200 Dogbone Tension -h56.5 -1+/- 0.5
Bending Tension -1-56.1 +!- 0.5
Bending Compression -¢-55.6 --/- 0.5
Polyester Doghone Tension -+-191 -1-/-0.3
Dogbone Compression -18.7 -¢/-0.3
CYI311 Doghone Tension -4-1880 -#-/- 50
Doghone Compression -2010 +!- 50
Bending Tension -¢-1960 +!- 60
Bending Compression -1920 -#/- 60

value of the Brewster constant shows good correspondence for the different methods

used.
4.5. Results and Analysis
4.5.1. CT20Q Edoxv Resin

The isochromatic fringes were found to very slowly collapse towards the embedded
pin with time. A typical fnnge distribution at a xI13.5 magnification is shown in
figure 4.4 for a 83 day old sample. This changing distribution may be characterised
by measuring the distance z(n) of the centres of the fringes from the pin-tip along the
pin axis direction; the results are shown in figure 4.5. Two fringes very close to the
pin-tip are not plotted for the sake of clarity. It can be seen after about 70 days that a
new fringe appears at the plane surface, and after 320 days the fringes are still
relaxing towards the pin. It was not possible to assign an absolute value to the fringe

order as no zero-order fringe appeared.

The Shibuya model described above predicts a linear relationship between z(n) and
1/n (equation 4.6). A set of such plots are shown in figures 4.6 and 4.7, where the

fringe nearest the sample plane suifKe (the “border" fringe) is assumed to have
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Figure 4.4. The 1isochromatic
fringe distribution for a 83
days old sample.

84



Flgur* 4.6. Shlbuya model plot for different orders assigned
to the boarder fringe. Sample age - 0 days.

Figure 4.7. As figure 4.6 but with sample age»243 days.



Figure 4.8. The variation of the fictlve force P with
tine.
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different values no for its absolute order. In figure 4.6, for a sample of O days age, a
linear plot occurs when the "border" fringe has an absolute order of no = 2, whilst in
figure 4.7 for a sample of age 243 days, linearity only occurs when n« = 1. This
change in iio corresponds to the appearance of a new fringe after some 70 days. Thus
it is concluded that varying the absolute fringe-order of the "border" fringe to obtain
a linear fit to equation 4.6 is an appropriate method for determining the absolute

fringe-order for the complete fringe set, and that the Shibuya model is applicable to
our data.

The values of the fictive force P and the maximum stress at the pin-tip S(max)
derived from Shibuya model plots, are shown as a function of sample age in figures
4.8 and 4.9 respectively, using a value for the Poisson ratio, u=0.35 [87]. The large
error bars in figure 4.9 are due to the uncertainty in the extrapolation required to
determine the negative intercept z,.

Figure 4.9 shows that the CT200 resin initially has a large compressive stress at the
pin-tip which approaches the compressive strength (125 MN/m' [2]) of the material
which relaxes in time. Assuming that the changes in both P and S(max) may be
simply described by a single exponential decay, they have time constants of 3 to 4
years. This corresponds well with the value of a 3 year stress relaxation time
estimated from the data of Kong « al. [90] for essentially the same epoxy resin
(EPON-828,Shell).

4.5.2. Unsanirated Polyester Resin

Figure 4.10 shows how S(max) changes with time for polyester resins with embedded
Ogura pins, where S(max) is calculated from the slope and intercepts of the Shibuya
model plots as described above and assuming the same value for the Poisson ratio,
w=0.35. Pointt close to the plane surface (20% of the pin-plane spacing) were
neglected as surface effects, possibly due to absorption of water vapour, are
appreciable. However, linearity remains in the pin-tip region (80* of the pin-plane
spacing), and after 300 days, the stress relaxes to a homogoieous distribution and

linearity in the Shibuya plot is maintained across the whole of the pin-plane spacing.
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The maximum stress at the pin-tip is tensile and rapidly increases by 100* within 50
days of completion of post cure.

43.3. CY1311 Epniy

The RIMS changes significanlly with tIK 2~ e o f the sample. Initially the material is in
compression m the pin-plane region and®increases for some 25 days. The stress at the
earth plane surface then starts to relax so that in a further 20 days the surface region
is then in tension, producing a band of zero RIMS within the pin-plane region. The
magmtude and extent of this tension increases with time moving the position of zero
RIMS towards the pin. and at a total of some 100 days the whole of the pin-plane
region is in tension. Vacuum desiccation of the sample for 7 days removes the
surface region of tension returning it to a compressive state, with these changes being
reproducible and reversible on multiple repeated cycling of the external conditions.
This suggests that the original compressional RIMS is due to resin cure, and the long

term change to tension is due to absorption of water vapour.



As the RIMS is dominated by the surface effects, the Shibuya model is not
applicable. However, comparing the magnitude of the measured retardations in this

resin, the RIMS is much less than that found in CT200 epoxy or polyester resin.

4J.4. Sample Reconditioning

Reconditioning the resin samples, by repeating the post cure thermal procedures,
drives the RIMS back to its original state found after the original post cure,
irreq)ective of the sample age at reconditioning. This suggests that reversible

structural relaxation (physical agdng) alone controls the change.
U .3. RIMS of Samples with Oeura Seel or Etchfri Tungsten Pin»

Using etched tungsten pins of smaller shank diameter, rather than the larger shank
diameter Ogura pins, reduces the RIMS in both resins by some 30% but showing the
same characteristic behaviour in time. The probability of pin- tip/resin interface
failure during manufacture is therefore less for the tungsten pins compared with using

Ogura pins.
4.5.6. Applied Mechanical Strew

The external application of a mechanical stress to an already present RIMS should
maintain a principle stress axis along the pin axis direction in the pin-plane region if
the measured birefringence and mechanical stress are to be correlated. In practice, an
additional homogenous stress distribution in the pin-plane region along the pin axis is
required, even in the presence of an embedded pin. Tests have shown that an applied
uniaxial tension or compression did not produce this condition, whilst an applied
symmetrical bending moment does. Figure 4.3 shows the experimental arrangement
used. By appropriate choice of the separation of the double supportt, a tensional or
compressional stress may be applied along the pin axis. The whole system could be
moved in the polarising microscope along the pin axis direction with a precision of

5”m whilst both mechanical and electric stresses are applied.
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The mechanical stressing system was tested by applying a range of loads, F, to a
CY1311 epoxy resin sample with embedded tungsten pin. At each value of the
applied load, the optical retardation, n, was measured along the pin axis. Figure 4.11
shows the optical retardation as a function of distance z from the pin-tip, when a

tensional stress is added to the wholly compressional RIMS of the sample.

Figure 4.12 illustrates the retardation due to the added stress (n-rio), ("o, the
retardation due to RIMS, i.e. when F=0.), as a function of z. This shows that a
homogenous stress distribution is induced into the pin-plane space except in the
region close (-200Mm) to the pin-tip. Figure 4.13 shows a plot of the slopes of the
lines in figure 4.12 verses the magnitude of the applied load F. The straight line
obtained passes through the origin and suggests that the applied stress is additive to
the original RIMS and can simply be described by symmetric beam bending. For

symmetric bending of a beam with no embedded pin, then from equation 4.9,

(4*10)

where D is the distance from the central neutral axis to the pin-tip and z is the
distance from the pin-tip along the pin axis in the pin-plane space (see figure 4.3).

The theoretical value for the slope of the line in figure 4.12 is therefore 6CgY/b’X

For the sample considered here, b-1.8xKX”"m, C = 1.9x10-’mVN, and with
Y=1.5xI(X"m, gives a theoretical value for the slope of 0.54-F/-0.02, compared with
the measured value from figure 4.12, of 0.45-1-/-0.02. Hence, the tungsten pin of

shank diameter 0.4mm modifies the applied stress distribution by only some 20*.

From the negative intercepts of the lines in figure 4.11 an average value of
D=6.1-f/-0.5mm is obtained. With a pin-plane spacing of 2.4mm in this sample, the
neutral axis of the bent beam appears to be centrally placed even in the presence of

an embedded pin.

When a compressional stress is applied to a similar sample, an equivalent set of dau
and corresponding results are obtained. However, it was consistently found that when

an Ogura pin of shank diameter 1.0mm was used, an essentially constant value of
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(n-no) occurs in the pin-plane region for a given applied load F, showing that the

simple bending analysis and/or the additivity of the stresses is no longer applicable.

4.6. Discussion

A linear plot of z(n) against 1/n, see equation 4.6, extending from the pin-tip to the
free surface substantiates the model of Shibuya [2], i.e. a homogeneous distribution
of stress in a perfectly elastic material induced by a point force. Such behaviour
exists in both the CT200 epoxy and polyester resin after some 300 days from
postcure. Departure ftom linearity occurs in the region approaching the free surface
for samples less than 300 days old and is due to an additional stress component that
arises with the absorption of water vapour. This behaviour is most apparent in the
CY1311 epoxy resin samples that have minimal RIMS. Vacuum desiccation of these
samples returns the surface stress from tension back to its original compressive state.
Careful examination of the data of Shibuya [2] for CT200 resin suggests that he

assumed iv,-l for the fringe nearest the sample plane. Reploting his dau using iv,-2.
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and the above values for uand C, one obtains S(max) = 115 MN/m” instead of his
value of 450 MN/m*, implying his observations were made on a sample less than 70

days old.

The CT200 resin has initially a large compressive stress at the pin-dp which
approaches the compressive strength (125 MN/m” [2]) of the material. It is found in
practise that nearly all CT200 samples containing Ogura pins had pin- tip/resin
interface failure in the form of 2~ cracks, suggesting that local stress relief has
occurred at the tip during the manufacturing process. Assuming the data can be
rg>resented by a single exponential decay, the relaxation has a time constant of some

four years.

In the polyester resin the maximum stress at the pin-tip is tensile and rapidly
increases by 100% within 50 days of completion of manufacture. Hence, large
changes in RIMS is likely during electrical breakdown tests, particularly if the
electrical stressing is of a similar time span. Also for short term electrical tests the
age of the resin from postcure should also be taken into account. A very low
percentage yield is found for the manufacture of pin-plane specimens with good pin-
resin interfaces as pin-dp/resin interface failure has occurred by this time, probably
due to the tensile nature of the RIMS, which is having the effect of pulling the resin
from the pin-dp. For these reasons, the polyester resin is not ideally suited for

electrical breakdown studies.

The flexible room temperature cured resin system, CY 1311, has been examined as
the RIMS is smaller than in either resin described above. This is due to bulk
contraction of the resin during cure occurring whilst the resin is still in the liquid
state, and no elevated temperature postcure introducing differential thermal
contraction of the resin and pin. Hence embedding either Ogura or etched tungsten
pins produce good quality pin-tip/resin interfaces suitable for electrical stressing

experintents to study tree initiation and growth.

The symmetric bending techmque described above can be used to induce

homogeneous compressional or tensional stress distributions in embedded pin
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samples. When the pin shank diameter is less than approximately 7% of the sample
thickness, the total (RIMS plus added) integrated principle stress difference
throughout the pin-plane space may be determined from optical birefringence

measurements. For larger pin shank diameters, the residual and applied stresses are

not simply additive.
4.7. Conclusions

The opbcal botch polarising microscope and Babinet compensator eyepiece have both
the spatial and retardation resolution to allow detailed examination of the RIMS in
pin-plane geometry samples that are used in electrical breakdown tests. The Shibuya
Active force model [2] provides an appropriate method of describing the magnitude of
the mechanical stress that occurs at the pin-tip and its distribution in the pin-plane
region. Additional externally applied mechanical stress (either tensional or
compressional) can be applied using the symmetric beam bending technique. The total
(RIMS plus applied) mechanical stress in the pin-plane region may then be quantified
by analysis of the measured birefringence data provided that the pin shank diameter is
less than 7% of the sample thickness. These techniques will enable a quantitative

investigation of electrical tree initiation and growth to be undertaken for the first
time.

The RIMS has a relaxation time of about four years in CT200 resin, whilst for
polyester resin the RIMS increases by 100% after the first 50 days. These changes
are associated with structural relaxation (physical ageing) of the materials. As this
stress is known to influence the electrical breakdown characteristics of pin-plane test
samples [12,78,79], its magnitude and time dependence should be taken into account

in electrical breakdown studies.
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5.1. Introduction

Electrical treeing is a primary long term insulation failure process in which void
formation at a region of high electrical stress enhancement (tree initiation) is followed
by the growth of fine erosion channels due to partial discharge activity (tree growth).
Little is known of the physical processes which lead to void formation. However,
electrical field enhancement is likely to occur around material defects, conducting
impunties or moulded-in metal inserts and this acts to drive defect formation. Much
of the published data on electrical treeing breakdown uses the pin-plane geometry to
model a simple conducting defect and to produce the high electrical fields necessary

for quick tree initiation.

Light emission during treeing has been considered by several authors. Kojima et al.
[91], studied polyethylene terephthalate using impulse voltages, Shibuyaet al. [5],
considered epoxy resin under 50Hz a.c. stress, Laurent et al. [92], examined
polyethylene under 50Hz a.c. stress. Bamiji et al. [3], considered it under 60Hz a.c.
stress, and Baumann et al. [93] studied epoxy resin under both a.c. and impulse
voltages. All have found that light is emitted from a region of high electrical stress at
the pm-tip before the onset of partial discharge activity. This light emission is thought
to be due to the injection of charge into the insulator material resulting in
electroluminescence either by hot electron processes [5], or excitation of the host
resin molecules [91], or charge carrier recombination [92]. In the case of a.c. voltage
stressing, a phase relationship has been found between the emitted light and the
stressing voltage [5,92,94] and has been used to distinguish between the emission due

to partial discharges and that due to electroluminescence [5].

The characteristics of the electroluminescence on. the applied stressing voltage has
been used to postulate various mechanisms of initial failure of the insulator and to

obtain a threshold or critical electrical stress for the initiation of breakdown. Space

05 —



charge formation and the mechanisms of electroluminescence and how these relate to
failure are the subject of current debate in the literature. Hibma and Zeller (4J,
proposed a electro-fracture process for the initial failure, while Shibuya et al. [5],
suggest that initial failure is caused by bond breakage due to hot electron
bombardment of resin molecules. A more indirect process has been proposed by
Bamiji et al. [3], where UV electroluminescence is responsible for the initial failure
via photo-degradation. The use of light emission data to obtain threshold stress values
has been explored by some authors. Baumann et al.[93], determine threshold values
by extrapolating to zero intensity the flight intensity-voltage characteristic, whereas
Bamiji et al. [94], and Lebey et al. [95], determine thresholds by noting the voltage
for the first appearance of light emission. In these latter cases, threshold values are

likely to depend on the limit of detection (noise level) of the measurement system.

The aim of the work reported here was to quantitatively investigate the light emission
during the initiation and early growth stages of electrical treeing in CT2(X) epoxy and
unsaturated polyester resins in order to gain insight into the processes responsible for
tree initiation and growth. Mains synchronous photon detection techniques were
developed, coinprisin® gj. an ultra sensitive photomultiplier and large light collection
optics,was used to measure the low level light emission and its phase relationship
with respect to the a.c. stressing voltage,from pin-plane samples subjected to 50Hz
a.c. step ramp electrical stress. The data was also used to critically assess the field
limited space charge (FLSC) model of Hibma and Zeller [1], as well as the Schottky
and Fowler-Nordheim charge injection mechanisms. The existence or otherwise of
threshold fields or voltages will also be addressed as these are often used in the

determination of electrical breakdown statistics.

5.2. Experimental

Both CT2(X) and polyester resin were prepared with two levels of purity, 1) 'as
received’ 2) 'ultra clean*, as described in chapter 2. Standard pin-plane samples were
made by casting either Ogura steel pins or electrochemically etched tungsten of radii
ranging from O.0S/im to 5/im (characterised using SEM) in resin slabs of size 50mm

wide, 20mm high and 5mm thick, (see chapter 2). The pin-plane separation of all
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samples was close to 3mm and to obtain an intimate plane contact, the bottom surface

of the samples were coated with silver conductive paint.

5.2.1. Light Collection Optics

The light emission collection optics is shown in detail in figure 5.1. The pin-plane
sample is clamped onto an earth plane inside a light tight metal box. Light emitted at
the pin-tip is collected by a large diameter lens to maximise the light collection
efficiency (gathering S% of the total emitted light) and focused onto the photocathode
of an ultra-sensitive photomultiplier tube (EMI 9789B). This photomultiplier was

selected by the manufacturer for a low dark count of 1.2 photon counts per second.

5.2.2. Experimental Arrangement

A schematic of the mains synchronous photon counting system is shown in figure
5.2. The stressing voltage and synchronisation are both derived from the 240V 50Hz
mains. A variac allows the EHT stressing voltage to be varied continuously from 0 to
15kV rms. The stressing voltage is monitored using a digital voltmeter and a 1000:1
probe and its waveform displayed on a Tektronix 468 digital storage oscilloscope via.
a 1000:1 potential divider. The stressing voltage is applied directly to the sample pin

with no current limiting resistor.

A Nuclear Enterprises photon counter was used to amplify and threshold select the
photon pulses from the photomultiplier using the fast discriminator. The internal
counter and rate meter can be used to display the total count or rate of photons
detected. The threshold selected photon pulses are also displayed on the second
channel of the storage oscilloscope. With the oscilloscope set to envelope mode the

phase distribution of the detected photon pulses can be built up in time.
The discriminator output is also connected to the mains synchronous photon counter

(which will be described in detail in the next section). This consists of 4 separate

counters each time gated to one of the 4 quadrants of the mains cycle as shown in
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Figure 5.1. Light emission experimental
arrangenent.
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Figure 5.2. Experimental arrangement.



quadrant 1 Quadrant 2 gquadrant 3 quadrant a

Fi?ure 5.3. Light emission phase with respect to stressing
voltage waveform.

figure 5.3. The synchronisation wc«s derived from the mains supply. The count time
(integration time) can be set within the range 1 second to 99 seconds and each
counter can count up to a maximum of 1024 photons. A BBC model B
microcomputer was used to control and read the four counters using a parallel data
interface and to monitor the stressing voltage by reading the digital voltmeter display
contents via. a RS232 serial data link. The light emission measurements can be taken
at intervals of 1 minute or more and at the end of each measurement the data is
displayed on the computer screen and stored on floppy disk. Each data record uses 35
bytes of the available storage space on the floppy disk. An unused disk has a capacity
of 200K bytes, and so if an 100 second measurement is taken every 2 minutes, then
the system can record up to 12000 minutes (2 weeks) of light emission data without
interruption. Hence, this system is suitable for both short term step ramp tests as well

as long term stressing tests.
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5.2.3. Mains Synchronous Photon Counter

In order to minimise development time a BBC model B microcomputer having good
input/output facilities, was used to control the mains synchronous photon counter and
to display and record the measured data. The BBC microcomputei is equipped with a
parallel input/output port having 8 data lines, and two control bits, CBI and CB2.
CB2 was configured for output and the 8 data lines and CBI for input.

A schematic of the mains synchronous counter is shown in figure 5.4. The
synchronisation is derived from the 240V a.c. mains and is converted to a TTL logic
signal. A zero phase detection circuit and the associated start/stop flip-flop ensures
that photon counting commences and halu at the beginning of quadrant 1 (see figure
5.3). With the start/stop flip-flop in the start mode, the 50Hz synchronisation triggers
the series of monostables M1 to M4 which generate the four time window signals
corresponding to the four quadrants of the stressing cycle (see figure 5.3). These four
window signals, time gate the discriminated photon pulses to four separate 12 bit
binary counters. As only 8 data lines are available to communicate with the BBC
microcomputer, the two least significant bits of the four counters were discarded and
the next 8 bits used. Each counter can therefore count up to 1023 photons with an
error of 4 photon counts. This error will be much less than the error associated with

using photon counting techniques to measure the low intensity light emission.

The control circuit is based around a 5 stage Johnson counter. Successive pulsing of
CB2, will switch one of its 10 output lines to logic high state in tum, the remaining
outputs in logic low states. These (up to 10) outputs are used to control the
operation of the mains synchronous photon counter when instructed to by the BBC
microcomputer. On switch on, the Johnson counter is initially reset such that the first
of the 10 output lines is logic high and the rest low, the ’ready’ state. In this state,
the mams synchronous counter does nothing except illuminates a light emitting diode
(on the front panel) and waits for a ’start” pulse on CB2. Once this happens, the
second output line of the Johnson counter switches to logic high, triggering a
monostable to reset all the counters and after a delay, longer than the reset pulse

length, the start/stop flip-flop is set to start mode. Phase resolved photon pulses are
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Figur« 5.4. Mains synchronous photon counter.
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then counted on the four quadrant counters. Simultaneously, the time gated
synchronisation pulses are counted on a programable counter until after a preset
number of pulses, corresponding to a time interval between | and 99 seconds, a stop
pulse is generated forcing the start/stop flip-flop into its stop state. This stop pulse is
also used to signal the BBC microcomputer that photon counting has terminated (via
CBI).0Once the BBC microcomputer has received this pulse, it generates four further
pulses on CB2, switching the third, fourth, fifth and sixth output lines of the Johnson
counter, logic high in turn. These four lines control the 4 into 1, 8-bit multiplexer,
presenting the contents of the four quadrant counters onto the 8-bit data bus in turn to
be read by the BBC microcomputer. One further pulse on CB2, sets the seventh
output line logic high, which forces the Johnson counter to reset, back into the ready

state to await the next start pulse on CB2.

The noains synchronous photon counter was built from both TTL and CMOS logic
gates. There is no reason why the system cannot be extended to include say 16
counters, to increase the phase resolution. However, 4 counters is sufficient to
measure phase changes and any phase ambiguities can be removed by comparing with

the phase distribution built up on the storage oscilloscope.

5.2.4. Detection System Performance

The detectability of the mains synchronous photon counting system depends on the
light collection efficiency of the optics, the quantum efficiency and dark count of the
photomultiplier and the absorption of light through the resin sample. Both the
quantum efficiency and absorption are wavelength dependent. In the case of CT200
resin, the resin strongly absorbs below 400nm, and for the photomultiplier, the
quantum efficiency of the photocathode falls below 2% above 600nm. Hence light
will only be efficiently detected within this wavelength range. The spectral range of
the light detection system is shown in figure 5.5 where the sample absorption and

quantum efficiency has been combined and plotted against wavelength.
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Figure 5.5. Spectral sensitivity of the light detection
system.

The light collection efficiency of the optics i.e. the ratio of the solid angle of the lens
aperture to 4t was calculated giving a value of 5%. Assuming the emitted photons
have a wavelength of 460nm, (i.e. at the peak of figure 5.5), the overall photon
detection efficiency is 0.8%. This corresponds to one photon being detected for every
125 photons emitted from the pin-tip. For other wavelengths, the detection efficiency
will be less than 0.8%. The EMI 9789B photomultiplier has a dark count of 1.2
photon counts per second and so for a signal to noise ratio of 1:1, 150 photons will

have to be emitted from the pin-tip region every second.

Before the mains synchronous photon counting system was used various tests were

undertaken to ensure that,

1) the synchronisation remains in phase with the stressing voltage over the full

range of stressing voltage 0-15kV rms,

2) no systematic mains correlation exisU in the threshold detected photon

pulses.
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3) the dead time of the mains synchronous photon counter is not excessive and

4) that no spurious discharges occur from the high voltage electrodes and

connections that could be detected on the photon counter.

5.3. Step Ramo Light Emission Results

Some twenty samples of CT200 epoxy and polyester resin with varying purity levels
and embedded tungsten or Ogura pins were examined. The pin-tip radii ranged from
O.0SMm to 5S#«m. Each sample was subjected to a number of step-ramp stress tests
until pin-tip/resin interface failure occurred or a large (IOOMm) electrical tree had
grown. A standard step-ramp stressing test was used for all samples where the
voltage was incremented by 300V rms every 6 minutes. The step length of 6 minutes
was determined by the requirement of counting a sufficient number of photons to give
a counting error of +/-5%. Within this time, 3 individual measurements of the light
intensity are taken, each with a 99 second integration time. An example of light
emission measured for a CT200 sample with pin-tip radius 0.2/xm is shown in figure
5.6. The light emission in each of the 4 quadrant counters and the stressing voltage is
plotted against time. The fluctuations in the light emission for stressing voltages less
than 6kV rms, are within the statistical error associated with photon counting and
therefore not significant. However for stressing voltages above 6kV rms, the
fluctuations become significant and a rapid rise in the light emission intensity is

observed.

Collation of the step-ramp data sets show that three distinct types of light emission

response occur on increasing the applied voltage.

1) Type A, where a steady-state (independent of time over a period of three times the
integration time of the photon counter) low level light emission was observed in the
range 1to 8 photon counts/sec at constant stress. Some 90* of the emitted light
appears in quadrant 3 of the mains cycle and 10* in quadrant 1as shown in figure
5.7(a).
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2) Type B. The light emission fluctuates with time, decreasing after a initial surge.
The measured intensity was generally in the range 10-20 photon counts/second with

70% in quadrant 3 and 30% in quadrant 1. (see figure 5.7(b)).

3) Type C. The light intensity is relatively large (>25 photon counts/second),
fluctuates rapidly with periods of quiescence and increases with time at constant
stress. During this increase, a phase change occurs from the centre of quadrant 3

towards quadrant 4. (see figure 5.7(c)).

From optical microscopic examination of the pin-tip/resin interface. Type A emission
is associated with initial charge injection with no observable microscopic defects (or
obvious damage). Type B with the formation of micro-channels 2-5ixm long and less
than I/<m wide, and Type C with the existence of large channels greater than 10/im

long, larger than 2nm wide.

For tungsten pins of radius ranging from 0.08/tm to 0.25Mm, a small (spherical)
bush-like failure always occurs first in BOTH resins, whilst for larger pins (both
tungsten and Ogura steel) of radius ranging from 2.5Mm to 5Mm, a 2/im crack or line

failure always occurs first.
5J.1. Type A Emission - Field Limiting Space Charge MndH

Baumann et al. [93] claim to have shown experimentally that in an epoxy resin, using
the pin-plane geometry and a ramped a.c. voltage (V) at 500Hz, the square root of
the electroluminescent intensity (l), varies linearly with voltage. This is stated to be
m agreement with the field limiting space charge (FLSC) model of Hibma and Zeller
[1], (see appendix 7) with a threshold step increase in the carrier mobility when a
material dependent critical (threshold) field is reached. Extrapolating to zero | on a
v'l versus V plot enables the threshold voltage to be determined. Typical plots of V1
(having subtracted the dark count per second) are shown in Figure 5.8, for CT2(X)
sample PJ159A and polyester sample RC1312C both with embedded tungsten pins.
The data points at the highest voltages are in the region of Type B behaviour.

Extrapolation of the straight line to zero intensity enables evaluation of the threshold
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voltage, The best fit to the data is not always a linear relation at high or low

stress as shown by the dotted line.

A summary of the values of , obtained by extrapolation from the initial step ramp
test for a series of samples is shown plotted against pin-tip radius in Figure 5.9. The
corresponding threshold field, ., is shown in figure 5.10, with the

electric field at the pin-tip, E, calculated from Mason’s expression [96] assuming
no space charge effects,

2.V
r.In(4d/r) G-D

uhere r is the pin-tip radius and d is the pin-plane separation. The abscissa is plotted

as a log function merely to expand the data points along the axis. It is found that
Eai depend only on the pin-tip radius and are independent of the type of resin,

purity level of the resin and the type of pin used. For small pin-tip radii (<0.3Mm),

Va,. values are constant having a limiting value, V,, of 1.1 +/- 0.5 kV, whilst the

Figure 5.8. FLSC Plot.
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Figure 5.9. Type A threshold Voltages. Symbols, circles - CT200,
triangles - polyester, filled - tungsten pin, empty - Ogura pin.
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corresponding E”., values depend strongly on pin-tip radius. Hibnta and Zeller, [1],
also found that for snudl pin-tip radii, less than 3/101, considerably higher critical

fields were obtained. They suggested two possible explanations for this,

i) lack of active sites for charge injection and carrier multiplication by impact

ionization.

ii) due to the small distances involved, a critical distance for charge trapping

of mobile charge carriers may be required.

Another possible explanation for this, is the space charge blunting effect [96], which
limits the field enhancement at the pin-tip for small pin-tip radii. However, this

would not be in agreement with the FLSC concept.

5.3.2. Twt?C A Emission - Charge Carrier Injection Mechanisms

Assuming that the emitted light intensity I, (counts per second above noise) is directly
proportional to the injection current and that the electric field, Emax, at the pin-tip
is calculable from equation 1, then it is possible to assess alternative charge carrier
injection mechanisms (Fowler-Nordheim and Schottky injection, as described in
appendix 7).

1) Fowler-Nordheim (F-N) charge tunnelling injection is well documented [9,97] and

the injection current - field relationship is.

5.2
3eh « E ¢-2

where nt* is the effective mass of the charge carrier and 0 the interface barrier height
[97]. Plotting In(I/E?) against 1/E should give a linear relationship from which  can

be evaluated if a value for the carrier effective mass is assumed.

2) Schottky (thermionic) charge injection is also well documented [9,97], where the

injection current - field relationship is



(5.3)

where «, is the relative dielectric permittivity, g the carrier charge. A plot of In(l) is a

linear function ofVE, enabling t, to be evaluated [97],

Typical F-N and Schottky plots are shown in Figures 5.11 and 5.12 respectively. An
assessment of such plots for a number of different specimens is given in table 5.1,
together with the corresponding value of E when IKV is applied to the pin. $is

calculated assuming that the carrier effective mass is equal to the mass of an electron.

It is found that Schottky plots appear to fit the data when E is less than 0.5 GV/m,
and F-N plots when E is greater than 1.0 GV/m. It has been pointed out by O’Dwyer
[97], that at very low temperatures there will be no thermionic emission (Schottky
emission) over the potential barrier. At higher temperatures thermionic emission will
dominate at low applied fields, whilst at very high fields, tunnelling emission (F-N)
will dominate. The condition for this, found by Good and Muller [98], is

£ > (5.4)

with E in MV/m, A ineV and T in deg.K. Assuming *=leV, then for F-N
emission, E > 0.3GV/m, agreeing reasonably well to that found above

experimentally.

It is worth noting that in the literature only two sets of data of light emission as a
function of field have been examined analytically in terms of the injection
mechanisms described above. Laurent et al. [92] using a pin-plane geometry with
polyethylene showed that their data fitted F-N rather than Schottky emission. They

did not evaluate  but their data gives a value of #=0.52eV.

Kojima et al. [91], using 12/xm PET films in a plane-plane geometry found that their
data fitted a F-N plot but leads to a value of 0=0.05eV. However, according to the
above thermionic emission criterion (equation 4), their dau should be in the Schottky

regime as their maximum field is of the order of 0.08GV/m.
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Figure 5.11. F-N Plot.
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Table 5.1. Charge injection mechanism resulu

Sample  Material Pin Type  Pin F-N Plot Schottky E  (at
Radius *(eV) 1kV rms)

[iunl (GVImI
P1259 CT200 Tungsten 0.23 0.73 no fit 1.050
RC1312  Polyester ~ Tungsten 5.00 no fit 53 0.073
RCI64  Polyester — Tungsten 0.08 1.30 no fit 2.940
P1253 CT200 Tungsten 021 0.63 no fit 1.270
P1256 CT200 Ogura 2.50 no fit 4.6 0.134
PJ159 CT200  Tungsten 0.08 150 no fit 2.940
PJB7A CT200 Tungsten 0.20 128 no fit 1.270

5.3.3. Type B Emission

A value for the threshold voltage for Type B emission, V,,, may be obtained using
the criteria of the sudden increase in the light emission during the stressing voltage

step ramp and iu subsequent decay, and associated change in the phase distribution.

-0.2 0.0 0,2 0.4 0.6 08
1/V (V - PIN VOLTAGE (kV rms)).

Figure 5.13. Determination of threshold voltage for Type B emission
V,,, from F-N plot.
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Such a change in the light emission characteristics is shown in figure 5.6. This
threshold voltage may alternatively be obtained from F-N, Schottky, or FLSC plots
where a departure from linearity is observed above this threshold. An example is
shown in figure 5.13, where departure from F-N behaviour is found at a voltage of
6kV rms.

Figure 5.14 shows the threshold voltage for Type B emission, V,,, plotted against
pin-tip radius for all samples tested. The abscissa is plotted as a log function merely
to expand the dau points along the axis. V,, is clearly a function of the resin type
and in the case of the polyester samples, also the pin-tip radius. For small pin- tip
radii (<0.5”m). Type B threshold values are 6-F/-1KV for CT200 and 2.5-i-/-0.5KV
rms for polyester resin. The corresponding values of E, ,, the threshold field for Type
B emission, calculated using equation 1, are shown in figure 5.15. Clearly, E,,
depends on material type and the pin-tip radius. The fact that for small pin-tip radii
(<0.3/xm), Vg, is constant and not E, ,, (the same behaviour that was found for the
Va, and Ea, values), suggests that space charge blunting effects occur which limit the

field enhancement for pin-tip radii less than 0.3Mm.

It is quite clear from the above results for Type A and Type B light emission that
measurement of the critical field for charge injection (our Ea.J, docs not describe a
material dependent parameter for the onset of dielectric aging as proposed by
Baumann ct al. [93]. Instead, it is considered that their material dependent critical
field can be associated with E*,, given the superior sensitivity of the light emission
detection system used in this work. The large variation in the critical fields of
supposedly identical samples, obtained by Hibma and Zeller [1], (their curious Type |
and Type Il samples) can be explained as due to the variable quality of the pin-tip

resin interface.
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Figure 5.15. Type B threshold fields. Symbols, circles - CT200,
triangles - polyester, filled - tungsten pin, empty - Ogura pin.
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5.3.4. Type C Emission

Once a tree of size 10-20/im is present, then a third form of light emission. Type C,
is observed. The emission is relatively large > 30 photon counts per second and
shows large fluctuations with short periods of quiescence and generally increases in
time at constant a.c. voltage stress. Associated with this is a phase shift in the emitted
light from quadrant 3 towards quadrant 4, shown in figure 5.7(c), such that the
emission originally in quadrant 3 for Type A and B is nearly in phase with the

stressing voltage waveform.

U .5. Discussion - Step Ramo Results

Due to the general poor understanding that currently exists and the paucity of good
experimental data in the literature on light emission from solid polymers during
charge injection and the early stages of electrical treeing, it is necessary to assess our

results with some care.

The FLSC model of Hibma and Zeller [1] (see appendix 7) has been applied to both
charge injection and light emission studies [93]. Their experimental results show that
the FLSC model is only valid for pin-tip radii greater than 3/xm and for applied
voltages between V. and 2Vj, where V, is the material dependent critical voltage for
charge injection. Assessment of our data using this model gives threshold voltages for
Type A emission independent of the material type and only dependent on the pin-tip
radius. However, the range of pin-tip radii used in our study vary from 0.1/xm to

Sum.

Alternatively Schottky and F-N emission models (see appendix 7) may be used to
interpret the Type A data. F-N behaviour is found to be closely followed at very high
fields and Schottky behaviour at lower fields as predicted theoretically. Also, the
values obtained for  the potential barrier height and €,, the relative dielectric
permittivity, see table 5.1, are realistic. In both these models a material dependent
threshold field is not required. It is worth noting that theoretical data derived from

the F-N equation will give an approximate straight line (over the limited range of
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to 2VJ on a FLSC plot allowing an apparent threshold field to be obtained. Our
high-field experimental data is in agreement with this, whilst it is possible to obtain a
partial fit to the FLSC model, the F-N fit is much more convincing. The extrapolated
value of V*,, obtained from the FLSC plots and the limiting value 1. fot small
pin-tip radii, have no real physical significance. These are obtained by extrapolating
to zero intensity, the limited region of linear behaviour on the FLSC plot, due to F-N
or Schottky charge injection behaviour. These values are therefore not lelatable to
threshold voltages or fields for charge injection. However, the limiting value of VA,
for pin tip radii less than 0.3/xm, V* may be due to the space charge blunting effect
mentioned earlier.Those sets of dau found not to fit either F-N or FLSC model were
found to follow the Schottky behaviour. However, it is for these daU sets that the
FLSC model should be applicable as they are obtained from samples with the larger
pin-tip radii, greater than 2.5"m. Hence, we are not convinced that there is any
experimental evidence (from the work reported here and in the literature) for a
material dependent threshold field/voltage for charge injection and subsequent light

emission.

Careful examination of the voltage threshold data in the literature for the onset of
what is called electroluminescence, shows that in all cases where the FLSC model is
not used, the threshold is obtained by voltage ramping and determining the voltage at
which light emission is first observed [94,95]. The noise level of the detection
systems used vary from 10 to well over 50 counts per second with very limited
collection optics. Hence it would appear that the threshold voltage is in practice
determined by the signal detection sensitivity of the system used. This also seems to
be true for threshold voltages determined from charge injection measurements. Thus
it is not surprising that there is confusion in the literature [99] regarding the
correlation (or otherwise) of threshold voltage/fields for charge injection and

electroluminescence.

Recalling that the bulk of the dau in the literature is for polyethylene, the recent
work of Hozumi et al. [100], using transmission electron microscopy to examine
initial tree growth is relevant. They find that the starting point of tree growth is a

convex shaped defect of O.OI"m to 0. I/tm in size, from which a channel of 0.1/im
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diameter grows. Constrictions with a period of 0.05/im to 0. I*m are also observed.
These channels exhibit carbonization at their surfaces indicating exposure to high
temperature and filamentary thermal breakdown. Their work suggests that initial tree
growth IS via micro-discharges in micro-channels whose size is well below the limit
of observation by optical microscopy. Hence the view [3,94,95,99.101] that the light
emitted, before the appearance of an optically visible tree, is purely

electroluminescence is not well founded.

From the step-ramp tests, material dependent thresholds are found for Type B
emission which is known to be associated with material damage in which the
resulting defects are smaller than Sum in extent. The behaviour of the threshold
values with pin-tip radius suggests that space charge plays a significant role in the
process of tree initiation. Precisely what role remains unclear, although from our
results. rtwould seem to limit the field enhancement at the pin-tip for tip radii less
than 0.3/101. More knowledge of the charge transport processes and the relationship
between the local field in the vicinity of the pin-tip and the applied voltage will be
required to explain the transition from Type A to Type B behaviour.

It is possible that a material dependent threshold field exists for electron avalanches
to occur within the resin leading to the formation of micro-channels and the
occurrence of microdischarges. Alternatively, Poole-Frenkel trap lowering may lead
to a negative differential resistance region in the field-mobility relationship [1], once
a material dependent critical field is exceeded. This could possibly change the
injected charge characteristics from a radially symmetric space charge region to a
pulsed filamentary case. The large current densities in these filaments may well
contribute to the initiation of electrical trees [9] and a change in the light emission

behaviour.

Once tree channels greater than approximately 10/im are formed, the characteristics
of the light emission change and Type C emission is observed. The observed change
in the phase of the emission with respect to the stressing voltage is probably

influenced by the accumulation and the spatial distribution of charge within the tree

channels.
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It is also found that for a sample with a poor interface already present, in the form of
a S”m crack produced during resin cure, or on recycling the stress after the
appearance of microchannels, or even when a large 100itm tree has grown, all three
types (A,B and C) of emission can still be observed but over lower voltage ranges, as
illustrated in table 5.2, for polyester sample RCI 1/1 and CT200 sample PJ87. The
fact that the FLSC model criteria still gives discemable values for the critical field
for charge injection, even though a large defect is present at the pin-tip, questions its
usefulness as a technique to extrapolate material dependent parameters characterizing

their resistance to electrical breakdown.

Table 5.2. Repeated stress cycling

5.4. Long Term Voltage Stressing Tests

Whilst step ramp a.c. tests are a quick method for determining electrical strength and
predicting insulator lifetimes, they are not necessarily representative of insulator
service conditions where the insulators are expected to withstand high electrical stress
for some considerable time. Also the material dependent threshold fields (e.g. our
V,J obtained from these tests while useful, do not takp into account any long term
failure or degradation mechanisms which will be of obvious importance for the

prediction of the service life of real insulation systems.

In order to understand more fully the physical processes governing tree initiation
(Type A to Type B transition), a series of long term stressing experiments were

undertaken.
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5.4.1. Experimental

A series of CT200 pin-plane samples having pin-tip radii of around 0.1/im and pin-
plane spacing of 3mm, were subjected to an initial step ramp voltage stress up to
approximately 80% of the threshold voltage for Type B emission, V,,, found using
figure 5.14 from the step ramp tests. The samples were then continuously stressed at
this voltage and the light emission measured every two minutes with an integration
time of 99 seconds. To see how stress interruption may affect the light emission
behaviour, two of the samples were subjected to stress interruption times of 17 hours

or 65 hours before stress continuation at the same voltage.

5.4.2. Liaht Emission Results

The light emission behaviour of four of the samples are shown in figures 5.16, 5.17,
5.18 and 5.19 for samples P134/2, P139/1, P139/3 and P140/2 respectively. Plotted
is the pin voltage and light emission intensity in quadrants 1, 2 and 3 of the stressing
cycle against time. Quadrant 4 intensity was not plotted for clarity but exhibits the

same intensity and temporal behaviour as quadrant 2.

These results show that Type A to Type B transition does occur in time, when the
samples are stressed below the Type B threshold field for Type B behaviour obtained

from the short term step ramp tests.

The long term light emission behaviour of these samples share a number of common
features. Firstly a Type A region where the electroluminescent intensity initially
increases exponentially to a constant level. This increase is shown plotted in figure
5.20 along with the two other samples that were also stressed continuously (i.e. no
stress interruption). The electroluminescent intensity risesfor the three samples were
normalised such that they can be direcUy compared. The function fitted was a single
exponential function with a time constant of 5 hours. The similarity of the three plots
suggest that this increase is an intrinsic property of CT200 resin. For sample P139/1,
where the electrical stress was interrupted for 17 and 65 hours during the initial

electroluminescent increase, the intensity was found to drop on re-establishment of

-121



122












the stressing voltage, below the level on interruption. The magnitude of this drop was
found to depend on the interruption time as shown in figure 5.21 along with the
results from another sample. After this initial drop in intensity the

electroluminescence increases at a rate similar to the initial rise.

Further changes in the electroluminescent behaviour occur in time. A second but in
general slower increase in the Type A light emission intensity is observed, for the
non-interrupted samples, before a sudden and sharp decmse in the light emission
intensity marking the transition from Type A to Type B behaviour. The magnitude of
these intensity changes and the stressing time required, depend on the individual
samples, e.g. the initial state of the pin-resin interface condition and the actual
electrical stress condition at the pin-tip. Sample P139/3, where the stress was
interrupted before the transition region, was examined by optical microscopy and no

observable material damage was found at the pin-tip.

After the transition region. Type B behaviour is observed. The difference in phase

and temporal behaviour between Type A and B light emission can be clearly seen.
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Figure 5.21. Decrease in the Type A electroluminescent intensity after stress
interruption.

5.4.3. Lena Term Voltage Stressing - Discussion

A generalised schematic of the long term light emission behaviour is shown in figure
5.22.
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The initial long time constant exponential rise in the Type A electroluminescent
intensity, region (i) in figure 5.22 and the intensity drop after stress interruption
suggest that charge storage in the resin is responsible for the observed
electroluminescence behaviour. How this may occur will be discussed in detail in

section 5.6, where a deep trap recombination model will be proposed.

The magnitude and time required for the second but generally slower increase in the
electroluminescence, region (ii) in figure 5.22, was found to be sample dependent and
therefore not intrinsic to CT200. A possible explanation for this is material
degradation at the pin-tip resin interface, wKcng -tka. injected charge carriers,
above a critical energy, break bonds in the resin network. Such a process has been
discussed by Tanaka and Greenwood [102]. To account for the intensity increase,
bond breakage then leads to an increase in the number of deep trap recombination
centres. Sample P139/3 was interrupted here and found not to have any observable
microscopic damage at the pin-tip. Hence, if deterioration has occurred, then it’s
extent must be less than the optical resolution, i.e. less than I/»m. This is therefore

consistent with the above process where damage first occurs at the molecular level.

A transition region, (iii) in figure 5.22, occurs before the onset of Type B behaviour
where the electroluminescent intensity decreases sharply. The magnitude of this drop
is sample dependent and is therefore not intrinsic to CT200 resin. The most likely
explanation for this is interface failure and a reduction in the amount of charge
injected into the bulk of the resin. Type B behaviour, region (iv) in figure 5.22,

occurs after the transition region with the formation of microchannels at the pin-tip.

From these long term stressing tests a scheme for tree initiation in CT200 epoxy
resin can be formulated. The pin-tip resin interface is first weakened by injected
space charge. Interface failure then follows once sufficient deterioration has occurred
and possibly facilitated by the high mechanical compressive and shear stresses that
exist at the pin-tip (see chapter 4). Microchannels form at the failed interface again
possibly facilitated by the high mechanical stresses at the pin-tip as a prelude to tree

propagation.

128



5.5. Simultaneous CCD-Photomultiplier Measurement of the Light Emission

The use of a photomultiplier and mains synchronous detection techniques has shown
that the Type A tight emission behaviour was found to follow the Schottky or
Fowler-Nordhiem charge injection mechanisms depending on the magnitude of the
applied electric field. No evidence was found for a material dependent threshold
voltage/field for light emission and therefore charge injection. In order to substantiate
these conclusions and to determine the spatial distribution of the emitted light at the
pin-tip, an ultra-sensitive liquid nitrogen cooled charge coupled device (CCD) camera
was used in conjunction with the existing photomultiplier, to simultaneously record
the emitted light.

5.5.1. Experimental

A Wright Instruments liquid nitrogen cooled CCD camera utilising a thinned and UV
coated CCD chip, EEV CCDO02, was used in a back-to-back arrangement with the
photomultiplier, shown in figure 5.23, to simultaneously record the intensity and
spatial distribution of the emitted light from the test sample. The CCD has negligible
dark noise compared with the readout noise of 10 electrons per pixel. The light
collection efficiency of the CCD optics is 2.5% and the CCD chip has a quantum
efficiency of 80%. Assuming the emitted light falls equally on 5 CCD pixels and an
integration (exposure) time of 100 seconds, then the CCD tamera is approximately 4
times as sensitive as the photomultiplier. For a CCD integration time of 1000
seconds, the detectability increases to approximately 40 times that of the
photomultiplier. The CCD chip has 385 x 578 pixels each of size 22/im x 22nm. The
CCD optics has a magnification of X15 using a 25mm microscope objective and

hence the spatial resolution is 1.5Mm per pixel.

Standard pin-plane CT200 samples with embedded etched tungsten pins of pin-tip
radii around 0.08Mm were electrically stressed by applying an initial step ramp up to
approximately 80% of the threshold field for Type B behaviour, obtained from the
short term step ramp tests. Continuous long term stressing then continued at this

voltage.
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5.5.2. Step Ramo Tests

The results of simultaneous measurement of the light emission intensity for sample
P144/19 using both the photomultiplier and the CCD camera with a 1000 second
integration time are shown in figure 5.24 plotted against pin voltage. The higher
sensitivity photodetection of the CCD camera shows that light emission is maintained
at voltages 2.5 times lower than when first detected using the photomultiplier. This
supports the view that"experimental evidence currently exists for a material threshold

voltage/field for charge injection and subsequent light emission.

CCD spatial imaging of the pin-tip region, see figure 5.25 (a), (b) and (c) for sample
P144/2 (CT200 sample with a 0.09fim embedded tungsten pin) at 3kV, 4kV and 5kV
rms respectively, reveals that the majority. (60%) of the Type A light emission
emanates from an area less than 3#im from the pin-tip. with maximum emission

occurring at the pin-tip and light sUIl detectable some IOMm into the resin.

This would suggest that injected charge is concentrated at the pin-tip and extends at

least 10”m into the resin.
5.5.3. Lx’ng Term Stres.sing

Long term stressing of these samples has shown that the light emission area increases
in time, principally along the pin-tip as shown in figure 5.26 (a), for sample P144/2
stressed at 5kV - 3.5 hours. From this it is found that 60% of the light emission is
from an area less than 4.5/xm from the pin-tip. Damage accumulation was therefore
probably occurring throughout the whole stressing time princijally along the cone and
at the pin-tip. This can be seen more clearly in figure 5.26 (b) for sample P144/2
stressed at 5kV + 6.5 hours.

5.5.4. Light Emission from Tree Channels

Continuous CCD imaging (with short integration times of 10 seconds) of the Type C

light emission was performed on a mature 160Mm tree grown in CT200 (sample
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Figure 5.23. Back to back CCD and photomultiplier experimental arrangement.
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Figure 5.24. Simultaneous measurement of the light emission using the photomultiplier
and a liquid nitrogen cooled CCD camera.
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Figure 5.26. Long term light emission behaviour, (a)
5kV + 3.5 hours, (b) 5kV + 6.5 hours.

P 131/17 with pm voltage 5kV rms). Discharges occur throughout the tree, as shown
in figure 5.27(a), (b) and (c), the same image was used for figures 5.27(b) and (c),
with the grey scales on the former set to show the whole region of light emission
whilst for the latter, the grey scales were set to show just the brightest regions. The
discharging was found to switch on and off in time and the overall activity was found
to decrease with time with periods of quiescence dominating after approximately 10
minutes. Random bursts of discharge activity occurred after this time. If the
discharge activity is associated with trw growth, then the mechanisms of passivation
and the random switching behaviour of discharges will be of fundamental importance

in predicting tree growth times.
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5.6. Discussion

It was concluded from the short term step ramp tests (see section 5.3) that the
electroluminescence is governed by charge injection. Depending on the applied
electric field either Schottky or Fowler-Nordheim injection behaviour is observed.
The mechanisms for electroluminescence and the role of charge injection and space
charge formation on electrical tree initiation are as yet unresolved. This is due mainly
to insufficient knowledge of i) the electronic states in synthetic resins, ii) the high
field transport processes and iii) lack of quantitative light emission measurements in
the literature. What follows is a brief discussion on some of the likely physical
processes involved leading to a proposed deep trap recombination model for

electroluminescence in order to explain the observed measurements.

16.1. Electronic States in an Synthetic Rf<in

Little is known of the actual electronic states of amorphous synthetic resins, the
simple periodic lattice model for a crystalline insulator is not suitable. However,
localised acceptor and donor states will exist in the synthetic resin, distributed around
energies Ea and Ed corresponding to the conduction/forbidden band transition energy
and forbidden/valencc band transition energy respectively in a simple crystalline
insulator model [35]. The band gap i.e. Ea-Ed, is likely to be in the range 4-8eV.
The actual energy distributions of the localised acceptor and donor states are
unknown but are likely to extend well into the region between Ea and Ed. These
localised states arise due to the non-periodic nature of the amorphous polymer with
the appearance of chain defects, ends and impurities. Electron and hole injection as

well as charge transport may occur via these sites.
5i6i2i Shallow Trap Transport and the Phase Relationship of the Electrolumine<renp”
Shallow trap hopping is the likely high field charge transport process in synthetic

resins. If the traps sites are Coulombic, i.e. charged when empty, Poole-Frenkel trap

lowering [9,97] occurs when an electric field is applied. The trap barrier height
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energy reduction, “4>, for a range of electric fields is shown in table 5.3, along with

the conductivity enhancement, a/oo.

It can be seen from table 5.3 that significant conductivity enhancement occurs when
the magnitude of the electric field exceeds O.IGV/m. provided that such an
extrapolation is valid. The corresponding value for the Poole-Frenkel trap lowering is
1.3eV. Coulombic traps originally of energy below this value will no longer be
available for charge trapping hence, for a distribution of trap energy levels, the
number of traps available will depend on the local electric field. This raises the
possibility of a field dependent mobility for the charge carriers. For non-coulombic
traps, i.e. neutral when empty, Poole-Frenkel trap lowering does not apply. Poole-

Frenkel trap lowering is not essential for the following argument below.

Richard Hare [103] of National Power has recently used a computer model to solve
the continuity, transport and Poisson equations for charge injection under well
defined boundary conditions in the pin-plane geometry using prolate spheroidal
coordinates. A FLSC model with the low mobility controlled by shallow trap hopping
and a generalised Fowler-Nordheim/Schottky charge injection law, was used to
determine the injection current and resulting space charge spatial distribution. It was
shown that when an alternating electric voltage is applied to the pin, the local electric
field at the pin-tip leads the applied voltage phase by approximately 45 degrees. More
importantly Hare’s calculation of the current density at the pin-tip shows two peaks
located in quadranu 1and 3, reproduced here in figure 5.28 (with kind permission of

Richard Hare). This is exactly what is found from the light emission measurements.
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Space charge therefore accounts for the phase relationship between the emitted light
and the applied alternating voltage. The phase relationship arises due to the space
charge forming a reverse electric field which opposes the driving field due to the
alternating voltage applied to the pin. However, the formation of space charge itself
cannot explain the initial exponential rise in the electroluminescent intensity. To do
this a charge earner recombination model is proposed below, where the

electroluminescent intensity depends upon the amount of charge stored in degi traps
in the resin.

Deco Trap Recombination Model

The majority of injected charge carriers, for example electrons injected into the resin
during the negative half cycle of the alternating stressing waveform, will occupy the

shallow trapping sites responsible for controlling bulk charge transport. Some
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however, may find their way into the deeper trap sites in the resin, such that they are
not removed during the opposite half cycle of the stressing voltage. These occupied
deep trap sites may then act as recombination centres and have a finite probability of
recombining with holes injected during the positive half cycle of the stressing voltage
with each recombination emitting a photon and giving rise to the observed
electroluminescence. If only a fraction of all the deep trapped electrons recombine
with holes during one cycle, then on subsequent stressing cycles, the total number of
deep trapped electrons will increase, leading to an increase in the number of

recombination centres and electroluminescent intensity.

The same situation arises for the injected holes during the positive half cycle of the
stressing voltage, some of these will occupy deep hole trap sites and act as
recombination centres for injected electrons. Due to the symmetry of the two cases.
i.e. deep trapped electrons or holes, only one charge carrier is considered in the

analysis below.

This situation can be modelled by assuming, at a fixed a.c. stressing voltage. V.
applied to the pm. the local field at the pin-tip is such that N. charge carriers are
injected during each stressing cycle. The injected charge occupying the shallow traps
are completely removed during the opposite half cycle. Let D represent the total
number of deep traps available for charge trapping, each one having a trapping
probability P. per cycle. Once filled these traps can only be emptied by recombination
of probability P, per cycle. This probability will depend on the amount of counter-
charge injected on the opposite half cycle. The electroluminescent intensity will be

proportional to C.P, where C represents the number of occupied deep traps.
Let C. be the amount of charge trapped in the deep traps in stressing cycle n.

For the first half cycle of stressing cycle n. the total charge trapped is given by

()

On the second half cycle of cycle n. the number left after recombination is given by
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As the electroluminescent intensity is proportional to C, then an exponential rise to a

constant level is predicted with a time constant, tj, given by,

'c mMiPr*PrNJD-P*.P,.NJD). (5.131

If P,> >P,.N,/D, then the exponential rise is deep trap recombination dominated.
If P,< <P,.N”D, then the exponential rise is deep trap filling dependent.

Assuming that the exponential rise is deep trap recombination dominated then the
solution reduces to

o (1 -exp(-P,.n)). (5.14)

with a time constant.

K'UPr- (5.15)

£x6.4. Deep Trap Recombination Model - Di«;iicinn

The deep-trap-recombination-dominated solution of the model is shown graphically in
figure 5.29 for different values of C». the initial quantity of trapped charge. For zero
initial trapped charge, an exponential rise to a constant level is predicted. However if
the initial quantity of trapped charge is high (i.e. higher than the steady state value)
then a exponential decrease to a constant level with the same time constant is
predicted. Shimizu, in his PhD thesis [104], describes the electroluminescent
behaviour of anthracene and naphthalene doped polyethylene. He found that the
electroluminescent intensity decreases with time to a constant level with a time
constant of 5 minutes. This model described above can be used to explain his findings

if the anthracene or naphthalene act as charge donors in the resin.

The time constant observed experimentally for CmOO, is approximately 5 hours.
Hence P, has the approximate value 1 x 10" per cycle. P, will depend on the amount

of counter charge injected into the resin and the cross-section for recombination.
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An estimate of the amount of charge injected into the resin, N,, may be obtained by
considering the following. For pin-plane sample, P134/2 (sec section 5.4), with pin-
tip radius, 0.17”m and pin-plane distance, 2mm, the maximum field at the pin-tip,
E_,,, will have a value of 5 GV/m when 3.5 kV rms is applied to the pin. Consider a
sphere of space charge of radius 5iim situated adjacent to the pin- tip. The amount of
charge distributed homogeneously within the sphere, Q, to give an electric field of

at the sphere surface is given by

Q ~ 4ite,.e/ en (5.wW)

For the values above and <,=4, the number of charges injected into the space charge
sphere is 3.5x10“ and corresponds to a charge density of 7x10"* cm ’. This
corresponds only to the space charge region required to oppose the applied field to
limit further injection. Shimizu [104], considering a 10/xm long, 10/im radius cylinder
of space charge, calculates the density of injected charge to be 2.42x10“ cm’ for
E~=2.8GV/m. This corresponds to 1.25x10* charges being injected for

E~=5GV/m (by simple scaling) and agrees well with the estimate above.
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If It 1S assumed that at steady state, C is approximately equal to N., then using the
values calculated above for the number of charges injected per cycle. N.=3.5xI0*
and recombination probability. P =Ix1O” the electroluminescent intensity, given by
C.P,, IS 350 photons per cycle. From experiment, (sample P134/2 see section 5.4),
approximately 12 photons per cycle are emitted over the full solid angle assuming all
photons have a wavelength at the maximum sensitivity of the light detection system
(see section 5.2.4). Considering photons of other wavelengths, then 12 photons
represents the lower limit for the number of photons emitted per cycle and is
consistent with the theoretical argument, i.e. less than 350 photons per cycle. At
steady state, C=P,.Nyp, and hence P, is approximately equal to P,. As we are
considering the deep-trap-recombination-dominated solution (P,> >P,.N./D), then the
number of deep traps available for filling, D, must be much greater than N,, the
number of charges injected, i.e. D> >350x10°‘. The density of deep traps must
therefore be much greater than 7x10” cm ’ This is in agreement with Kao and
Hwang [105], who quote Milnes [106], giving the value 10” c¢cm’ for the Coulombic
trap density in an imperfect large band gap insulator. Hence it would appear that this

model describes reasonably our experimental observations.

It may be possible to test this model experimentally by pre-stressing the samples with
high d.c. voltages applied to the pin. If a long enough pre-stressing period is given it
may be possible to store enough charge such that a decreasing exponential behaviour
IS observed. Pre-stressing with just one polarity in this way, will just affect the light
emission on one half cycle only. A sample pre-stresscd with the opposite polarity will
affect the opposite half cycle. Pre-stressing with a higher voltage a.c. is not practical

as material damage is likely to occur.

5.7. Conclusions

Measurement of the light emission during the early stages of electrical breakdown has

been shown to be a sensitive probe of

1) charge injection processes,

2) degradation of the pin-tip/resin interface.
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3) interface failure,

4) the occurrence of microdischarges as a prelude to tree propagation (tree initiation),

5) the partial discharge activity in growing tree channels.

Collation of all light emission result6 obtained so far suggest that the initiation of

electrical treeing breakdown may be described in the following stages.

1) Experimentally immeasurable electroluminescence occurs as soon as an electric
field is applied. At sufficiently high fields electroluminescence can be detected
experimentally and found principally in the first negative quadrant (quadrant 3) of the
voltage stressing cycle. The electroluminescence and hence the injection current is
described by either F-N or Schottky emission depending on the magnitude of the field
at the pin-tip as determined by the sample geometry and applied voltage. For the
materials examined in this work an interfacial barrier height for charge injection
across the metal/resin interface of the order of leV is found. There is no field (or

voltage) threshold for this behaviour which we term Type A emission.

Simultaneous CCD imaging and photomultiplier photodetection has confirmed that the
light detected by the photomultiplier does entanate from the pin-tip region of the pin-
plane samples. The extra (X40 for CCD exposure time of 1000 seconds) sensitivity of
the CCD camera over the photomultiplier supports the view that no experimental
evidence currently exists for a material dependent threshold voltage or field for
electroluminescence and therefore charge injection. The majority of the
electroluminescence and hence the injected charge is concentrated at the pin-tip

(<3/xm) and extends at least 10”m in to the resin.

2) On further increase in the field a material dependent threshold voltage occurs,
associated with the onset of micro-partial discharges and a corresponding change in
the emitted light behaviour, which we call Type B emission. Once this occurs, micro-
channels have formed, growth ensues and eventually breakdown channels are
observed by optical microscopy. The low level electroluminescence is rapidly masked
by the light emission from discharges in the growing micro-channels. This light

emission fluctuates in time with an increasing contribution to the total emitted light in
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quadrant 1 (the first positive voltage quadrant). The FLSC model will not be
applicable at this stage of breakdown and the threshold field for Type B, should not
be associated with the critical field of the FLSC model.

Ung term stressing of samples in the Type A region, i.e. below the threshold for
Type B emission obtained from the short term step ramp tests, has shown that an
eventual transition to Type B behaviour occurs. In this case, it is considered that slow
material degradation at the pin-tip due to continual charge injection/extraction
weakens the pin/resin interface. Interface failure then occurs followed by the

formation of microchannels and Type B light emission behaviour.

Zeller and Schneider’s model for electrofracture [4] may be applicable here. In this
case an additional mechanical compressive stress is produced due to the local electric
field acting on the space charge near the pin-tip. The resulting cumulative stress may
exceed the yield stress of the resin and hence form the first tree channels. However,
their calculations assume that the FLSC model is valid, i.e. it is assumed that a
material dependent critical field exists throughout the space charge region and that the
pin-tip radius is greater than 3/»m [93]. The work described in this chapter suggests
that this might not be so and if we consider Schottky and Fowler-Nordheim charge
injection mechanisms, the formation of a stable space charge region may in the limit,
reduce the local field to zero at the pin-tip, to prevent further injection. In this case
no additional compressive mechanical stress will arise. The real situation is probably
between the two cases above. Further complications arise; the long term light
emission behaviour suggests that slow material degradation occurs prior to interface
failure, this may reduce the yield stress of the resin at the pin-tip during voltage
stressing. In CT200 epoxy resin, the residual internal mechanical stress RIMS at the
pin-tip after sample manufacture, is found to be near the compressive strength of the
resin and relaxes slowly with time, (see chapter 4). The electrostatic energy required
for crack formation will depend on whether the additional stress due to the space
charge contributes or reduces the mechanical stress in the resin at the pin-tip.
Alternatively, the slow material degradation may simply reduce the compressive
strength of the resin to below the RIMS value, leading to crack formation. In both

these cases, the time and field dependence for crack formation will depend on the age

144



of the sample due to the RIMS relaxation. The role of electrofracture therefore
remains inconclusive and a comprehensive experimental study of the field-time
dependence of tree initation in samples having a range of mechanical stress

conditions will be re<)uired in order to confirm or refute these suggestions.

The Type B threshold value obtained from the step ramp tests should be used with
caution as it will depend on the actual stressing time as well as the stress condition at

the pin-tip.

3) Once the breakdown channels are greater than about 10”m, more conventional
discharge characteristics appear. These include rapid fluctuations of the emitted light
interspersed with quiescence which we call Type C emission. On reducing the stress
to zero and repeating the same voltage stressing cycle, all three stages can again be

found but the transitions from Type A to Type B to Type C occur at lower voltages.

Further changes in the emitted light characteristics occur on increasing the stressing
voltage which are associated with tree growth. Passivation of the electrical discharge
activity in the tree is likely to occur after a period of time with just the occasional
burst of activity occurring in time. The mechanisms of passivation and the random
switching behaviour of discharges are therefore of fundamental importance in

predicting tree growth times and the time to failure of the insulation.

The physical mechanisms governing the transition from Type A to Type B behaviour
(tree initiation) are as yet unresolved. However, the fractal dimension of the initial
failure is found to be dependent on the pin-tip radius and independent of the material,
the smaller radii producing a higher dimension. This suggests that the formation of
space charge and therefore the magnitude of the field enhancement (determined
principally by the pin-tip radius) is playing a major role in the formation of the initial
failure.
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6.1. Introduction

It has been shown in chapter 4 that CT200 epoxy resin has high compressional
RIMS, which is near the compressional strength of the material. As a result, the
success rate for manufacturing pin-plane samples with good quality pin-resin
interfaces is rather low. This is particularly true for Ogura pins due to the larger
shank diameter. Another disadvantage, is that the high RIMS make this material less
useful for tree growth studies under differing mechanical stress conditions as rather
large externally applied stresses will be required to reduce the compressive stress at
the pin-tip through zero and into a tensile stress condition. Although this system has
disadvantages as a model system, it is widely used in industry for real insulation

systems and for this reason alone it is worthy of study.

This IS not necessarily true for polyester resin, which is not widely used in real
insulation systems. As a model material, this resin suffers from a number of serious
disadvantages making it unsuitable for serious study. The most serious is the
tensional RIMS which results from resin cure. Because of this the production rate of
samples with good interfaces is poor and much less than CT200. Also, the RIMS is
observed to increase by 100% in the first 50 days after manufacture which will be
significant in long term electrical breakdown studies. Hence, polyester resin is not

ideally suited as a model material.

Because of the difficulties with the two resin systems above, some other resin
systems were investigated and from this, a new model resin system was identified.
This resin system, the CY1311 epoxy resin system from Ciba Geigy, is used for
encapsulating electronic circuits and so knowledge of its electrical breakdown
mechanisms and performance may be of interest to the electronics industry. Once
cured, this resin has a rubbery nature and at room temperature, it is approximately
20»C above its glass transition temperature. With no elevated temperature post cure,

a low RIMS is obtained, with a high yield of pin-plane samples with good interfaces.
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making them suitable for both tree initiation and tree growth studies. An additional

advantage is that tree growth is rapid at relatively low applied voltages.

In this chapter, an investigation of tree growth in CY1311 epoxy resin using various
non-evasive optical techniques will be described. The effect of sample age, RIMS,
externally applied mechanical stress, voltage and pin-plane geometry on tree growth
was assessed. CCD imaging of the light emission during tree growth was also used to

elucidate tree growth mechanisms in this material.

6.1.1. Background

Electrical treeing in synthetic polymers has recenUy been comprehensively reviewed
by Dissado and Fothergill [9]. Electrical treeing can be split into three different
stages.

1) Tree initiation, where void formation at a region of high field enhancement occurs.
The physical mechanisms leading to tree initiation have been addressed in chapter 5

and will not be discussed here.

2) Tree growth stage, where fine hollow channels form due to partial discharge
activity. These grow slowly and tend to branch, forming tree shaped structures. Tree
growth, as it propagates across the pin-plane region, can be split into 3 distinct
regions [9]. a) an initial fast growth region near the pin-tip which slows and is
followed by, b) a slower tree propagation region. As the tree grows near to the plane
electrode, the tree growth rate increases which identifies region c) the runaway stage

of tree growth.

3) Final breakdown stage. Once the growing tree crosses the inter-electrode gap,

large discharge currents can flow causing catastrophic failure of the insulation.
Many physical parameters influencing tree growth have been identified. The most

obvious is voltage, Kelen and Larsson [107], have shown that the tree growth rate in

gwxy pin-plane samples subjected to different alternating voltages, increases with
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applied voltage. Auckland et al. [108], using pin-plane unsaturated polyester
specimens and stressing frequencies of 50Hz and IkHz, have shown that the form of
trees grown at the higher frequency differ significantly compared with tree grown
under 50Hz stress. Cooper and Stevens [10], investigated the effect of differing post
cure temperature on tree growth in unsaturated polyester resin. They found that the
average tree fractal dimension increases from 1.08 to 1.45 with increasing post cure
temperature and relates to a factor of three increase in static tensile modulus and a
12 C rise in the glass transition temperature. The corresponding characteristic time
for tree propagation obtained from a Weibull analysis, increased from 9 to 39 hours.

The influence of mechanical stress has also been reviewed in chapter 4.

Tree growth behaviour has been investigated by many authors. Noto and Yoshimura
[14], have studied tree growth in polyethylene pin-plane samples using different
alternating voltages and frequency. They find that the tree growth rate increases with
frequency, but behaves in a complex way with voltage. As the applied voltage is
increased, the tree growth also increases. However, above a critical voltage, the tree
growth rate decreases when the test voltage is increased further, due to an increasing
gas pressure in the growing tree channels suppressing the partial discharge activity.
Above a second critical voltage, the tree growth rate increases again with voltage.
This, they explain is due to an increase in diffusion of the decomposition gaw into

the polyethylene.

leda and Nawata [13], have also observed this effect in polyethylene, and came to the
same conclusion. They also compared the tree growth rates at two different
temperatures and found that it was significantly more rapid at 80°C compared with
tree growth at 30°C. This, they concluded was due to the higher gas diffusion rate at
the higher temperature. Further evidence for this effect has been published by
McMahon [109], he found that the time to failure of high molecular weight, low
density polyolefin resin, is significantly reduced if vented pins are used or the applied
voltage is interrupted, suggesting that the build up of decomposition gas and

subsequent decay during stress interruption plays a significant role.

148



Dcnsley [82], has pointed out that the ime to failure variation with applied voltage,
can be correlated with the transition between different electrical tree shapes and
therefore cannot be accounted for by gas pressure effects alone. Alternative
mechanisms of discharge suppression have been proposed. Olyphant [17], has
suggested that semi-conducting decomposition products on the walls of tree channels,
can suppress the discharges. However, he also finds that final catastrophic breakdown
does not always occur instantly the tree crosses from pin to plane and that
conductivity measurements of specimens with trees spanning the inter electrode gap
are no different from newly cast specimens. Auckland ct al. [110], investigating the
electrical strength of narrow tubules in perspex, have suggested that charge
accumulating on the tubule walls increases its electric strength and stiflejelectrical

avalanches.

Few authors have attempted to map the electrical discharge activity in growing tree
channels. Shibuya et al. [2], used an image intensifier tube to detect the light
emission from trees growing in CT200 epoxy resin. They found that light is emitted
from tree trunks, tree tips and from the surrounding resin. The light emission was
found to decrease on prolonged constant voltage application. Stress interruption over
a period of several hours led to an increase in the light emission intensity on
reapplication of the stressing voltage. Uurent and Mayoux [6], have also used an
image intensifier tube to detect the light emission from electrical trees grown in
polyethylene. During the growth of a bush type tree or the initial growth of a branch
type tree, the light emission is observed throughout the tree. The light emission from
the bush or foot of the branch-type tree, ceases when the tree reaches a certain size
and the remaining light emission appears as isolated spots at the growing tree tips.
They suggest that the local extinction of discharge activity can be explained by
variations in the surface conductivity of the channel walls rather than an increase in

the pressure of the decomposition gases or the presence of trapped wall charge.
6.2. Effect of Material Age on Tree Growth Behavinnr

Preliminary experiments on standard pin-plane CY1311 epoxy resin samples which

had been electrically stressed at a constant 5kV rms have shown that the form of tree
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grown changes with sample age. For samples 5 to 30 days old from the start of the
cure procedure, the tree growth is of the form shown in figure 6.1. Here, the tree
form can be described as an open structure on the macroscopic level with
microscopic secondary branching existing along the length of each of the main tree
channels. This type of tree will be described as a 'monkey puzzle’ tree due to its
structural similarity with real 'monkey puzzle’ trees, although a closer examination of
these electrical trees under high magnification reveals a closer similarity to the

creeping rhizome of the ’rabbit’s foot” fern (Davallia canariensis).

Samples of age between 30 and 40 days, show 'monkey puzzle’ form only in a
limited region, 130-300Mm from the pin-tip, then a fine branch tree structure forms

with few leaders as shown in figure 6.2.

After 40 days, no 'monkey puzzle’ tree growth is observed as shown in figure 6.3,
instead a fine branch structure grows forming a dense ’bush’ near the pin-tip with

few leading branches.

The change in tree growth characteristics with age of sample is likely to be due to
incomplete cure of the resin as the samples were not subjected to an elevated

temperature post cure.

6.3. Detailed Tree Growth Study using Video Recording Technigm.®

The rapid electrical tree growth found in CY 1311 epoxy resin makes this a useful
material for electrical breakdown study. As was shown above, this material exhibits
some interesting tree growth characteristics which may help elucidate some of the
tree growth mechanisms. The most efficient way of conUnuously monitoring the tree
growth IS to record this on video tape which can then be analysed at a later date. An
additional plus, is that video frames are recorded at a rate of 25 per second, with
each of these composed of 2 interlaced fields, giving a time resolution of 1/50th of a
second i.e. one cycle of the stressing voltage. Fast events such as the initial rapid tree

growth or the final breakdown once the tree has crossed the insulator can be

150 -






captured. Also, the use of time lapse methods will enable the long term tree growth

characteristics to become more apparent.
6.3.1. Experimental

To record on video tape, the tree growth in CY1311 epoxy resin, a 2 metre optical
bench microscope was used, as shown in figure 6.4. This has essentially the same
arrangement as the circular polariscope described in section 4, but without the
circular polarisers and the screen replaced by a Sony colour CCD camera. This
arrangement has the advantage that changes in the mechanical stress distribution may
also be monitored during electrical stressing, by the inclusion of two circular or

crossed polarisers.

Three different objective lenses were used to alter the microscope magnification
allowing an image extent of 300"m, SOOtm and 3mm across the vertical height of the
video frame. Each magnification was determined by placing a graticule in the object
plane of the microscope. These calibration and tree growth images were recorded on

a Sony U-matic SP video recorder. All samples were held in the object plane of the
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microscope by suspension in order to minimise induced mechanical stress. Elapsed
time from the start of voltage stressing was recorded on the audio channel of the

video recorder using a time code generator.

Pin-plane CY1311 epoxy resin samples with embedded tungsten pins were
continuously electrically stressed at 5kV rms and the tree growth recorded
continuously for the first 20 minutes. After this initial period, the tree growth was
recorded for one minute, at time intervals depending on the rate of tree growth,
enabling a time lapse sequence of events to be edited during the slower phase of tree
growth. Once the tree had grown close to the plane electrode, continuous recording

was again used to capture the final breakdown events.

6.3.2. Results

The maximum radial extent of the growing tree with time as measured on the video
monitor, for each of the samples are shown plotted using log-log axes in figure 6.5,
for samples C11/11/2, Cl11/11/3, C11/11/5 and C1 1/9/7. The first three of these
samples are from the same sample preparation and were 11-13 days old before use.
The fourth, was from an earlier preparation, having an age of 46 days. Figure 6.6
shows a series of images of the tree growth at various times during electrical
stressing for sample C11/11/3. The images were obtained from the video tape using a

Mitsubishi video printer.

6.3.3. Discussion

The tree growth behaviour of samples C11/11/2 and C1 1/11/3 show very similar
characteristics, as can be seen from the radial extent graphs. For these two samples,
the tree growth behaviour can be split into three distinct regions.

The first region is characterized by rapid tree growth of fine tree channels, as shown

in figures 6.6(a) and 6.6(b) for sample Cl1/11/3. This rapid tree growth virtually

stops once the tree radial extent reaches 120/im, figure 6.6(c), marking the beginning
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of the second tree growth region.

The leading branches back thicken at their tips, forming the beginning of the
emonkey puzzle’ tree form, as shown in figure 6.6(d). The tree radial extent then
starts to increase again as 'monkey puzzle’ tree growth ensues as shown in figure
6.6(e). The tree growth rate increases as the tree grows towards the plane electrode
while branches other than the leading one continue to grow also, but at a slower rate

than the leading branch, (see figures 6.6(0 to 6.6(i)).

As the tree accelerates towards the plane electrode the ’'monkey puzzle’ structure
opens as shown in figure 6.6(j), forming the third region of tree growth behaviour.
This is characterized by separate tree channels which branch and grow towards the

plane electrode, figure 6.6(k).

When the first tree channel reaches the plane electrode, catastrophic breakdown does
not occur immediately and other tree branches continue to grow to the earth plane. In
figure 6.6(1), a streamer discharge occurred through one of these tree channels and
caused local damage. Catastrophic breakdown occurred soon after. In the case of
sample CI 1/11/2, breakdown did not occur even after one hour of further stressing
after the tree had bridged the electrodes.

For the third sample from the same batch as the two discussed above, CI1/11/5, tree
growth stopped once the tree reached a radial extent of 60Mm (figure 6.5 ). Very
little additional growth occurred after the next 60 minutes and stressing was
abandoned after this time. It seems therefore that 'monkey puzzle’ tree growth occurs
only after the tree radial extent exceeds approximately 100ixm otherwise tree
passivation occurs. This can also be seen in the radial extent graphs, in figure 6.5,
that for sample CI 1/11/2, where the initial tree growth reached 105Mm, a longer
period of passivation and tree back filling occurred compared with sample CI 1/11/3,
where the initial tree grew to UO”m. These results suggest that two important factor
control the variation in the time to failure in these samples. firsUy, the period of
passivation after the initial tree growth phase and secondly, the delay in catastrophic

breakdown after the tree has crossed the pin-plane region.
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Sample CI1/9/7, which is an older sample, did not exhibit 'monkey puzzle' tree
growth. Instead, a fine tree structure developed whose growth can be characterised
by random side branching and subsequent passivation, resulting in a stop/start tree
growth behaviour; this is reflected in its radial extent behaviour, shown in figure 6.5,

after an initial rapid growth to 80/xm.

The different character of 'monkey puzzle’ tree growth and the fine branched initial
rapid growth region, suggest that different tree growth mechanisms may be
responsible not only for samples of different age, but also for the different tree
growth regions within the pin-plane space. This will be pursued further in sections
6.3 and 6.6.

It was shown in section 4 that the RIMS in CY13I1 epoxy resin pin-plane samples
changes with time from cure in a complex way. Initially the resin is in a state of
compression in the pin-plane space along the pin axis direction. Absorption of water
vapour forces the plane region into a state of tension after approximately 40 days,
producing a band of zero RIMS within the pin-plane region perpendicular to the pin
axis direction. The tensional stress at the plane increases with age forcing the zero

stress position (ZSP) to move slowly towards the pin.

6.4.1 Experimental

Observing tlie sample through cross polarisers with the polarisation direction 45° to
the pin axis direction, a black fringe can be seen marking the ZSP. This technique
was used to monitor both the tree growth and the ZSP of sample C11/9/7, (the 46
day old sample used in the video tree growth experiments of the previous section).
Using the symmetrical beam bending technique, it is possible to add either tensile or
compressive stress to the pin-plane space, with the effect of moving the ZSP towards
or away from the pin-tip. The tree growth in sample CIl 1/9/7 was recorded along

with the ZSP to observe the effect of zero stress on tree growth behaviour.
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A series of 6 CY1311 pin-plane samples of age 18 to 20 days, 3 having embedded
tungsten pins of tip radius 0. Ijim and the others having embedded Ogura pins of tip
radius 2/<m, have been used to assess the effect of applied tensile (-t-ve) and
compressive (-ve) mechanical stress on tree initiation and growth. The stress was
applied using the symmetric beam bending technique described in section 4, and the
stress estimated using the Shibuya model [2], applied to the local linear behaviour
near the pin-tip (by plotting distance from the pin-tip against the reciprocal of the
measured optical retardation). A stressing voltage of 5kV rms was used throughout.
The (arbitrary) criteria for the tree initiation time was the time after the test voltage
was reached for a crack to form at the pin-tip, assessed by visual

microscopic observation.

6.4.2. Results

The radial extent of the electrical tree and ZSP are plotted against time in figure 6.7.
Tree growth stops as it approaches the ZSP after 30 hours. The symmetrical beam
bending technique was used to move the ZSP away from the pin-tip after 125 hours
and tree growth immediately continued until the tree again reached the new ZSP
where it again stopped growing. Applying additional mechanical stress after 220
hours to move the ZSP out of the sample, breakdown occurs rapidly with respect to

the original time scale.

The effect of externally applied mechanical stress on tree initiation and time to failure
are shown in table 6.1. Two of the samples were unstressed, leaving just a small
compressive RIMS at the pin-tip. The data in general indicates that a compressive (-
ve) stress at the pin-tip significantly increases the initiation time and time to failure,
and the addition of a tensile (-I-ve) stress reduces the initiation time and significantly

increases the time to failure. More work is required to establish the detail.

6.4.3. Discussion

These results along with the effect of a zero stress region, suggest that tree growth is

inriuenced by the magnitude oy the stress™distribution along the pin axis direction in
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Figure 6.7. Effect of a zero stress region on tree growth

a complex way. High compressive or tensile stress regions, or a region of zero stress
which marks a transition from a region of tensile to compressive stress is found to
impede tree growth compared with samples of low RIMS. The ZSP therefore acts as

a barrier to tree growth, suggesting that orientation of the

Tabic 6.1. Initjation and Failure Times as a Function of Total Mechanical

1 S(max) (N/m") Initiation Time Failure Time

Tungsten Pins (radius 0.1/im)

-4.7 X 10* 40 +/- 1 sec. 1240 min.
-0.7 X 10* 8 +/- 1sec. 230 min.
+4.8 X 10* 3 +/- 1sec. 1320 min.

Ogura Pins (radius 1/tm)

-7.3 X IO* 1260 +/- 5 min.
-0.7 X 10* 360 +/- 5 min.
+9.8 X 10 48 +/- 1 min. -
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epoxy network inttuenccs its electrical strength, being a maximum when the network
is completely random. Another interesting feature shown in figure 6.7, is that the
growing electrical tree exerts an additional compressive stress in the pin-plane region,

as the ZSP is observed to move away from the pin-tip as the tree approaches it.

The tree initiation times may be related to the amount of damage required for the pin-
resin interface to de-bond. This will be higher for compressive stresses as the resin is
being pressed onto the pin-tip whilst for tensile stresses the resin is effectively being

pulled from the pin-tip.

It was suggested in the video tree growth study that different tree growth mechanisms
may be responsible for the 3 regions of different growth behaviour. Further, for the
early samples, 'monkey puzzle’ tree growth only ensued if the initial rapid tree
growth exceeded 100”"m before passivation. In an attempt to understand the reasons
for this, the effect of both stressing voltage and pin-plane geometry on the early

stages of tree growth were investigated.

6.5.1. Experimental

A set of pin-plane CY 1311 epoxy resin samples were used to determine the effect of
voltage (V) and pin-plane spacing (d) on tree initiation and growth. A series of
CY1311 epoxy samples containing embedded tungsten pins of essentially the same
pin-tip radius (r) of 0.11 -t-/-0. I/i with either an approximately constant pin-plane
spacing (d) of 1.8-(-/-.2mm, or a range of d varying from 0.8 mm to 2.6 mm were

used.

All the tests were performed between 13 and 18 days from sample manufacture, i.e.,
the centre of the time span in which the material is in compression throughout the
pin-plane region and a 'monkey puzzle' type tree growth occurs. Samples were

mounted on the circular polariscope (see section 4) taking care not to introduce
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additional mechanical stress when clamping. With the circular polarisers removed,
the initiation time and radial extent of the tree after 1 hour were determined. The
arbitrary criteria for the initiation time was the time after the test voltage was reached
for a 3+/-1~ crack to form at the pin-tip, as assessed by visual microscopic
observation. The voltage was initially applied by linear ramping, taking

approximately 2 seconds to reach the final test voltage.

6.5.2. Results

Figure 6.8 shows the initiation time and the radial extent (Re) of the tree after 1 hour
stressing versus applied voltage. In both cases a sudden change occurs at a particular
voltage indicating that a (different) critical voltage may exist for rapid initiation and
rapid growth of the tree. In both cases the individual samples show a remarkable
consistency in their behaviour which we suggest is due to the similarity of the

residual mechanical stress field in all the samples.

Figure 6.9 shows the initiation time and the tree radial extent after 1 hour as a
function of the pin-plane spacing. The fixed test voltage (3.20kV rms) was chosen
merely to facilitate the measurement of the initiation time. The strong dependence of
both initiation time and the tree radial extent on the pin-plane spacing show that both

parameters are field driven.

6.5.3. Discussion

The actual field at and in the region of the pin-tip is not simply determinable and
depends in a complex way on V, r, d, sample geometry (slab in this work) and the
magnitude and distribution of the injected space charge. In is useful to explore if the
above data may be used to separate or gauge the significance of any of these
parameters. Plots (not illustrated) of the initiation time and the tree radial extent
versus E‘(max) (the maximum field at the pin- tip assuming no space charge) show a
completely uncorrelated behaviour. Figure 6.10 shows the initiation time and figure

6.11, the tree radial extent as a function of the average applied field (i.e. V/d). Both
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the constant applied voltage (3.20 kV) with variable d and the approximately constant
d (1.64 - 2.01 mm) with variable voltage data are shown separately. The values of
VI/d have been calculated from individual values of d for each sample, and the
variable voltage data spans 2.9 kV to 4.2 kV. The reduced scatter in these plots
suggest that the average field (\V/d), may be a more realistic controlling parameter,

rather than just the applied voltage alone.

Figures 6.10 and 6.11 both show that V and d are not separable parameters but play
different roles in their contribution to the electric field in the region of the pin-tip.
The voltage plays the more dominant role in that small changes can produce large
changes in initiation times or tree radial extent whilst proportionally similar changes
in d have a weaker effect. Figure 6.10 also suggests that a threshold field for
initiation may exist as a material parameter as given by the variable voltage curve,
whilst changes in d at constant voltage modify smoothly the magnitude of the field
enhancement in the region of the pin- tip. Further data using a range of pin-tip radii

and other resin materials are required to confirm these suggestions.

The radial extent after 1 hour decreases by over 50% with an increase in the pin-
plane spacing from 1mm to 2.5mm. Hence, the pin-plane geometry is playing an
important role in the initial tree growth. Neglecting space charge effects. Mason’s
expressions [97] for the electric field enhancement and electric field along the pin
axis direction, can be used as a basis for modelling the initial tree growth. The
maximum field at the pin-tip, E_,,, is given by.

2V -
A v Lafirad/r) Cn

The electric field along the pin axis direction, E,, can be calculated from,

2 A

1*2

L. (*:2)

It
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where d is the pin-plane spacing, r is the pin radius, V is the peak stressing voltage,
and where z is the distance from the pin-tip along the pin axis direction towards the

plane.

A simple model describing the general form of tree passivation can be constructed by
assuming that damage can only be formed above a critical field E”; if this damage is
conducting it will in turn modify the local field condition by reducing the pin-plane
separation and increasing the apparent pin-tip radius. This model therefore has some
of the features of the model proposed by Bahder et al. [111]. The essential difference
is that to model channel growth, the Bahder model assumes a constant radius of
curvature to calculate the field enhancement at the channel tip (9J. The model
proposed here, says nothing about the growth mechanism, only that it is a field
driven process.

The model is constructed as follows, the maximum field at the pin-tip, E,,,,, may be
calculated using equation 6.1. From equation 6.2, the distance along the z axis, z,,
where the electric field is equal to a material dependent critical field, can then
be determined. If it is assumed that material damage occurs over part of this distance,
say one tenth, and that the damage can be approximated as an spherical extension of
the pin-tip, then the pin-plane distance is reduced by z* and the pin radius increases
by z,.

Repeating this procedure with the new values of d and r, it is found that after many
repetitions, the new r value, which is a measure of the radial extent of material
damage, increases rapidly before converging to a fixed value. This is shown in figure
6.12, for a pin voltage of 3.2kV rms, pin radius of 0.1/xm, a critical field of
17MV/m and for various pin-plane spacings ranging from 1mm to 3mm. Although
this simple model over estimates the tree radial extent at tree passivation, the
functional behaviour of the tree radial extent with pin-plane separation is the same as

that found experimentally.

The initial tree growth therefore may be considered to be driven by the high electric

field that exists at the pin-tip and determined by the sample geometry as well as the
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applied voltage. This explains the differences in the radial extent of the initial tree
growth phase of notionally similar samples used in the video tree growth study. In
uble 6.2, the radial extent of the initial tree growth before passivation is tabulated
along with the pin-plane separation for the three samples used in the video tree

growth study. Samples C11/11/2 & 3 having similar pin-plane separation, have the

Tabic 6.2. Effect of pin-plane distance in initial tree growth for the saméles used in
thfc video tree growth study

SAMPLE PIN-PLANE RADIAL EXTENT OF INITIAL
SEPARATION (mm) TREE GROWTH (*m)

Cl1/11/2 1.86 +/- 0.05 105 +/- 1

Cl1/11/3 1.93 +/- 0.05 120 +/- 1

Cll/11/5 2.50 +/- 0.05 60 +/- 1
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largest tree radial extent of initial tree growth before passivation, whilst sample
CI1 1/11/5 with the significantly larger pin-plane separation, has the smallest radial

extent of tree growth before passivation.

The results of this simple model, shown in figure 6.12, can be directly compared
with the radial extent versus time behaviour measured during the video tree growth
studj® The radial extent of samples Cl 1/11/2, 3 and 5, are reproduced in figure 6.13,
usintj™inear axis, for the first 5 minutes of tree growth. These show a remarkable

similarity to the predicted tree growth behaviour of the simple tree growth model.

This field driven degradation model can also be used to explain the tree growth
behaviourj®served by Yoshimura et al. [112] in crosslinked polyethylene, and in
particular*eda and Nawata [13] in polyethylene at 30“C and 80“C. The predicted
tree growth using the model for a hypothetical sample with pin-plane distance of
3mm, material dependent critical field of 1IMV/m and voltages ranging from 6 to
16kV rms is shown in figure 6.14. This behaviour mirrors the 80”C polyethylene
data where an inflection in the tree extension verses time behaviour occurs at the
higher voltages. This suggests that the tree growth is solely driven by the electric
field. As soon as the iniUal growth reaches half the pin-plane distance, runaway tree

growth ensues and the tree rapidly accelerates towards the plane electrode.

The lower temperature behaviour, similar to the lower voltage predictions in figure
6.14, can be explained by an increase in the critical breakdown field as the
temperature is lowered from 80°C to 30”C. However, a decompaosition gas pressure
effect is observed in the 30°C polyethylene data, suggested by the reduction in tree
extension and change in tree character for voltages greater than 12kV. This is likely
to be real, unless samples of widely differing pin-plane separation were used for their

measurements.

These results demonstrate that the pin-plane geometry can influence electrical tree
initiation and the early stages of tree growth. The pin-plane distance is a crucial
parameter controlling tree growth, passivation and hence, the time to failure. The

video tree growth study has shown that 'monkey puzzle’ tree growth in samples less
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Fi?ur« 6,14. Tree growth model predictions for various
voltages.

than 30 days old, only ensues once the initial tree radial extent exceeds 100/jm
otherwise passivation of the tree growth occurs. The reason why 'monkey puzzle'

tree growth requires a minimum initial tree length will be addressed in the next
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section as part of a more general inquiry into the tree growth mechanisms in CY 1311

epoxy resin.

676. CCD Imagina of Light Emission during Tree Growth

The observauon that the form of tree growth in CY 1311 epoxy resin depends on age
and the region within the pin-plane space ate suggestive that different tree growth
mechanisms may be responsible. So far, only the consequences of these growth
mechanisms (the electrical trees) have been examined in detail and in order to gain
further insight into the tree growth dynamics, the electrical discharge activity within
the growing trees must be determined. This has usually been done by spatially
detecting the light emission from the growing tree channels using a image intensifier
tube, for example, Shibuya [2] or Laurent and Mayoux [6]. Recently, high sensitivity
charge coupled device (CCD) cameras have become available, which offer much
higher sensitivity and linearity than an image intensifier tube. In this section a Peltier
cooled CCD camera was used to image the light emission and hence the electrical
discharge activity from the different types of growing trees which arc observed in

CY1311 epoxy resin.

6.6.1 Experimental

The experimental arrangement is shown in figure 6.15. A Wright Instruments Peller
cooled CCD camera was used to detect and image the light emission. The CCD chip
has 600 by 400 pixels, each of size 25Mm X 25/im. The light collection optics used a
50mm, F1.4, camera lens, and the image-lens and object lens distance set to give a
X5 optical magnification. Each pixel of the CCD chip therefore represents an object
area of 5*m X 5/xm. The CCD quantum efficiency is 15* over the spectral range
500nm to 900nm, and the dark noise, 0.1 electrons per pixel per second. The CCD
readout electronics has a noise level of 10 electrons per pixel and so an exposure
time of 100 seconds will give optimum sensitivity. For exposure times less than this,

sensitivity will be reduced due to the fixed readout noise.
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Figur« 6.15. CCD Imaging experimental arrangement.

CY1311 epoxy resin pin-plane samples with embedded tungsten pins were used. The
stressing voltage was 5kV rms for all samples to ensure rapid tree initiation and
growth. An exposure time of 1 second was used in order to capture the quickly

changing light emission.

6.6.2 Results

Images of the light emission during tree growth are too numerous to include here.
Instead only those images relating to significant tree growth events will be

reproduced.

Figure 6.16(a), (b) and (c), show colour enhanced images of the light emission
during all stages of tree growth in a CY1311 resin sample of age 13 days, and a pin-
plane spacing of 1mm. Acontinuous light emission is observed from the

growing tree at the pin-tip for the first two minutes.

After this time, the tree was approximately IOO/xm in length and a switching light
emission behaviour was observed, where the light emission throughout the whole tree
switches on and off randomly over periods of seconds. The intervals of no light
emission become more prolonged with 6me. This switching behaviour can be

identified with passivation of the initial tree growth as observed during the video tree
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growth study.

After 15 minutes the light emission separated into two cores, one core in the initial
tree at the pin-tip and the second originating from the leading tree tip. This second
light emission core is associated with back filling of the leading branch to form the
beginning of the 'monkey puzzle’ tree structure. The light emission core at the tree
extremity, slowly moves away from the pin-tip towards the ground plane as the

leading tree branch grows.

The light emission from the pin-tip switches off after 36 minutes, leaving just the one

light emission core at the extreme of the growing tree.

During tree bifurcation, the single light emission core splits into two, initially with

similar intensities, which grow away from each other with similar growth rates.

Further tree bifurcations are observed, the light emission cores splitting as new tree
branches grow. All tree branches are found to grow at a rate which appears

proportional to the intensity of their light emission core.

The light emission from the leading branch increases in intensity as the branch grows
at an increasing rate towards the ground plane. Even after 80 minutes, light emission

is observed at the ends of all growing tree branches.

The light emission was also imaged for older CY1311 epoxy samples which do not
exhibit 'monkey puzzle' type tree growth. In this case, light emission is observed
throughout the growing tree as shown in figure 6.17. The more intense light emission
was found in the larger channels near the pin-tip and light emission just noticeable at
the ends of the fine tree channels. This mode of light emission behaviour is similar to
that observed during the initial rapid tree growth found in all samples as well as the
light emission from the 1bO”m tree grown in CT200 described in the previous

chapter.
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Figure 6.17. LIgh”™ emission from electrical trees grown in
CY1311 epoxy resin with a sample age greater than 40 days.

6.6.3. Discussion

Use of CCD detection techniques to image the light emission behaviour in electrical
trees has been used to determine the electrical discharge activity for different types of

electrical tree growth in CY1311 epoxy resin.

For samples less than 30 days old exhibiting 'monkey puzzle' tree growth behaviour,
the electrical discharge activity is localised at the growing tree tips. This type of
discharge activity is very similar to that found by Laurent and Mayoux [6], in
polyethylene. As CY 1311 resin samples were not subjected to an elevated
temperature post cure, it is believed that 'monkey puzzle’ tree growth is associated
with incomplete cure of the resin. This suggests the tentative idea that unreacted
chemical species in the ptartially cured resin, enters the gas phase at the tree tip
perhaps by local heating, which then breaks down in the high field to sustain the
local discharge. The discharge activity causes further erosion of the incompletely
cured resin, accessing fresh resin where the process continues. The fact that separate
regions of light emission are observed at the ends of all growing tree tips and that
tree bifurcation only occurs within these legions, suggest that either surface
conductivity of the tree channel walls or the presence of trapped wall charge plays an
essential role. If the resin has cured sufficiently, as is the case with samples greater

than 40 days old, then this growth mechanism does not occur and tree growth will
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proceed via a different mechanism. This explains the differences in the tree character

with material age.

It is also found that the rate of tree growth appears proportional to the light emission
intensity. As further tree bifurcations occur, the light emission in all but the leading
branch diminishes, with a subsequent decrease in the tree branch growth rate. The
localised light emission in the leading branch is found to increase in intensity as it

accelerates towards the plane electrode. This is consistent with a field driven process.

The initial rapid tree growth found in all samples is driven by the high electric field
at the pin-tip. The discharge activity occurs throughout the tree and hence is similar
to the tree growth found in the older samples, greater than 40 days old, where
'monkey puzzle’ tree growth is not observed. This suggests that the same tree growth
mechanism' is responsible. Passivation of the initial tree occurs once the tree extends
beyond the high field enhancement region near the pin-tip. Passivation is associated
with the switching behaviour of the discharge activity throughout the tree where
periods of quiescence are interdispersed with random pulses of discharge activity.

The resulting tree growth will therefore be intermittent and rather slow.

The requirement that the initial tree radial extent must exceed 100/im before the onset
of 'monkey puzzle’ tree growth can now be explained. Firstly, the initial tree growth
rate must be sufficiently slow or even stop for the slower 'monkey puzzle’ tree
growth process to operate. This requirement is met when the initial tree growth
passivates as the tree grows out of the high field enhancement region, and will
depend on the applied voltage and pin-plane separation. Secondly, the radial extent
must be sufficiently large, to allow a separate local discharge activity to be sustained
at the tree tip, which initially causes back filling of the leading branches before the
onset of 'monkey puzzle’ tree growth. For older samples greater than 40 days old,
'monkey puzzle' tree growth does not occur, and tree growth continues via the same
mechanism as the initial tree growth. As the electrical discharge behaviour has large
periods of quiescence interdispersed with random bursts, the tree growth is

characterized by passivation and random side branch tree growth.
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6.7. Conclusions

CY 1311 epoxy resin has been shown to be a useful material for the study of electrical
tree initiation and growth in synthetic resins. Various non-evasive optical techniques
have been used to monitor the tree growth behaviour in this resin and have

highlighted a number of important factors governing tree initiation and growth.

1) Tree form depends on the age of the material. For samples of age less than 30
days ’monkey puzzle’ tree growth occurs (sec figure 6.1), whilst for samples greater
than 40 days, a fine branch structure grows forming a dense bush (see figure 6.3).

For samples of age between these limiu composite structures are formed (see figure
6.2).

2) From the video tree growth study, three different regions of tree growth behaviour
have been identified as the tree grows from the pin to the plane electrode. An initial
rapid tree growth is observed at the pin-tip followed by slower mid region, which is
then followed by a more rapid tree growth region as the tree approaches the plane

electrode.

3) The effect of RIMS and externally applied mechanical stress has been assessed and
it is found that high tensile or compressive mechanical stress, or a region of zero
RIMS which marks the transition from a region of tensile to compressive stress,
impede tree growth. Tree initiation times are also found to vary, a high tensile stress
reduces the initiation time, whilst a large compressive stress will incieasc the
initiation time.

4) Electrical tree initiation and early stages of tree growth depend on the applied
voltage, V, and the pin-plane separation, d. Combining these two parameters to form
a new parameter, V/d, (effectively the average field), reduces significantly the scatter
in the tree initiation times, suggesting that this parameter may be a better descriptor
for the field dependence of tree initiation, as it takes into account differences in the
pin-plane separation in the different samples. The radial extent of the initial tree

growth before passivation, depends inversely on the value of d. A model of tree
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growth is proposed which explains this behaviour. This model assumed that damage
can only be formed above a critical field and if conducting, will in turn modify the
local field condition. Passivation occurs when the field at the extremity of the damage
fall below the critical field.

5) CCD imaging of the light emission during tree growth reveals that two different
tree growth mechanisms are responsible for the different tree characteristics with age
of material. The differences in the tree growth mechanisms can be explained as due

to incomplete cure of the resin for samples less than 30 days old.

6) The light emission during ’'monkey puzzle* tree growth was found to be located at
the tips of the growing branches with an intensity which appears proportional to the
growth rate. During tree bifurcaUon. the localised light emission splits into 2 separate

regions each associated with a tree channel which then grow away from each other.

7) The initial tree growth must exceed a criUcal length (dependent on voltage and
pin-plane spacing) before 'monkey puzzle’ tree growth ensues, otherwise substantial

periods of tree passivation will occur.
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The work presented in this thesis has demonstrated that non-evasive optical
techniques can be successfully used to quantitatively assess resin mhomogeneity
(microsmicture) and the residual internal mechanical stress in pin-plane resin
samples. Further non-evasive optical techniques were successfully used to probe resin
degradation mechanisms during electrical tree initiation in pin-plane samples and to
clarify some of the factors that cause or can influence tree growth. In the following

sectiMs, the achievements and key results will be discussed.

7.1. Material Characterization

Before any serious studies on the effect of material properties on tree initiation and
growth can be undertaken, techniques to quantitatively characterise these material
parameters need to be developed. Two such techniques to characterise resin
inhomogeneity and residual internal mechanical stress in pin-plane samples are
presoited here for the first time. Whilst residual internal mechanical stress has been
shown to have a significant affect on electrical treeing, the influence of resin

inhomogeneity has yet to be fully investigated.

7.1.1. Resin Microstnicture

Light scattering measurements and subsequent analysis has shown that microstnicture
exists in both CT200 epoxy and unsaturated polyester resins. In both resin systems,
the microstructure was found to be inhomogeneities having a log-normal size
distribution of modal diameter O.0l"m and geometric mean standard deviation
ranging from 0.7 to 1.0. The inhomogeneity relative reflactive index value for best
fit was 1.01 corresponding to density fluctuations of 2% within the resin. However,
due to the insensitivity of light scattering theory to changes in relative refractive

index, the density fluctuations could be as high as 20%.
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The microstnicture concentration in CT200 epoxy resin samples was found to vary by
up to 2 orders of magnitude, depending on the sample preparation technique.
Microgelation occurs after filtration of the uncured resin when the butanone solvent is
removed and before the resin is cured. Insignificant additional microstructure forms
during resin cure. By controlling the sample preparation procedure, fully cured
CT200 samples can be prepared covering a wide range of microstructure
concentration and opens the way for a comprehensive quantitative investigation of
resin morphology on tree growth for the first time. Significant microstructure exists
in the material supplied by the manufacturer, formed during the manufacture process.
Hence, unless quality control is high during the manufacturing process, different
batches of notionally the same material may contain a wide range of microstructure
concentratitm. This may have important consequences in industry, where large
quantities are used, as the microstructure content of the as supplied resin may

influence its mechanical and electrical properties.

Significant microstructure is also found in the polyester resin and is due to microgel
particles in the “as received’ resin with the microgel concentration depending on
batch and microstiucture which formed during the cure reaction. The full power of
the non-evasive light scattering technique was utilised to investigate microstructure
formation during polyester resin cure. It was found that the observed microstructure
resulu from an inhomogeneous cure reaction arising essentially from the non-

stoichiometric excess of styrene monomer and the early gelation in this resin.

7.1.2. Residual Internal Mechanical Stiew

Polarised light measurements to determine the residual internal mechanical stress
(RIMS) in pin-plane sampln has shown that in the cast of CT2(X) gioxy resin, a
compressive stress exists within the material with the maximum stress at the pin-tip.
This mechanical stress is near the compressive strength of the material and fitilure
often occurs near the pin-tip, with the formation of microscopic cracks which relax
the surrounding stress. This explains the low production success rate when
manufacturing samples with good pin-iean interfaces. The RIMS forms as a result of

the different thermal expansion coeftkients of the metal pin and resin as the samples
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cool after post cure at 130°C. The magnitude of the stress at the pin-tip is found to
decrease with time, with a time constant of approximately 4 years. This occurs as a
result of structural relaxation (physical ageing) of the materials. The age of the

sample is an important parameter in electrical breakdown studies.

For unsaturated polyester resin, the RIMS is found to be tensile due to the large
volume shrinkage that occurs during resin cure. This explains the loss of adhesion
between the metal pin and resin which is found to occur in the majority of polyester
samples as the tensile nature of the RIMS is effective at pulling the resin away from
the pin. The RIMS is also found to increase by 1(X)% in SO days due to structural
relaxation, making this resin less attractive than CT200 for both tree initiation and
growth studies.

Pin-plane samples made from CY1311 epoxy resin (a flexible material cured at room
temperature) were found to have very low RIMS which changed from compression to
tension with age. The compressive RIMS arising from an exothermic cure reaction
and the tensile RIMS which occurs at the sample plane is due to water vapour

absorption and subsequent swelling of the resin.

A symmetric beam bending technique has also bem developed to apply a known
compressive or tensile stress to pin-plane samples without destroying the stress
symmetry which is required for correct analysis of the polarised light. When the pin
shank diameter is less than 7% of the sample thickness the overall mechanical stress,
i.e. RIMS plus externally applied stress is simply additive. This is not the case for
larger pin shank diameters. Using this technique, the effect of mechanical stress, i.e.
both RIMS and externally applied stress, on tree initiation and growth may be studied

quantitatively for the first time.

7.2. Electrical Rreatrtnwn Studies
Electrical tree initiation in CT200 epoxy and unsaturated polyester resin has been
studied in detail using ultra sensitive synchronous light emission detection techniques.

For the bulk of the work an ultra sensitive photomultiplier tube having a dark count
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of 1.2 photon counts per second was used. To complement these results, a liquid
nitrog«! cooled charge coupled device (CCD) camera was utilised. Having a
sensitivity 40 times that of the photomultiplier, this was used to detect and spatially
resolve the light emission during tree initiation.

KoS JWU
Tree initiation and growth in CY1311 epoxy resinusing a range of non-evasive
(~cal techniques. Video recording of the tree growth was utilised to extract which
would otherwise be missed if just photographic recording was used. Tree growth was
examined over a range of sample age, stressing voltages, pin-plane spacings and
mechanical stress. Partial discharge activity within the growing tree channels was
recorded by spatially detecting the faint light emission using a Peltier cooled CCD
camera.

7.2.1. Electrical Tree Initiation in CT20Q Edoxv and Polyester Re«in

Quantitative light emission studies of the tree initiation and early growth stages of
electrical failure in CT200 epoxy and unsaturated polyester resins has been
undertaken. From short term step ramp tests, it has been shown that 3 types of light

emission are observed consistently and relate to:

1) Hectroluminescence due to charge injection, where a steady light emission is
observed and can be described by either a Schottky or Fowler-Nordhein process
depending on the magnitude of the electric field at the pin tip. No evidence is found
for a material dependent threshold voltage or field for cha”e injection and

electroluminescence. No material damage is observed at the pin tip in the short term.

2) Pulsating light emission with a material dependent threshold voltage, which is

associated with micro-discharge activity and where microchannels are formed.
3) R™idly fluctuating light emission, whose intensity increases with time and first

appears when the tree channels are greater than about 10/im; this is with

partial discharge activity and tree growth.

m183-



In addition, longer term voltage stressing of CT200 epoxy resin in the
electroluminescence region reveals some interesting reversible and non-reversible
light emission behaviour. The initial reversible behaviour of the electroluminescent
intensity has led to the development of a deep trap charge carrier recombination
model for the mechanism of electroluminescoice. The irreversible light emission
behaviour has been used to interpret the key steps leading to tree initiation. An
eventual transition from electroluminescence to micro-discharge behaviour (tree
initiation) is found to occur, via. material degradatimi due to continued charge
injection and extraction, followed by interface failure, (i.e. debonding of the pin-resin

interface) which in turn is followed by micro-channel formation and tree growth.

The extra X40 sensitivity of the CCD camera over the photomultiplier extends the
view that no experimental evidence currently exists to indicate that a material
dependent voltage or field threshold exists for charge injection and
electroluminescence. CCD imaging of the electroluminescence, has shown that the
electroluminescence and hence, injected charge, is concentrated at the pin tip and
extends at least 10”m into the resin. Imaging of the light emission within a mature
1tiO”m tree in CT200 epoxy resin, has shown that the mechanisms of passivation and
the random switching behaviour of discharges will be of fundamental importance in

the prediction of tree growth times.

7.2.2. Tree Growth in CY1311 Edoxv Resin

Detailed tree initiation and growth studies in CY1311 epoxy resin samples has
highlighted some of the factors that influence electrical breakdown in this material.
Sample age, voltage, pin-plane spacing, mechanic” stress and a region of zero
internal mechanical stress between the pin and plane electrodes all have a significant
effect on electrical tree growth. The early rapid tree growth, near the pin

electrode, was found to be driven by the high electrical field. Tree growth slows and
passivation of partial discharges can occur as the tree grows away from the high
electrical field enhancement region which exists near the pin-tip. CCD inuiging of the

light emission during tree growth has shown that at least two different tree growth
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mechanisms can occur depending on the age of the sample and leads to a very

différait form of tree growth.

12. Concluding Remarlr«

The non-evasive optical material characterization techniques developed in this work
will contribute significantly to the study of electrical breakdown in synthetic resin
insulation by opening the way for a comprehensive quantiutive study of the effect of
resin morpholt®y and mechanical stress on tree initiation and growth. The effect of
resin morphology and other material parameten. especially fracture toughness are
worthy of study and will lead not only to a better understanding of the resin itself,

but also, the mechanisms of electrical failure.

Measurement of the light emission during all stages of electrical breakdown is a
sensitive probe of the physical mechanisms responsible for tree initiation and growth.
Recent advances in ultra-sensitive CCD imaging techniques is likely to make this a
powerful tool in the study of electrical breakdown and the extra sensitivity over more
traditional detection techniques may open the way for a full spectroscopic study of the

low intensity light emission during tree initiation and growth.

The large variability in the resin microstnicture, internal mechanical stress and tree
growth found in supposedly similar samples, gives rise to serious concerns as to the
usefulness of previous studies of electrical breakdown in resin insulation where these
facton have not been fully considered. Only after a comprehensive study of the inter-
relationships between the many resin parameten that influence tree initiation and
growth, can the mechanisms of tree growth be fully understood and lead to the
development of useful models for insulator lifi*me prediction. It is hoped that the
work descnbed in this thesis wilU at least in part contribute to a fuller understanding
of the electrical breakdown mechanisms and the ultimate electrical integrity of

insulation systems based on cast resin materials.
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Appendix 1

Ravleieh Theory

For particles small compared with the wavelength (less than wavelength/20) the
particle is considered to be an induced dipole, placed at the centre of the particle,
whose direction is parallel to the incident light polarisation. The induced dipole
oscillates at the frequency of the incident light and will radiate light in all directions

forming the scattered light. For unpolarised incident light [54], the scattered intensity

per unit incident intensity, 1,, is given by
6n*a* »1 - s
A (1 ¢ cos’0) (AL

Where, a, is the scatterer radius, n,, is the medium refractive index, nj, is the
scatterer refractive index, X is the incident light wavelength in the medium, r, is the

scatterer to detector distance and 6, is the angle of scatter.

For vertically polarised light [54], and horizontal scattering plane, then the scattered

intensity per unit incident intensity is given by

16n«a«i ni - ni
Axx (Al.2)

When measuring the scattered light it is customary to use the Rayleigh ratio, R(9),
which is defined as the energy scattered by a unit volume in the direction B per
steradian, when the medium containing the scatterers is illuminated with unit intensity
[54]. R(tf) is therefore given by

R(6) - (AL.3)
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Where N is the number of scatteiers per unit volume. Hence,

\J

£1(6) - Al.4
x* ni * 2ni N ( )

If the scatterers are anisotropic, then a correction needs to be ntade, which is known
as the Cabbanes factor [54J. For vertically polarised incident light the Cabbanes

factor, C,, is given by.

- 6/(6-7A,), (AL.S)

where A, is the depolarisation, i.e. the ratio of the horizontal and vertical components

of the scattered light. Hence,

«(6) 16n«a*( - ni CAN. (Al.C)
1111 & 2ni

We note that for Rayleigh scatterers, the scattered light is isotropic in this case for
vertically polarised incident light and that the scattered intensity is related to the forth

power of the wavelotgth.
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A ppendix 2

Mie Theory

The formal solution of the scattering properties by a homogeneous sphere of arbitrary
radius and refractive index was formulated by Mie in 1908 [19]. The resulting
formulae are called the Mie formulae and result from the solution of Maxwell's

equations with the appropriate boundary conditions [54,55,56,57],

The Mie formulae give the scattering properties for a sphere of radius a, and
refractive index m, for plane polarised incident light of wavelength, X, from two
parameters, X and m [55].

2*alX, (A2.1)

no- ik (A2.2)

Where n and k are the real and imaginary parts of the refractive index. X is called
the size parameter and is the ratio of the circumference of the sphere to the
wavelength of the incident light. Assuming that the spheres are non-absorbing, ie.
k=0, and if the spheres of refractive index m, are in a medium of refractive index mj
[55], then the two parameters become

and then m is called the relative refractive index of the scatterer.

The formal solutions take the form of infinite series which have to be evaluated in

order to calculate the scattering properties. The Mie formulae [56] are.
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5i(0) 2n +1

" Bl n(n*i)

2n +i
S,
@ . E!n{n*i)

*x2.7)
A2_t
Nl ¢ )
where, S|(0) and S}(0) are the scattering matrix elements for vertically and
horizontally polarised incident light, is the scattering efficiency of the sphere and
Q,a is the extinction efficiency. The coefficients a. and b, are defined by
'y»n(l\) »"(y) (A2.>)
Nen(y)C.,(x)-y5'(x)*,.(y)
y»n(y) »,0<) -x»N(X)»,,(Y) (A2.10)
>7n(y)5,(If) -X{*(x)*.(y)
y ¢ mx. (A2.1DH

The functions ¢, and are the Riccati-Bessel functions, (primes denote
differentiation with respect to the argument) which are defined in terms of Bessel
functions [56], J.’s.

on™ " ("pl..-i/,(2) - (A2.12)

5n<z) “ (~"pld,,.x/a@)+i(-1)'V7-,.../, (@) . (A2.13)
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T.(costf) and T.(costf) are angle dependent functions [56] and are defined by

«,,(cosB) - P'(C080) , (A2.14)
L] Ti - i * ——,
t,(cos0) c0s0.ii,(cos0) -8in OacloLS'on (COS0) . (A2.15)
Where P.(costf) are Legendre polynomials.

The scattered intensity 1.(9), is related to S,(9) and Sj(9) [55] by

rm =m0 (A2.1«)

for perpendicular polarisation
L (A2.17)

for parallel polarisation.

Where I, is the incident intensity and parallel and perpendicular refer to the scattering
plane. For perpendicular polarisation it will only be necessary to consider S,(9). The

Rayleigh ratio is therefore given by

- (A2.1t)

The angular distribution of scattered light (the light scattering envelope) is found to
differ significantly from the isotropic case of Rayleigh scatterers. For scatterers of
size greater than the incident light wavelength, most of the scattered light falls into a
lobe in the forward direction (low scattering angles). The angular width of this lobe

decreases with increasing scatterer size.
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A ppendix 3

Calibration of the Light Scattering Equipment

In order to determine the concentration of scatteren from the light scattering data, it

is necessary to calibrate the light scattering measurement system as described below.

Standard liquids of known Rayleigh ratio and depolarisation were used. Table A3.1
below lists the liquids used along with their Rayleigh ratio at 90% R(90), and their

depolarisation, Au,. These values were obtained from reference [62], no indication as
to their actual error.

TABLE A3.1 Ravleieh Ratios for Standard Liquids

LIQUID R(90) (cm ") A
TOLUENE 18.4 X 10 0.48
BENZENE 15.8 X 10" 0.42
ecu 5.38 X KT* 0.042

The data in Table A3.1 was obtained using unpolarised incident light of wavelength
546nm. Hence corrections for vertically polarised incident light and a wavelength of

632.8nm will have to be made to this data.

The correction required for vertically polarised incident light is found by considering
the following argument. The unpolarised scattered intensity due to unpolarised
incident light, R_, can be considered to be composed of two contributions. These are
the unpolarised scattered light due to horizontally polarised incident light, R*, and
unpolarised scattered light due to vertically polarised incident light, This may be
written as

~uuo * Mhu * Avu T (A3 =1)

Now, the depolarisation is defined as, Au = R”R,,, substituting into the equation

above and rearranging gives
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vu ~eUU (A3 - 2)

Now, R,. is measured for unit incident intensity, half of which is composed of
horizontally polarised light and half vertically polarised. Hence, the equaUon above

for RA must be re-normalised for unit intensity as shown below.

(A3.3)

To correct for vertically polarised light, all R(90) values in table A3.1 should be
multiplied by the factor 2/(1-t-Au).

As all the liquids listed in table A3.1 are Rayleigh scatterers, a wavelength to the
power 4 correction has to be made. The correction factor is given by 0.546V0.6328*,
which is equal to 0.5535. Table A3.2 below gives the corrected R(90)’s for vertically

polarised incident light and a wavelength of 632.8nm.

Two further corrections due to the geometry of the light scattering goniometer have
to be made. The first is to compensate for the variation in the scattering volume with
scattering angle, $. The correction factor required is sin(ff). The second correction
factor is due to the lens effect of the cylindrical scattering cell which has the effect of
decreasing the scattering volume as seen by the detector [63]. The correction factor

required is nj*, the index matching fluid refractive index.

The calibration constant, CC, can now be determined. Light scattering measurements
for a scattering angle of W are taken for toluene, which has been repeatedly filtered
through 0.05/(m filters to remove dust or dirt which may cause spurious scattering.

The measured scattered intensity, 1,(90), is dttermined from
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7.(6) - scattered intensity

incident intensity (A3-4)

where the incident intensity is the simultaneous measurement of the incident light
from the second channel of the photon counter and compensates for any fluctuations

in the laser intensity. The calibration constant, CC, can be calculated from
cC «(90) /7.(90) .nj . (A3.5)

Where R(90) is the corrected Rayleigh ratio for toluene. On repeated measurement of

the scattered light the error in the calibration constant was found to be approximately
10«.

The other two liquids from table A3.2, benzene and CCU, may be used to check the
calibration. Tabulated below in table A3.3, are the measured R(90)’s for these two

liquids together with the corrected R(90)’s from table A3.2.

TABLE A3.3 Calibration Results

LIQUID MEASURED R(90) (cm % R(90) FROM TABLE A3.2 (cm"
BENZENE (12 +/- 3) X KT* 12.32 X 100
ccl4 (6 +/- 1) X 100 5.72 X 107

Table A3.3 shows good agreement between the measured and corrected Rayleigh
ratios. The large measurement errors of around 20% are due to measurement of the
low intensity scattered light. As stated above, the calibration constant is determined to
an accuracy of 10«. Also measurement of the scattered light for either Benzene or
CG4, gives an additional error of 10«, consequently yielding a combined error of
20« in the measured Rayleigh ratio. The intensity of scattered light from resin
samples will be much higher than from these liquids, with a corresponding reduction
in the measurement error. Hence, the accuracy in determining scatterer

concentrations from resin samples will depend mainly by the error in the calibration
constant, i.e. around 10«.
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Appendix 4
l-awr SpiyUfi RiiZiirtinfl

The HeNe laser used as the light source emits highly coherent light. The coherence
length of this laser is approximately 30cm and high spatial coherence exists across the
width of the laser beam ( TEM,, single transverse mode). Scatterers in the scattering
volume of size 0.2mm X 0.2mm X the path length through the laser beam (see
section 3.3.), will therefore act as coherent sources of scattered light. In solids,
where the scatterers remain in fixed position relative to each other, speckle will be
observed in the scattered light. This has the effect of reducing the quality of the
measured data by superimposing noise on the data. In liquids however, the scatterers
move relative to each other causing speckle in the scattered light to move relative to
the detection system. Time averaging of the detected light can be used to reduce the

speckle noise to arbitrary low levels.

Formation of the speckle can be explained by examining the first order statistics of
speckle patterns [64], assuming that we can approximate the 3 dimensional scattering
volume by a 2 dimensional diffuser of size 0.2mm X 0.2mm, which is illuminated by
a coherent source of laser light. The complex amplitude at any point in the far field
of the diffuser is the sum of the complex amplitudes of the scattered light from each
of the n individual scatterers in the object. The complex amplitude in the far field of

the diffuser is given by
aexp(-i™) - ¢ a,exp(-i*,) . (A4.D)

Assuming that all the moduli, a,, of the individual complex amplitudes are equal,
while the phase shifts, after subtracting integral multiples of 2t, are randomly
distributed over the interval 0 to 2t, the statistics reduce to the well known random-
walk problem. Providing n is large, the joint probability density function of the real,

A,, and imaginary, &\ parts of the complex amplitude, is given by
7 (H/2xo*)exp(-(a* ea’)/20%) , (A4.2)

where is a constant. The probability function of the intensity is then,
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p{l) “ (l/20*)exp(-X/20") . (A4.3)

The mean value of the intensity is

ify - 2a”, (X4.4)
While its second moment is
(r> - 2(". (A4.5)
The variance of the intensity is
0’ « (J)-(3) - (12. (A4.C)

The signal to noise ratio can be defined as

sIN - (r)fo - 1. (A4.7)

If the detector aperture is larger than the speckle size, then spatial averaging of the
speckle noise will result. The speckle size at the detector depends on the light
collection optics and can be calculated using the second order statistics of speckle
patterns [64], The autocorrelation function, R(Ax,Ay), of the intensity in the speckle
pattern is determined by the complex amplitude of the scattered waves at the
observation plane, a(x,y), which are related to the complex amplitude A(x,y,), at

the scattering surface by the Fresnel-Kirchhoff integral. The result is.

/7|A(x,,yi) Pexpt (iZx/Xz) (XiAx*yjAy) ]JdXidyi
Jt(AX, Ay) - < (A4.1)

[ Ljacx,, YY) raxiciy,

For a square scattering surface, of edge length L, the average dimensicms of the

speckle calculated from the equation above, are,

fix « 6y « Xz/L. (A4.*>

For, \>0.6328Mm, z=S00mm and L=0.2mm, the speckle size observed at the

detector surface of the light scattering goniometer is 1.6mm, defined by the two pin
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holes (see section 3.3.)- The detector aperture is less than 1mm and so no spatial

averaging of the speckle noise occurs.

Hence, with no speckle reduction techniques employed, the signal to noise ratio of
the measured dau will be around 1;1and a method of speckle reduction will be
necessary. Reduction of the speckle noise in the scattered light from solid samples
can be achieved by reducing the spatial coherence of the incident laser light. The
phase of the light across the laser beam can be scrambled by a moving diffuser using
techniques described in references [65,66], to reduce speckle noise in holographic
images. In these particular cases, expanded laser beams were used and the technique
will be much more difficult in the light scattering case due to the small width of the
laser beam, approximately 1mm diameter. The effect of phase scrambling will be to
move the speckle across the detector aperture and speckle noise reduction achieved by

time averaging.

The method of speckle noise reduction employed is as follows. The phase scrambling
material, vibrated vertically in the incident laser beam is shown in figure A4.1. A
moving coil transducer and function generator were used to provide the vibration.
Careful selection of the phase scrambling material is required. The material is
required to have a random phase shift profile with a phase autocorrelation length less
than the width of the laser beam. However if the autocorrelation length is too small,
substantial scattering of the laser light will result, leading to a broadening of the laser
beam. Two suitable materials have been identified. 1) sellotape, where its optical axis
is aligned vertically to prevent depolarisation of the laser beam, and 2) perspex,
where one side was roughened using course emery paper and re-polished. Best results
were obtained using the perspex phase scrambler with a 50Hz triangular vibration
waveform and a linear displacement of 3mm. A signal to noise ratio of 10:1 in the

measured scattered light is obtained using this technique.
The accuracy with which the scattered intensity can be measured is limited by speckle

noise, which is around 10% of the measured intensity if this speckle reduction

technique is used.
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Figure A4.1. Laser Speckle Reduction Technique.
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A ppendix 5

Computation of Mie Formulae

The computational procedure for calculating the Mie formulae involves extensive use
of recurrence relations. Care must be taken to prevent round off errors associated
with the storage of numbers with a finite number of digits, from accumulating and
yielding incorrect results. The computer program was written in VAX Fortran and
double precision variables were employed throughout to minimise the risk of round

offerror.

The series for and Q,,,, see appendix 2, converge, the number of
terms for convergence will depend on the value of the sire parameter, x. Bohren and

Huffman [56] give the number of terms for convergence as the nearest integer to

(A5.1)

Calculation of the coefficients a, and b,, may be simplified [75] by use of the

logarithmic derivative A.(y), defined as.

Aly) - *M(Y)IL(Y). (AS.2)

and using the recurrence relations for Bessel functions gives

_ (X))
(AS.3)
ALY)
(AS.4)
(mA,(y) *M)1L,{X)-1,,..{x)
To generate A,(y), Wickramasinghe [75] gives
*n@y) (AS.S)

with
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Agiy) = cosy/siny. (AS.6)

This upwards recuirence relation is unstable. A better method is to calculate the
A, (y)’s by downwards recurrence, Bohien and Huffman [56], give the recurrence

relation

y Ajy)*nly’ (AS-D

with a starting term of O+iO, and starting fifteen terms higher than required for

convergence of Mie formulae. Successive more accurate lower terms are generated.

To generate the recurrence relation

2n-1 (4S.S)

is used together with
e sinx*icosx, » cosX-isinx, (As.©v)

and can be computed by upwards recurrence.

The angle dependent functions, t,, and r,, are determined from the following

recurrence relations [75],

n,,(cose) -cos8.."|¢n,,-1(cos0) - (cos6). (AS.10)

T,,(COSO) * COSO. [ii,,(cos0) (cos0) ]

- @r3-D) sin*(0) .ii,,.j(cos0) +t,,.j<cos0) . (AS.11)

The angle dependent functions can now be computed by upwards recurrence with.

Ho(CO80)»0, *i(COS0)»lI, *j (CO80) »3C080, (AS.12)

t, (C080)-0, ti(COS0) «C080, (C0o80) «3C0820 . (AS.13)

The Mie formulae may now be calculated.

- 205



A ppendix 6

Least Squares Fitting

The method of least squares compares the measured data with a theoretical model in
which one or more parameters are allowed to vary [67], The technique is to

determine optimum values of the parameters by minimising x* where,
(AC.I)

N is the number of data points in the data set, 4 is the theoretical value obtained
from the parameters, vy, is the measured data value and a. is the is the standard
deviation or error in the n”* measured data value. For a best fit then, the difference
between each measured value and theoretical value called the residual, should be on
average equal to the standard deviation associated with the measured data point,
should therefore give a value equal to the number of data points. This will of course
only be true provided that the error estimates, a,, for the data values are reasonable
and that the theory used can adequately explain the measured data. For scattered light
data of resin samples, the error in the measured data is due to the speckle noise, see
appendix 4, which was found to be 10% of the measured value. The minimum value

of x can therefore be used as a measure of how good the data fits the theory.

Errors in the parameters may be estimated from the curvature of the x* values around

the minimum value [67]. The standard deviation in parameter P is given by

(A*.2)

where.

AC.3
AP» ( )
an<” P is the optimised value of the parameter and AP is a small increment in the
parameter. All other parameters remain  fixed at their optimum values. Errors in
the other parameters can be found in a similar way. The errors calculated therefore

represent 65% confidence limits.
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A ppendix 7

Charge Carrier Injection Mechanisms

and the Field Limiting Space Charge Model
SchQttkv Charge Injection

Schottky (thermionic) charge injection is well documented (see references [9,97], For
a charge carrier, i.e. an electron, to escape from the surface of a metal, it must have
sufficient energy to overcome a potential barrier which is defined by the work
function of the metal, an image force which attracts the electron back to the metal
and the applied electric field. This situation is illustrated in figure A7.1. With no
field applied, the energy required by the electron to escape from the metal is equal to
the work function, 4> These electrons must have an energy greater than E,+” and
therefore be in the high energy tail of the electron distribution. Electron emission will
therefore be dependent on the temperature of the metal. When an electric field is
applied, the image potential is modified by the addition of a further potential due to
the applied electric field and the barrier height is therefore reduced by AOQ. Barrier
height reduction therefore depends on the applied field. The emission current density

J, has been calculated and is given below, from reference [97].
AT ex x p jn (A7.1)

Where A is the Richardson-Dushman constant, T is the temperature, 0 is the work
function, e is the charge on an electron, E is the electric field, <is the permittivity of

the dielectric and ICo  the Boltzmann constant.
Fowler-Nordheim Charge Injection

Fowler-Nordheim (tunnelling) injection is well described (see references [9,97]. If the
applied electric field is increased, the width of the potential barrier width. Ax, will
decrease. With a sufficiently high electric field, the barrier width becomes small
enough for electron tunnelling to occur through the barrier. The situation is shown

graphitally in figure A7.2. Here electrons of energy E, can pass (tunnel) through the
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Figure A7.2. Fowler-Nordheim potential barrier.
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barrier without requiring the additional energy 0. The emission current density, j, is

given below, (from reference [97]).

i - (e”EVBKhA)exp(-8ii(2ni*)*/2*'/V3hefi . (A7.2)

Where, m" is the effective mass of the charge carrier and h is the Planck constant.

Field Limiting Space Charge Model

The field limiting space charge (FLSC) model of Hibma and Zeller [1], is based on
the assumption that the mobility of the charge carriers in the dielectric increases by
orders of magnitude once a critical field is exceeded, where E,,, is*material
parameter. Irrespective of the mechanism of charge injection across the metal-
dielectric interface, no significant charge injection occurs when the field is less than
due to the immobility of the localised charge at the interface. However, for fields
greater than E,«, the much increased mobility allows the injected charge to move
away from the electrode and distribute itself in the space charge region near the
electrode. A constant field Ech is required at the electrode and throughout the space
charge region. For this model then, a material dependent threshold field for charge

injection is predicted.
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