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ABSTRACT

Room temperature vuleanizing (RTV) silicone rubber coating is increasingly being used
by power utilities to overcome the contamination problems encountered with ceramic and
glass insulators. Various formulations of the RTV coating systems were intensively
investigated in an effort to optimize their electrical performance and in particular to

extend their life.

The effects of the size of the particles of ATH filler on the life of RTV silicone rubber
coating was studied in a salt-fog chamber. The median particle sizes examined were 1.0,
4.5, 13, 17 and 75 pm. The optimum size giving the lowest leakage current and the
longest time to failure of the coating was determined. The particle size affected the
roughness of the coating. This was determined by a high resolution surface roughness
tester and a scanning electron microscope (SEM). The roughness was enhanced after a
prolonged test in salt-fog. The leakage current affected the amount of silicone fluid on the
surface. The amount of silicone fluid present on the surface after exposure to dry-band
arcing in salt-fog was a function of the particle size. Measurements of surface roughness,
the amowunt of silicone fluid on the surface, and the leakage current combined with

theoretical analysis of the heat of conduction, lead to identification of the mechanisms by

iv



which the size of the ATH particle impart resistance to tracking and erosion.

The influences of the coating thickness, different substrates, addition of silicone flwd to
the coating system and different carrier solvents on the leakage current, pulse current
count rates and the life of the RTV coatings were investigated. It was found that ali these
parameters affected the elactrical performance in salt-fog. The optimum coating thickness
was determined for a fixed substrate. Mechanisms by which these four parameters affected

the performance are suggested and discussed.

The content of low molecular weight (LMW) silicone fluid and the diffusion of LMW
from the bulk to the surface were determined, by using an extraction technique in an
analytical hexane. This was in order to explore some of the factors goveming the lifetime
of the RTV coating. ATH filled RTV coatings having thicknesses from 0.17 to 0.99mm,
ATH particle sizes from 1.0 to 75 pum and different carrier solvents were used. The roles of
the LMW content and the diffusion process in the lifetime of the coating were evaluated for

different formulations of RTV.
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CHAPTER I

INTRODUCTION

Surface contamination and leakage current have caused vperating problems for
electrical utilities since electrical power was in its infancy. Even though porcelain and
glass insulators can withstand substantial arcing without serious degradation, the effects
of leakage current and flashover is 3 major practical limitation in the reliable supply of
electrical power. A flashover in a substation may result in destruction of an insulator,
circuit breaker lock-out or potential damage to equipment costing millions of dollars in
equipment losses and replacement power.

The main problem with ceramic insulators is that they have high surface energy] |-
3] and wet readily by allowing water to spread in a continuous film. There are many
sources of natural contaminants in the outdoor environment such as sea salt, road salt,
cement dust, fly ash, bird droppings. fertilizer and many types of industrial emissionsf4-
6]. These contaminants which deposit on the insulators encourage leakage current to
develop, the effect of which can range from dry band arcing to flashover. On ungrounded
wood structures, leakage currents can cause crossarm and pole top burnoffs while on steel
structures, uncontrolled leakage current can develop into flashover. In either event,

disruptions of the power system can occur.
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1.1 TECHNOLOGIES AND INSULATOR CONTAMINATION MAINTENANCE

PRACTICES

Tao prevent disruptions of the power system due to insulator contamination several
technologies have been employed with varying degrees of success to reduce the incidence
of insulator flashover. Changes to insulator design has been one method of modifying
performance. The conventional approach has been to increase the leakage distance thereby
decreasing the voltage stress across the surface of the insulator by either adding insulator
sheds or by replacing the insulators with longer leakage path designs[7.8]. Although this
technology is a cost effective one, it is one that can not be implemented in every
case[9,10]). Another approach has been to apply a resistive glaze to porcelain
insulators[1 1-19] thereby modifying the electrical stress and at the same time, increasing
the surface temperature to prevent the condensation of moisture. Both technologies have
had limited success.

Maintenance practices have also shown varying degrees of success to help prevent
disruption of the power system due to insulator contamination. The most successful have
been high-pressure cleaning techniques[11,20,21] either by water or dry-cleaning methods,
using an abrasive medium such as crushed com cobs or walnut shells sometimes admixed
with lime. Most utilities regularly wash insulators to prevent flashover in very heavily
polluted areas[22]. Both technologies are costly because they are labour-intensive and can
require frequent repetition to be effective, and in many situations, are no longer cost
effective.

Silicone compounds for outdoor insulation offer advantages over other methods
of protection. The experience with grease-like coating materials for porcelain insulator

over a 20 year period[20,21,23-26] has shown that as long as they maintain their water
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repellency properties, they provide total protection of the insulator. When the grease-like
materials reduce their water repellency. due to extended exposure to corona. ultraviolet
light, water erosion and /or saturation with contaminants, the grease must be removed and
reapplied at considerable expense in order to maintain protection. Non-ceramic insulators
having silicone rubber weathersheds have been quite sugcessful in maintenance of
overhead lines for many years[22,27-29). The silicone rubber gives the initial water
repellent(hydrophobic) surface thereby preventing leakage current [27-31]. The silicone
rubber filled with alumina trihydrate filler (ATH:3H,0) provides an arc resistant
property, ensuring a long term ability to limit leakage currents and therefore pravent
flashover [32-35). Experience has shown that water washing of silicone rubber insulators
may not be required[36].

Where silicone rubber insulators are either not available as direct replacements for
porcelain and glass insulators, or too expensive, an alternative maintenance practice is to
impart water repellency to the surface of ceramic insulators with a coating of room
temperature vulcanizing (RTV) silicone rubber [10,37-40]. Though the concept that a
water repellency surface is created by coating porcelain and glass insulators with RTV
silicone rubber is reladvely new, the liquid silicone RTV coatings have gained
considerable popularity since the first field trial in 1974 with an experimental product [30]

and the first large scale application in 1987 with a commercialized product{31].

1.2 CHARACTERISTICS OF RTV SILICONE RUBBER COATINGS

The usual RTV silicone rubbers are made from a basic polydimethylsiloxane
(PDMS) molecules, as shown in Fig.1.1. The molecule of PDMS is mainly composed of

methyl group (CH,), oxygen (O) and silicone (Si). The RTV system contains PDMS
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silicone polymer. cross-linking agent and catalyst, funied silica reinforcer. ATH filler and
special additives . all dispersed in a carrier solvent {10,41]. The vulcanization can be
prevented if absolutely water-free conditions is assured. [n this manner, this kind of RTV
silicone rubber is suitable for long-term storage in moisture - impermeable containers. The
liguid coating vulcanizes in the presence of atmospheric humidity forming a solid rubber
coating with physical and electrical properties that vary considerably [10]. These
properties are the result of the degree of cross-linkage. type of radical within the
monomer molecule. and the amount of filler [10]. Special additives serve to achieve

particular effects or improvements of these properties [41].

i .
CHz— ?i 0 ?i —0 T ?l — CHj

Ficure 1.1 Chemical structure for PDMS

The solvent most often used is V&P naphtha which is flammable and therefore
the coating with using this solvent can be applied to the insulators when the power system
is de-energized. Other solvents such as 1,1,1 tichloroethane and anhydrous cyclohexane
are also occasionally employed. RTV coating can be applied to ceramic insulators by

dipping. puinting or spraying [10,41]. The RTV coating can also be applied to many
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organic polymer substrates. such as epoxy resin and EPDM rubber, due to its superior
adhesive property. The liquid polymer layer. vulcanizes into a flexible layer when
exposed to moisture in the air. The coating gives initial water repellency which prevents
the formation of continuous water filming on the surface even when a layer of
contaminaton has built-up on the surface and thus suppresses the leakage current and
flashover. This concept of protection for ceramic insulators has been increasingly giving

considerable interest as a4 maintenance tool of insulator contamination.

1.3 ELECTRICAL PERFORMANCE OF RTV COATINGS

Porcelain and glass insulators are coatcd. with RTV silicone rubber to improve
their contamination performance. The RTV coating provides hydrophobicity initially
which prevents water filming and thus suppresses the development of leakage current and
tflashover. After a heavy and prolonged wetting, a continucus water filming is graduall
formed and leakage current develops on the surface. The heat from the dry band arcing
causes hydrolysis. scission and interchange of molecular bonds and remaoves hydrophobic
rmethyl groups [3.38.42,43] resulting in aging of the couting. The RTV coating finally
fails by erosion and tracking on the substrate. The various formulations of RTV coatings
differ in their ability to impart resistance to dry band arcing although the base material
in all cases is PDMS. High temperature vulcanizing (HTV) silicone rubber filled with
alumina trihydrate (ATH) shows a better performance than with silica filler[34]. The
concentraton of [34.44] and the si_zc of the ATH filler particles [45] also affect the life 7'
of RTV coating. Properly selected formulations of coatings which maintain a high
resistance to damage from dry band arcing may have a longer life. This renders the

occurrence of flashover, better reliability, and enhanced integrity of the power system. A
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study of the degradation, erosion and lifetime of the RTV coatings in wet and
contaminated conditions is necessary to determine the limitation on the application of the
coating 1o outdoor insulation particularly in sea coast environments.

When the coating is covered with contaminants, the hydrophobicity is reduced on
the surface of RTV. The low molecular weight (LMW) silicone fluid, which is inherently
present in the coating, diffuses from the bulk to the surface of RTV and then surmounts
the contamination layer [35,44.46.47]. The process of diffusion modifies the physical
property of the contaminant giving it a hydrophobic quality. It has been reported that
there was a reduction in the quantity of LMW on the surface of aged RTV when
compared to virgin RTV [48]. The total content of LMW silicone fluid in the RTV
coating waus also reduced after an extended time of salt-fog testing at 0.5kV,_ Jem and
250pS/cm([49]. The heat from the dry band arcing causes scissions of the long polymer
chain into short chains which become more water soluble and more volatile[50). The
water washes the surface and removes some silicone fluid away from the coating. The
contaminants also carry some silicone fluid from the surface when they are washed away
by water or blown away by wind. As the silicone fluid is gradually depleted on the
surface and in the bulk of RTV coating, the hydrophillic contamination absorbs more
water and forms a thicker water film. Increased current then develops on the surface and
the insulator eventually flashes over. Therefore the presence of sufficient quantity of
LMW silicone fluid in the bulk of RTV coating and its ability to diffuse to the surface
are of paramount interest in maintaining the hydrophobic properties qf the coating and in
order to achieve a long life of the coating. It is therefore desirable to evaluate the role of

the LMW content and diffusion in affecting the life of RTV coatings.



1.3 RESEARCH OBJECTIVES

L.

12

6.

Y.

To investigate the role of the size of ATH particle filler in the development of
leakage current and the life of RTV coatings.

To determine the optimum thickness of RTV coatings giving the best electrical
performance.

To determine the influences of substrate type and solvent type on the leakage
current and life of RTV coatings.

To study the mechanisms by which the addition of silicone fluid to RTV
influence its electrical performance.

To determine the LMW content and diftfusion in RTV coatings with various
compusitions.

To determine the surface roughness with various RTV formulations.

To examine the dependence of surface conditions (surface roughness and contact
angles) on the development of leakage current

To evaluate the role of LMW content and diffusion in the life of RTV  coatings,
To uncover the role the thermal conductivity of RTV in imparting tracking and

erosion resistance to the coatings.



CHAPTER 11

EXPERIMENTAL SET UP

2.1 SALT-FOG CHAMBER

The commonly used antificial test methods are salt-fog anc clean fog[51.52]). The salt-tfog
test is derived as a simple and direct method of measuring the ability of an insulator to withstand
contaminant, without flashover, by subjecting it to an artificial salt water fog. The schematic
dizgram of the salt-fog chamber uscd in this study is shown in Fig.2.1{38,53]. It is fabricated of
3mm thick acrylic glass sheets and has the dimensions of 2.5m x 2.5m x 2.5m. Four nozzles are
used in the fog chamber and these are fabricated from acrylic glass in accordance with 1EC
specifications|54]. The nozzles are symmetrically placed and face the specimens to provide
uniform wetting of the specimens, as shown in Fig2.2,

Salinc water and compressed air were supplied through stainless steel lines. Water
conductivity was measured by a conductivity meter(Horizon Model 1484) which was capable of
measuring from 0 to 20,000pS/cm. The conductivity of the saline water was adjusted intermitiently
1o maintain £5% of the inital value. The saline water was supplied from a 250 litre reservoir tank.
The tank was fabricated from XLPE and the salt water was handled by two corrosion resistant
pumps, as shown in Fig.2.1. The saline water was not usually changed until all specimens had
failed in the fog chamber. The saline water from the chamber was continuously filtered to remove
the contaminant originating from the dry band arcing by placing a stainless steel mesh located at
the bottom of the chamber and was collected in a small container, There is a water level switch
in this container which turns on a pump when the container is full and turns it off when the
container is cmpty. The function of the container is to retain the drained water from the fog
chamber before its return (o the main reservoir to prevent the pump from running on empty. The

water flow rate is controlled using a flow meter (model CALQFLO) in series with the input water
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line. The flow rate of the water can be varied from 0 to 2.0 /min. The compressed air can

be varied from 0.1 to 0.65 MPa by an air regulator.

2.2 TEST SUPPLY

The test supply is a 14.4kV/208V, 37.5kVA, 60Hz, distribution transformer used
in reverse. The primary is controlled by a 20kVA, 0-220V variac. The high veltage from
the transformer is brought into the fog chamber through a 25kV wall bushing which is
placed at the top of the chamber, as shown in Fig.2.1. The bushing is coated with silicone
grease to prevent flashover through the surface. In the present study the applied voltage
is constant and adjusted regularly to maintain a nominal voltage of 7.6+0.3 Kv,,, giving

an average electric stress of 0.50+0.02kV_Jcm to the 152mm long specimen.

2.3 DATA ACQUISITION SYSTEM

A data acquisition system is used to continuously monitor the leakage current
through the surface of the specimens under test. It consists of a resistive high voltage
divider, protective circuits, a reference signal circuit, analog-to-digital (A/D)
converter{Mountain Computer Inc.), and a microcomputer (Apple ). A schematic
diagram of the system is shown in Fig.2.3[55]). Details of the principles of the data
acquisition system, algorithm of data acquisition software and the computer program for
sampling the leakage current have been described in the dissertation by Kim([55] and only
essential information necessary for the present study will be given here. The system
employed an 8 bit, 16 channels A/D converter. Only 6 channels were used m the present
" study ‘in order to increase the sampling speed. The microprocessor processes the

- instantaneous current to yield the peak and the average values on both the positive and
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the negative portions of the 60 Hz power frequency. The length of the sampling time
varied from 10 minutes during the tirst hour of the test to one hour during the rest of the
test which typically lasted up to 400 hours. The total charge flow across the specimens
is continuously caleulated .by integrating the sampled current over specified periods. The
average leakage current is defined as the value obtained by summing up the absolute
values of all the current sampled during the positive (13 samples) and negative (13
samples) portions of the 60Hz power frequency. over a specified length of time. and then
dividing by the total number of the sampled currents. The number of leakage current
pulses was determined over a specified period and specified current limits in 15 ranges
from 0 to 88mA. At the end of each desired test period. the data were stored in a floppy

disk und a hard copy was printed.
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Ficure 2.4  Protection circuit of the data acquisition system against flashover
of the insulators being tested. Resistance values are in Q.
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24 ELECTRICAL PROTECTION

The data acquisition system is protected against an occasional flashover of either
the insulator or coated rods. The input of the A/D converter and the microprocessor are
protected using a combination of a fast acting low voltage (75V) gas filled spark gaps
(CG75L). a Zener diode (IN4733A). a pair of back to back dindes (IN9!14A) und a
combination of resistors to attenuate the initial energy of the flashover which may get
through before the spark gap operates (a few nanoseconds). A standard operational
amplifier (741) is employed to recover the original signal as shown in Fig.2.4/56]. A fust
150 Ma fuse wire enclosed in a glass tbe is placed in series with each specimen.
ensuring that the power supply to the other specimens is not interrupted when a single
specimen is failed by flashover. The control variac is protected by a 50A fuse and a 50

A fast magnetic circuit breaker.

2.5 SPECIMENS

The RTV was formulated using a basic polydimethylsiloxane (PDMS) polymer
system containing a fumed silica reinforcer, a polymerization catalyst and ATH filler, all
dispersed in a carrier solvent[10]. The ATH filler was used in the RTV to enhance its
resistance to damage from erosion. The improved performance with addition of ATH is
due in part to its higher thermal conductivity than that of the base silicone rubber{57,58].
A constant concentration by weight of 90 parts of the ATH filler per one hundred (pph)
of the silicone rubber was used in the present study. This concentration of the ATH filler
was found to be close to the optimum level, which is in the range of 45 to 55% by
weight, that gives both good dispersion in the RTV liguid and longest time to failure{44].

The RTV coatings were largely applied to polyester fibre glass reinforced plastic (FRP)
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rods, 152mm length and 16mm in diameter in the present study. Uncoated FRP rods were
chosen because they readily track and then flashover in salt-fog. This enabled the testing
of the performance of RTV coatings of different formulations on a substrate which was,
in the case of FRP, inherently much inferior than the coatings. This gives an accurate
methad to determine the length of time when the RTV silicone rubber coating has been
substantially aged. The onset of failure of RTV coating occurs when sufficient erosion has
occurred by the action of the dry band discharges which exposes the surtace of the FRP.
The latter fails by tracking and is followed with flashover. Contact to the RTV coating
was made with two disk-type graphite electrodes 31.7mm in diameter and 3.2mm thick.

The graphite electrodes were attached to the FRP rods using stainless steel screws.

2.6 THE POSITION OF RTV SPECIMENS IN FOG CHAMBER

The position of specimens in salt-fog chamber is shown in Fig.2.2. Six RTV
specimens were tested simultaneously. three of which were tested at a fixed coating
tormulation (rods 1. 2 and 3 in Fig.2.2). Additionally three rods having identical
formulation but difterent from the other group were placed together (rods 4, 5 and 6 in
Fig.2.2). The uniformity of the salt-fog condition on the six specimens in the chamber
was first determined before the onset of salt-fog test with the RTV coatings[45]. 6
identical rods of uncoated FRP were placed in the chamber in carefully selected positions
until almost identical average leakage currents and current pulse count rate were
developed in the rods. The time to failure in the 6 uncoated polyester FRP rods were in
the range of 44+8h. This indicated that the variation of the fog conditions in the locations
of the specimen was acceptably small and therefore the simultaneous testing of 6 coated

rods could be reasonably assumed to be under the same fog condition for all specimens.



CHAPTER III

MEASUREMENT TECHNIQUES

3.1 MEASUREMENTS OF CONTACT ANGLE

Measurements of contact angle of a drop of water on orgaric polymens provides an
indication of the state of the hydrophobicity of the surface]3.59.60). When a water droplet
is in contact with a solid, the angle formed between the tangent to the droplet and the
horizontal surface is called the contact angle. The contact angle is dependent on the free
energy of the surface and therefore the wettability of the solid surface is related to the
contact angle. The free energy and the contact angle are inter-related via Yang's
equation[3.61.62] and decreases with increasing surface free energy. A high energy surface,
like glass. wets readily. allowing water to spread over it and has a contact angle of zero.
The surface is completely wetted and is hydrophillic. On the other hand the low energy
surface. like silicone rubber. repels water. the contact angle is large(>90") and the surfuce
is hydrophobic ur water repellent.

In the present study. the contact angle was measured on a stable horizontal surface
by a goniometer using a sessile drop having a volume of about Sul of deionized distilled
water (5.5uS/cm). The conductivity of the water droplet in the range 20-1000 uS/cm had no
effect on the contact angle [46] and this conclusion was further confirmed and extended by
the author to the range 5.5-10,000uS/cm. The contact angle depends on the volume of the
droplet but in the range 2-9pl the contact angle has been reported to be independent of the
volume[46]. In the this work the contact angle was also studied with droplets ha\—r'ing various
volumes in the range 5-30 upl. Two different surfaces, RTV silicone rubber and FRP

polyester. were used. It was found that the contact angle was independent of the volume up

15



16

to 30 pl for both materials. The contact angle was determined within 30s after placing the
water droplet on the surface in order that the measured values were not unduly influenced
by a long duration of a presence of water on the surface[46]. The contact angle was
determined at four equi-distance locations along the circumference of the cylindrical
specimens, and at least 4 locations along the axis of the rod were investigated. Thus a
total of at least 16 readings were taken for each specimen,

3.2 MEASUREMENTS OF SURFACE ROUGHNESS

The surface roughness of RTV specimen has a direct influence on the development
of leakage current and the initiation of dry band discharges. Experiments have shown that
the averuge leakage current and the current pulse counts increased with increasing surface
roughness. In the present study the surface roughness was determined using both a
roughness detector and a Scanning Electron Microscope (SEM). The average and the
maximum roughness values of the RTV surface were determined by using a high
resolution (£0.05um) roughness detector type Surftest-212 (Mitutoyo, Japan). The average
roughness is defined as the arithmetic average value of the profile of the roughness
throughout the sampling length. The maximum roughness is defined as the value
measured between the highest peak and the lowest valley. The sampling length was
adjusted to 8mm along the length of the rod. Measurements of the surface roughness were
conducted at 4-6 locations in each specimen. The profile of the surface roughness was
determined by a roughness detector type Mitutoyo Surftest-I.

The SEM studies were conducted using an instrument type Semko Nano Lab7 with
a 15keV electron beam, at a prm:sﬁrc of 10™ to 10® Pa. The penetration of the electron

beam into the surface of RTV specimens at this voltage was about 10um. The specimens
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were first coated with a conducting layer of carbon using a carbon are, in vacuum, at a
pressure of 107 to 107 Pa. to a thickness of about 20nm. In some cases the RTV
specimens were coated with gold to a thickness of a few hundred A" to eliminate charging

of the surface in the SEM. The size of the specimens was about 10mm X 10mm.

3.3 MEASUREMENTS OF FTIR-ATR

The principle of an infrared (IR) spectroscopy technique is that a light beam is
passed through the entire thickness of the sample material and the transmission is
measured as a function of the wavelength (or wave number). The wavelength of the
infrared light in the range 2.5x10™ - 5x10" cm (wave number 4000 to 200cm™) is mostly
usedf63]. Coupling with internal reflection[64-67]. the conventional IR optical
spectroscopy can be used in the study of the surface of organic materials. In this
technique the specimen is in contact with an optcally dense but transparent medium and
then measuring the wavelength dependence of the retlectvity of the interface by
introducing light into the dense medium.

Monitoring of the chemical changes on the surface of RTV coating due to dry
band arcing under wet and contaminated conditions are useful to give indications of the
changes that occur. Some of the changes at the surface of an aged coating are indicated
by the formation of low molecular weight PDMS silicone fluid and the diffusion of the
fluid from the bulk to the surface of the coating[43,48]. To measure the amount of
silicone fluid on the surface of the coating and determine its dependence on the
formulation of RTV, a Nicolet SDX Fourier Transform Infrared (FTIR) spectrometer with
an attenuated total reflection (ATR) attachment was employed using a KRS-5 (Thalium

Bromoiodide) crystal. The silicone fluid was obtained by placing the specimen next to the
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crystal and applying a predetermined pressure and then some of the silicone is transferred

to the crystal which is determined using IR spectroscopy.

34 SPECIMEN WASHING

In order to conduct the measurements of surface roughness. FTIR-ATR and SEM
on RTV specimens after salt fog the specimens were washed to remove the salt deposits
using 5% acetic acid in an ultrasonic vibrator for 2 minutes and rinsed thoroughly with
distilled water|53}. The mild acetic acid at the low concentration used did not react with
the surface of the RTV coating since it was applied for a brief period of 2 minutes and
was followed immediately by a thorough rinsing with distilled water to remove any
residual traces of acetic acid. The acetic acid solution neither penetrate nor reacts with
the RTV coating[42]. This was determined by FTIR studies, which showed complete lack
of carbonyl (C=0) stretching frequency which would be expected from dissolution or
derivatization. A derivatizing agent reacts with certain elements or group of elements and

label the outcome of the reaction with a distinctive element or a compound.



CHAPTER 1V

EVALUATION OF ELECTRICAL PERFORMANCE OF

RTV SILICONE RUBBER COATINGS

4.1 INTRODUCTION

The various RTV coatings differ greatly in their ability to prevent leakage current
and flashover aithough the base material in all case is PDMS. Coating compasition is the
key to their performance. Coatings that loose their hydrophaobicity have a short life. These
coatings become ineftective in a short time and tail to prevent tlashover, Properly selected
coatings which maintain their hydrophobicity have a long life in preventing flashover.

In this chapter, the effects of the size of particles of ATH filler. the coating
thickness. substrate type, addition of silicone fluid to RTV formulation and carrier solvent
type in RTV on performance and life time are studied. Mechanisms by which these

parameters affect the performance are suggested and discussed.

42 RTV PERFORMANCE WITH SIZE OF ATH PARTICLES

4.2.1. Experimental Conditions
RTV coatings were applied to polyester fibre glass reinforced plastic (FRP) rods,

152mm length and 16mm in diameter. RTV formulations were made with ATH filler

19
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having median particle sizes of L0, 4.5, 13, 17 and 75pm in a carrier solvent of 1.1.1
trichloroethune. These particle sizes were selected because they were commercially
available, The size of the particle was obtained by x-ray sedimentation using a
Micromeritics Sedigraph. The particle size distribution of the precipitated grade of ATH
was relatively narrow. The concentration of the filler in RTV coatings was 90pph by
weight. Three specimens were used for each size of particles. A saline water flow rate of
1.620.2 I/min and an air pressure of (.65x0.02MPa (94.7+3psi) were used to generate the
fog. The saline solution was obtained by adding table salt (NaCl) to the tap water which
has a typical conductivity of 300=10uS/cm. The conductivity of the saline water was
adjusted continuously to maintain a nominal conductvity of 1000+3% uS/cm. The

temperature in the fog chamber was 24+2°C during the test.

4.2.2 Dependence of Leakage Current

Measurement of the contact angle on the surface of the coating before the salt-fog
test showed that the contact angle was within 92-96° for all particle sizes of ATH from
I to 75pm. This indicates that at the start of the salt-fog test the -water repellency of the
coatings was almost identical and independent of the particle size. However the
development of leakage current depended on the size of the particle. Fig.4.1 shows the
average leakage current as a function of test time in the fog chamber. After 2h of test. the
leakage current was in the range 3-6mA/___f9; all sizes of ATH particles. The leakage
current was lower for smaller particle sizes at the start of the test as indicated in Fig.4.1.
The difference in the leakage current at the beginning is thought to be due to the
roughness of the surface which was smoother for smaller sizes and rougher for larger

sizes of ATH particles. Fig.4.1 also shows that the leakage current of the uncoated FRP
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Figure 4.1 Average leakage current in ATH filled RTV coating having different sizes
of particles of the filler. Conditions: concentration of filler. 90pph:
conductivity of saline water. 1000pS/em: voltage stress. 0.5kV,, fem.,

rods is higher right from the start of the test and reaches 11mA after 2h. The coatings
maintined 2 hydrophobic surface for ubout 14h for ull particle sizes and then the surtace
become hydrophillic and dry band discharges developed. The leakage current develuped
muore slowly tor coatings with 4.5 and [3pm particles as lshuwn in Fig.4.1. The pussibility
of having an optimum range of particle sizes to give longer time to the development of
lezkage current was further confirmed by measuring the current pulse counts during the

- salt-fog test tfor the different particle sizes.
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Fieure 3.2  Time of development of different levels of leakage current as a function

of size uf ATH particle. Conditions are as in Fig.4.1.

Fig.1.2 shows the dependence of the time of development of different levels of
leakage current on the size of the particle. It will be observed from Fig.4.2 that it takes
longer time to develop a given level of leakage current at 4.5 and 13um particle sizes. As
the particle size increases above or decreases below these values the leakage current
developed at successively shorter times.

Figs.4.3 and 4.4 show typical current pulse rates in the ranges 31-61lmA and 62-
'f—lmA. respectively. in RTV coatings. Other current ranges show a similar behaviour. The
current pulse developed more rapidiy and at a given time into the test a higher number
uf current puise count was found for 1.0, 17 and 75um sizes of ATH particles compared

to 4.5 and {3pm. This indicates that the hydrophobicity of the surface was lost quickly
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Fieure 4.3 Cuirrent pulse count per hour having amplitudes in the range 31-61mA as
a function of test time using different particle sizes. Conditions are as in
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a function of test time using different particle sizes. Conditions are as in
Fig.4.1.
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and earlier initiation of water filming occurred on the surface. This results in earlier dry
bund discharges and initiation of tracking and failure of the RTV coating. The coatings
having 4.5 and 13pm of ATH particles show better perfurmance as indicated by longer
time to the onset of dry band discharges and lower current pulse counts, The accumulated
dumage from the heat of discharges determines the life of the coating. Therefore the
variation of the current pulse counts is a measure of the aging. The role of the size of the
ATH filler as it impurts resistance to erosion in the RTV coating may be ascertined
from monitoring of the leakage current. This finding was reintforced further by the
observed dependence of the time to tailure of the coating as a function of the particle size

of ATH.

8
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Ficure 4.5  Time to tailure of RTV coatings as a function of size of ATH particles.
Conditions are as in Fig.4.1.



25
4.2.3. Dependence of Time to Failure

Failure of the specimens was determined when the leakage current exceeded
[50mA us mentioned in Section 2.4, Chapter [1. Fig.4.5 shows the time to failure due to
erosion of the RTV coatings with various sizes of ATH particles and subsequent tracking
of the FRP rods. The bars indicate the variations within each size of 3 specimens. A fixed
90} pph concentration of the filler of ATH was used for all particle sizes from | w 75um.
It can be seen from Fig.4.5 that the particle size affects the time to failure of the RTV
coating. The ATH filler with particle sizes of 4.5 and {3um impart a higher resistance
erosion than the other sizes. These provide less damage on the surtace from dry band

discharges and consequently give the longest time to failure. as shown in Fig.4.5.

4.2.4. Dependence of Surface Roughness

The development of leakage current and the initiation of dry band discharges are
due to the loss of hydrophobicity resulting in water filming on the surface. These
discharges affect the physical and chemical conditions on the surface which ultimately
lead to erosion of the coating and failure. The particle size of the ATH filler in the RTV
silicone rubber coatings is thought to have a direct intiuence on the roughness of the
surface finish.

The measurements of the roughness and its dependence on the energized time of
salt-fog test and on the size of ATH particles was made. The roughness of the surface of
the coating was measured in virgin _spccimcns with different sizes of particles of ATH and
after subjecting them to 14h and 92h of salt-fog. To give reliable and beter
reproducibility extensive measurements of roughness were conducted in three different

regions of the coated rod surface.

Iy
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Figure 4.6  Roughness of the surface of ATH filled RTV coating for various sizes of
ATH partcles. Specimens were measured before salt-fog test.
Concentration of filler 90pph.



4.2.4.1. Roughness of the surface before salt-fog test

Fig.4.6 shows a typical variation of the roughness of the surface as a function of
distance within a length of 8mm of the specimen for various ATH particle sizes of the
coatings. Fig.4.6 shows that the surface of the RTV coating became rougher with
increasing particle size. It should be noted that the FRP rud betore coating with RTV was
very smooth and the average roughness (Ra) was 0.32x0.03um.

The profile for the lum particle size specimen shown in Figd.6 is generally
observed on the surface. However, for this size of particle. relatively large discontinuities
were also observed on the surface and were confirmed with SEM studies, These are
discussed in Sections 4.2.4.2 and 4.2.5. The dependence of Ra of the surface roughness
of Fig.4.6 on the size of particle of ATH filler is shown in Fig.4.7 before and after
different durations in the salt-fog. It can be seen from Figs.4.6 and 4.7 that the surface
of the coating is rougher with larger ATH particles and this leads to higher leakage
current at the beginning of the salt-fog test (<7h) as shown in Figs4.l and 4.2. Higher
leakage currents lead to 2 more rapid loss of hydrophobicity and thus water tilming and
initiation of dischuarges on the surface.

Generally coatings with larger particle size have a shorter life. The largest time
to failure for particle sizes in the range of 4.5 to 13um was found and the coating with
1.Opm, 17um and 75um sizes of ATH particles failed in 2 shorter time. The mechanism
of the failure of the coating with 1.0pm particle size which occurred after 300x1h
(Fig.4.5) is thought to be due to the ATH particles flowing together to form an aggregate
or a concentration as non-uniform surface in the virgin specimens and this under test
conditions leads to hot spots when a dry band discharge occurs. The localized highly non-

uniform surface has been found more frequently in the surface of the coating with 1.0pm
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Figure 4.7  Variaton of the average roughness of the surface Ra with test ime as a
function of size of ATH particles. Conditions of salt-fog test are as in
Fig.4.6.

size of ATH particle. An example of this is shown in Fig.4.8 before the salt-fog test. A
similur scan of the surface over an extended length showed that for the 1.0um size of
ATH there are muny such large discontinuities. These might explain the larger leakuge
current. lurger current pulse count and shorter lifetime which were observed with [.0pm
particle size. Fig.4.9 shows a typical of many such scans where there are on average
between 5 to 8 such large discontinuities over 48mm distance on the specimens surface.
Fig.4.10 shows an extended scan of a virgin coating having 13pm size of ATH particles
which shows no evidence of aggregution of particles similar to that which is clearly

demonstrated in Figs.4.8 and 4.9,
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Figure 49  Typical roughness ot the surface of a virgin RTV with 1.0pm median
particle size of ATH showing the peak-to-valley heights of the
discontinuities over an extended scan.
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Fivure 3.10  Typical roughness of 2 virgin RTV having 13um size of ATH particles.

4.2.4.2. Roughness of the surface after salt-fog test

Fig.4.7 shows the dependence of the average roughness Ra on the test dme as a
tfunction of purticle size. After salt-fog. the surface roughness increased with increasing
test time up to l3h for the particle sizes from | to 75um. This is due to the higher
leakage current which was developed across the coating and caused more damage on the
surface from the dry band discharges. The roughness of the surface with 1.0 um size of
ATH particle increased rapidly with test time and became rougher than the surfaces with
4.5 and I3;m_1_; p;:r_ticl; size after 92 hours. The largest roughness of the surface of the
RTV cua't.i'ng WIﬂ'l 1.0pm particle size as a function of distance within 8mm range of the

surface atter 92h of fog st is shown in Fig4.11. A highly non-uniform surface of the
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Fieure .12 Typical roughness of the surface of RTV with 1.0um particles of ATH after
Y2hr of salt-fog test. Conditions of test are as in Fig.4.1.
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coating was found. Typically between | to 2 such non-uniform locations of the like
shown in Fig.d.l1 were found in every 8mm scan of the surface. Fig. 4,12 shows the
measured pesk-to-valley heights of the roughness over an extended span of 48mm where
many discontinuities are present in the coatings with 1.0um size of ATH particles. After
92h of salt-fug the largest peak of the roughness increased from about 9.0um to about
6Oum (Fig.d.11). However. for this size of ATH particle the change in the heights of the
roughness was typically from 2.5pm (Fig.4.9) to 20um (Fig.4.12). This resulted in hut
sputs on the surface which accelerated the erosion on the surface and ultimately led w a
sharter life of the coating. The roughness was less pronounced on the surface with 4.5 and
[ 3um size of ATH particles (Fig.4.7. curve C and Fig.4.13). This resulted in less damage
on the surtace and a longer life. This finding is consistent with the time to failure found

in the present work (Fig.4.5).
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Figure 4.13 Roughness of the surface of RTV with [3um size of ATH particles after
92h of salt-fog test. Other conditions are as in Fig.4.1.
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4.2.5. SEM Studies of the Surface

Scanning Electron Microscope (SEM) studies of the surface of coatings having
different sizes of particles were conducted in order to obtain independent confirmation of
the results obtained from the surface roughness tester and to probe further into the
physical properties of the surface. In the present study specimens (Smm x 10mm) were
cut from near the top clectrode where the damage to the coating ensued. These were first
coated with carbon using a carbon arc. in vacuum. at a pressure of 107-10"Pa to a
thickness of about 20nm. Fig.4.14 shows a SEM microphotograph of a coating with
1.0um size particle of ATH after it had been subjected to about 92h of salt-fog, This scan
covers an area (76pm x 53.6um) which is typical of those between successive peaks as
shown in Figs.4.9 and 4.12. A region of rough surface on the scanned specimen where
two discontinuities are simultancously seen is shown in Fig.4.15 using a magnification
of 60x and covering an area of [.42mm X 1.67mm. Fig.4.l6 shows a scan in the same
spectmen, of lum particle size, at the location of a large discontinuity of the type shown
in Fig.4.12.

Figs.4.17 to 4.19 show SEM microphotographs of coatings having ATH particles
of 4.5, 13 and 75um, respectively. 1t will be observed that the surface has a larger
roughness with increasing size of the ATH particles in general agreement with Fig.4.6.

Preliminary studies employing Energy Dispersive Spectroscopy (EDS) using a
L5kV accelerating voltage, typical magnifications of 5000x and counting time of 60s
indicate that at the locations of increased roughness of the type shown in Figs.4.8 and 4.9
for lum size particle the percentage values-of aluminum and silicone are different than

in the smooth part.
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Figure 4.14 SEM microphotograph of RTV coating with 1.0um size of ATH particles
on 2 smooth surface between the peaks of Fig.14 after 92h of test.
Magnification 1125x; other conditions are as in Fig.4.1.

200um -
Figure 4.15 SEM microphotograph of RTV with 1.0um size of ATH particles.
Magnification 60x; Other conditions are as in Fig.4.14.
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Fieure 216 SEM microphotograph of [.Uum coating at a location of large roughness.
Other conditions are as in Fig.d. 14,

—— 10pm
Figure 4.17 SEM microphotogruph of RTV with 4.5um size of ATH particles. Other
conditions are as in Fig.d. 14,
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Fieure 4.18  SEM microphotograph of RTV with 13pm size of ATH particles. Other
conditions are as in Fig4. 14,

Figure 4.19  SEM microphotograph of RTV with 75um size of ATH particles. Other
conditions are as in Fig.4.14,



4.2.6. Silicone Fluid on the Surface of the Coatings

To measure the amount of silicone fluid on the surface of the coating and
determine its dependence on the size of ATH particles. a Nicolet SDX Fourier Transform
Infrared (FTIR) spectrometer with an attenuated total reflection (ATR) attachment was
employed using a KRS-5 (Thalium Bromoiodide) crystal, The specimens were cut from
the coating near the top electrode. The size of the specimen was 10 x 4 mm®. The
thickness was 0.1820.05mm for the specimens with 17 and 7Spum sizes of ATH particles
and 0.26=0.08mm for the specimens with 4.5 and 13um. The specimen with 1.0um size
of ATH particle has a thickness of (1.46+0.17mm. The variation in the thickness of the
coating is not thought to affect the IR measureménts.

The IR spectra of the silicone fluid on the surface of virgin specimens showed a
slight increase with increasing particle size in the range | to 75um. This was the case for
the material before it was subjected to dry band arcing.

Figures 4.20 and 4.21 show the dependence of IR absorption of silicone fluid at
three difterent bands as a function of size of ATH particles. Absorption is due to the
silicone fluid on the surface. The band numbers in Figs.4.20 and 4.21 represent the
characteristic [R absorption band. The band of CH deformation in the SiCH, groups are
1270-1255¢m™, Si0 band in Si-O-Si is 1100-1000cm™ and Si(CH,),, 840-790cm™[68-72].
[n Fig.4.20, the specimens were tested in energized salt-fog for 14h and after the cessation
of the dry band discharges were left in air for 72h. it was observed that the silicone fluid
that existed or formed on the surface of ATH filled RTV coating was a fu'nction of the
size of ATH particle. Fig.4.20 shows that smaller amounts of silicone fluid on the surface
of the coating were found to be present with 1.0, 17 and 75um particle sizes, compared

to 4.5 and [3um particle sizes. Similar behaviour was found on these surfaces after 92h
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Figure 420 IR absorption by silicone fluid on the surface of the coating as a function
of size of ATH particle after 14h of salt-fog test and 72h rest time in air.
Conditions of test are as in Fig.4.1.
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Figure 421 IR abmrpnon by silicone fluid on the surface of the coating as a function
of size of ATH particle after 92h of salt-fog test and 72h rest time in air.
Conditions of test are as in Fig4.1.
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of satt-fog test as shown in Fig.4.21. The silicane fluid, however, was less pronounced
on the surface of the coating after 92h(Fig.4.21) of test compared to that of 14h(Fig.4.20).
This is because of the gradval loss of the silicone fluid due to its removal by the
combined discharges and the dripping saline water on the surface of the coating,

The amount of silicone fluid detected on the surface of the coating was what
remained after exposure to dry band discharges during 4h of test combined with that
diffused from the bulk to the surface during the elapsed time outside the salt-fog
chamber. The dry band discharges remove the silicone fluid trom the surtace and results
in a non-equilibrium of the silicone fluid between that on the surface and in the bulk of
the coating. The silicone fluid then diffuses to the surface from the bulk until equilibrium
is reached. Lower leakage current indicates that less intense discharge occurs on the
surf:icc and less amount of silicone fluid is removed from the surface. The lost silicone
fluid is supplanted by diffusion from the bulk to the surfuce. Higher leakage current
removes more silicone fluid from the surface and results in subsequent depletion of the
silicone fluid in the bulk. Thus the silicone fluid has to diffuse from a greater depth in
the coating to the surface. This takes a longer time. Figs.24 and 25 show the silicone
fluid on the surface of the coating with 13 and 75um sizes of ATH particles after 0.33h,
25h, 72h and 168h have elapsed from the cessation of the dry band discharges. The
specimens were tested in sait-fog for 14h in Fig.4.22,::nd 92h in Fig.4.23 respectively.
Fig.4.22 shows that the amount of silicone fluid present on the coating with 13pm size
of ATH particles is larger than that for 75um for all rest times from ().33h to 168h. This
clearly establishes an important phenomenon that the smaller size particle of ATH results -
in larger amount of silicone fluid which is both formed (after short rest time of 0.33h) and |

diffused to the surface from the bulk during a long rest time(168h). Fig.4.22 also shows
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Figure 432 IR absorption by silicone fluid on the surface with 13 and 75pum particle
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Figure 4.23 IR absorption by silicone fluid on the surface with 13 and 75um particle
sizes after 0.33h. 25h. 72h and 168h of rest time. The specimens wire
subjected to 92h of sali-fog test. Conditions of test are as in Fig.4.1.
Abscissa is not to scale.
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that invreasingly more silicone oil diffused to the surface with increasing rest time for
both particle sizes. Another significant observation was that for the larger particle size of
75um there was very little or no silicone fluid left on the surface of the RTV after it was
subjected to 14h of test. This was measured before significant diffusion of the fluid from
the bulk could replenish this loss (Fig.4.22-B. at 0.33h after cessation of the test). On the
other hand. and under the same conditions, silicone fluid was clearly present on the
surface of the RTV specimens contzining ATH filler with 13um size particles (Fig.4.22-A,
at 0.33h after cessation of the test). Figs.4.22-B and 4.23-A and B also show that it takes
about 25h for the silicone fluid to diffuse to the surface from the bulk. This is in
agreement with a previous work [38] which showéd that it took about 30h for the contact
angle to fully recover after the surface was subjected to lengthy discharges in salt-fog.
Further, Fig.4.23 shows that a longer test time of 92h resulted in lower silicone fluid on
the surface(compared to 14h) for both particle sizes. For the longer duration of 92h of dry
band discharges the smaller particle size of 13um also resulted in larger amounts of
silicone fluid than for 75pm particle and this was consistent throughout the rest duration
from 25 w 168h(Fig.4.23).

The amount of silicone flvid remaining on and that diffused from the bulk to the
surface depends on the development of leakage current across the surface of the coating
which was also a function of the size of ATH particle. The leakage current increased with
increasing test time(Fig.4.1) and this resulted in less silicone fluid remaining on the
surface right after the salt-fog test, as observed in the present study (Figs.4.22 and 4.23).

The diffusion of silicone fluid is responsible for providing the hydrophobicity on
the surface of the coating. After heavy and prolonged dry band arcing in salt-fog, the

surface of the coating temporarily lost its water repetlency. More silicone fluid diffused
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to the surface of the coating with 4.5 and 13pm sizes of ATH particles after a rest time
in air and without electric stress than did with the other particle sizes(Fig.4.21). This
resulted in a quicker recovery of water repellency on the surface and thus leading to a

longer ttime to failure,

4.2.7. Dependence of Heat Conduction on Particle Size

Failure of the ATH filled RTV silicone rubber coating in salt-fog is due to erosion
of the coating by the heat generated from dry band discharges. The heat conduction in the
RTV coating is affected by ATH particle size. This is likely to be a critical factor in
determining the role of the ATH filler which imparts tracking and erosion resistance to
the surface and thus increases the lifetime of the coating.

When dry band arcing occurs on the surtace of the coating placed on insulators,
the heat from the arc evaporates water at the root of the arc and transfers thermal energy
to the RTY coating. The heat transfer is largely by conduction. The rate of heat tlow,
QO(in J/s). by conduction, is proportional to the temperature gradient in the direction of

heat flow[73].

o=-ks2Z ... .. (1)

where K(in J/sm“C) is the thermal conductivity of the RTV coating with ATH filler, § the
area through which the heat flows by conduction(in m?), T the temperature (in°C) and X
(in m) is the distance in a direction perpendicular to the surface of the coating.
Equation (1) shows in a lower temperature on the surface with increasing thermal
conductivity and increasing area of conduction. Thus the damage to the coating can be

reduced by increasing both § and K.
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The thermal conductivity of the filled RTV coating depends on the concentration
of the filler and on the thermal conductivities of ATH and  of the RTV silicone
rubber|74]. For a given filler level(say 90 parts of filler per hundred parts of silicone
rubber in weight which is used in the present work). the area of the heat conduction
depends on the particle size,

The ATH particle within the RTV material is surrounded by silicone rubber.
Suppose the ATH particle is a sphere of radius R (in m) and consider that there are N
ATH particles. The arca S (in m®) of conduction through the cross sections of the ATH
particles is (TR*/2)N. The concentration of filler € is the ratio of the weight of the ATH

filler to the weight of the silicone rubber.

N‘%RRLHZ

where, n,(kg/m®) and a,(kg/m’) are the densities of the silicone rubber and of the ATH
filler. respectively. V(in m*) is the total volume of RTV coating including the filler which

is participating in the conduction of heat. then,

Equation(3) shows that. for a given filler concentration(fixed C) the area S of heat
conduction through the ATH particles is inversely proportional to the radius of the ATH
particle. The area into which the heat is conducted in the RTV coating decreases with
increasing the size of ATH particle. This leads t a higher temperature on the surface

because the flow into the volume from the source of heat of discharges decreases with
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increasing radius of the particle and hence more damage ensues. Thus a shorter life of the
coating is expected with a larger size of ATH particle as was observed in this
work(Fig.4.3). However, and as was shown in Fig.4.5 the coating with 1.0pm size of
particle gives a shorter fife than tor 4.5pm particle. It is suggested and as mentioned in
Section 4.2.4, that this is due to the non-unitorm dispersion of these tiller particles leading

to ageregation and hot spots on the surthee.

4.2.8. Mechanisms Suggested for Observed Effects of the Size

of the Particle of ATH on the Life of RTV Coatings

The roughness of the surtace of ATH filled RTV coating depends on the size of
the ATH particle. Generally the surface becomes rougher with increasing particle size,
Higher leakage current develops on the rougher surface which removes more silicone
tluid from the surface. This leads to quicker loss of water repellency and earlier initiation
of the formation of water film on the surface. Dry band discharges then develop on the
surface. The heat from the discharge is transferred to the coating by conduction and
results in increasing the temperature of the surfuce. The heat conduction into the volume
of RTV coating is a function of particle size. A higher temperature develops on the
surface with a larger size of particle. This may result in more damage to the surface. The
higher temperature may also cause more release of water (H,0) from ATH filler (Al,O,
-3H,0) resulting in a rougher surface with a larger size of particle. The aging of the
coating is then accelerated and it ultimately fails by erosion and subsequent tracking of
the FRP.

The diffusion of the silicone fluid from the bulk to the surface provides the

recovery of the water repellency of the coating [38,75). The amount of silicone fluid
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diffused to the surface depends on the leakage current which is a function of the size of
the ATH particle. Lower leakage current develops on the surface with smaller particle size
and this results in less damage to the surface because more silicone fluid is diffused to

the surface. The combined benefits lead to a longer life of the coating.

4.3 RTV PERFORMANCE WITH VARYING COATING THICKNESS

4.3.1. RTV Coating on Polyester FRP Rods

4.3.1.1. Experimental conditions

The RTV was formulated with average 13um particle size ATH filler in a carrier
solvent of 1.1.1 trichloroethane. The use of 13pm particie size in the formulation gave a
near optimum electrical performance as characterized by a lower leakage current and a
longer time to failure[45]. The RTV was coated on FRP rods(polyester resin). Five
coating thicknesses of 0.15, 0.38, 0.57, 0.69 and 1.40mm were studied. At least three
specimens of each thickness were tested simultaneously. The conductivity of the saline
water was adjusted continuously to maintain a conductivity of 1000£3% uS/cm. A saline
water flow rate of 1.620.1 /min and an air pressure of 0.54+0.02MPa (79+3psi) was used

to generate the fog. The temperature in the fog chamber was 25+2°C during the test.

4.3.1.2. Dependence of leakage current

Measurements of the contact angle before the energized salt-fog test showed that

it was within 99.5+0.5°. The average and the maximum roughness were 0.37=0.08pm and
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T

J33=1.63pm. respectively. for all coating thicknesses t‘r(;m (.15 o 1.40mm. This clearly
shows that at the start of the salt-fog test, the hyurophobicity and the roughness of the
surtace of all coatings were independent of the coating thickness. This resulted in a
similar development of leakage current at the beginning of the test for up to 10h. Fig.4.24

shows the average leakage current as a tfunction of test time in salt-fog tor various
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Ficure 424  Average leakage current of RTV specimens having different coating
thicknesses as a function of test ime in salt-fog. Conditions: conductivity
of saline water. 1000uS/cm; electric stress, 0.5kV,, fem: saline water flow,
1.6 UVmin: compressed air pressure, 0.54MPa;ATH filler level, 90pph: size
ot ATH particles. 1 3um; substrate, polyester FRP. 3 specimens were used
tor each thickness.
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coating thicknesses. It will be seen from Fig.4.24 that, as the test continued(>[0h). the
leukage current depended on the coating thickness and increased with increasing coating
thickness. This was because a thinner coating wunsferred the heat from the dry band
arcing to the FRP substrate more effectively than a thicker coating and therefore resulted
in a lower temperature on the surface and a lesser damage. As the test continued the
leakage current in the coating of 0.15mm exceeded that in the coating of 0.38mm, This
was due to the erosion of the RTV in the thinner coating which led to an earlier exposure
of the FRP in which the leakage current was higher and developed more rapidly. Fig.4.24
alsa shows that the leakage current of uncoated polyester FRP rod developed quicker than
RTV coatings in salt-fog and reached about 40mA after 29h and thus failed sooner. The
leakage currents shown in Fig.4.24 were recorded for times extending up to the onset of
failure of the specimens.

Figs.4.25 and 4.26 show typical current pulse counts per second in the ranges of
31-37mA and 75-80mA, respectively. for thicknesses from 0.15 to 1.40mm. Other pulse
current ranges were also determined and found to show a similar behaviour. It will be
seen from Fig.4.25 that from the beginning and up to 110 hours into the test a higher
current pulse rate was found with increasing coating thickness. This shows that dry band
discharges were initiated at an earlier ime and were more intense in the thicker coating.
It is suggested that this is because the thicker coating conducted the heat from the dry
band arcing to the substrate less effectively than the thinner coating. This resulted in a
higher temperature on the surface and more damage to the RTV. This in turn reduced the
water repeliency on the surface, increased the surface roughness, leading to further growth
of dry band discharges in the thicker coating. After 110 hours of test in salt-fog and when

the coating of 0.15mm had sufficiently eroded to expose the substrate to the salt-fog, the
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specimen developed a higher current pulse rate. as shown in Fig.4.25. As the Jry band
discharges developed more readily on the substrate. higher levels of discharge current
pulse rates were produced which quickly led to tuilure by tracking on  the
substratetFigs.4.25 and 4.26. curve A). Fig.426 shows that the current pulses in the
higher range of 75-80mA developed in the couting of 0. 13mm much earlier thun in the
coatings of 038 and (.37mm until the substrate became partially exposed to the salt-fog
causing fuilure of the rod by tracking. Monitoring of the number of current pulses is seen
o demonstrate the effect of the thickness of the RTV couting on its electnical pertormance

in salt-fog,
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Ficure 425 Dependence of current pulse count per second in the range of 31-37mA on
test time in salt-fog for coating thicknesses trom 0.15 to 1.40mm.
Conditions are as in Fig.4.24.
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Firure $.26  Dependence of current pulse count per second in the range of 75-80mA on
test time in salt-fug for coating thicknesses from (1135 to 1. 40mm.
Conditions are as in Fig.4.24.

Curve B of Fig.4.26 shows that the coating of 0.38mm Ieads to the development
of current pulses after the longest time into the test und sustains a higher pulse rate before
it fails than all other coating thicknesses investigated. Therefore it is the optimum
thickness for this specific substrate. This finding is further supported by additional

measurements described in the section below.

4.3.1.3. Dependence of time to failure

The accumulated damage from the heat of dry band discharge determines the life

of the coating. The onset of failure of the specimens was determined when the leakage

ey

current exceeded 150mA causing a rupture of the tuse in series with each specimen.

Fig.+.24 shuws that the current grows very rapidly with time near the onset of failure. The
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failure occurred due to substantial erosion of the RTV along a narrow channel where the
dry band discharges developed and gradually exwended along the surface. and subsequent
tracking of FRP rods. Fig.4.27 shows the time to failure of the RTV coating as a tunction
of thickness. The bars indicate the variation within each coating thickness using three
specimens. All other conditions of electrical stress, salinity level. the rate of compressed
air pressure and thus the fog droplets impinging on the specimens and the formulation
were kept constant for all thicknesses. It will be seen from Fig.4.27 that the coating
thickness attects the time to failure of the RTV coating. The coating of 0.38mm had a
superior resistance to erosion and yielded the longest lifetime. This was because the
coating of 0.38mm had a lower average leakage current than either the thicker or the

thinner coatings (Fig.4.24) and lower pulse current rate at sufficiently long time into
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Figure 427 Time to failure of RTV as a function of coating thickness. Conditions are
as in Fig.4.24. 3 specimens were used for each thickness.
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the testi Figa.4.25 and 4.26), This led to o lower ¢rosive dumage rate and theretore gave
the longest time o failure. The optimum thickness is determined by u balance between
a rapid transter of the heat generated trom the dry bund discharges on the surface of the
RTV t the substrate, which requires o thin coating, and the provision of sufticient
silicone rubber to withstund the erosive damage of the discharges for as long as possible.
which requires a large thickness.

Fig.+.28 shows a photograph of RTV specimens having 0,15 and 0.38mm coating
thicknesses, of the top arca of the rods near the high voltge electrode. after 100 hours
of test in sult-fog, The specimens were removed from the sult-fog. washed with o mild
acetic acidt3% ) in an ultrasonic vibrator for about 2 min and thoroughly rinsed with

distilled wuter to remove the salt depuosits from the surtuce. This treatment was previously

High Voltuge Elecrrode

6.1 5mm 0.38mm

Ficure 428 RTV specimens having 0.15mm and 0.38mm coating thicknesses. of the
top area near the high voltage electrode, after 100h of test in sult-fog.
Conditions are as in Fig.4.24.
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shown to be very etfective in removing the salt depusit from the surfuce without causing
any deleterious effects[53]. This cleaning was necessary in order to examine the surface
roughness and erosion damage beneath the salt deposits. It may be observed from Fig.4.28
that a substantial loss of material occurred from the coating of 0.38mm. Although the
surface of RTV became rougher from the eftect of the dry band discharges the FRP
substrate was not exposed to the salt-fog after 110h into the test. This was due to the
thicker coating and therefore more material was available to withstand erosion for a
longer time. In the thinner coating of 0.15mm shown in Fig.4.28 the substrate was
partially exposed to the salt-fog and an evidence of tracking damage is seen to have been
initiated on the substrate after 100 hours of test. This shows that the coating of 0.15mm
had a lower resistance to erosion and therefore led to a shorter life, as shown in Fig,4.27.

One objective of this work was to show that the electrical performance of RTV
coating depends on its thickness and to suggest the mechanisms responsible for the
observed phenomenon. It was not intended to tabulate the optimum values of the
thickness for all possible combinations of RTV formulations and substrates. It is quite
possible that the specific value of the optimum thickness might depend on the type of
substrate and on the formulation as these have different thermal conductivities and
therefore determine the rate of erosion of the RTV and its lifetime when dry band arcing

is present.

4.3.1.4. Surface roughness of the RTV coating

The roughness of the surface of RTV silicone rubber coatings was measured, using
a complete scan of the specimen, at different times during the test. Two coating

thicknesses of 0.15mm and 0.60mm were studied in the test. For this purpose the test was



54

brietly interrupted . the specimens were removed from the salt-fog. \‘Q'ashcd with o mild
acetic acid in an ultrasonic vibrator for gbout 2 min and thoroughly rinsed with distiiled
waler to remove the salt depuosits trom the surface] 53], The measurements of the surtace
roughness were conducted after O (virgin specimen). 20h. 120 and 220h «f salt-fog test.
Fig.4.29 shows the maximum and the average values of the surface roughness, of

the top area of the rod near the high veltuge clectrode. and their dependence on testing
time. The roughness of the middle region and of the bottom end of the rod changed little
and essentially remained the same as for the virgin specimens in both coatings during
220h of salt-fog test.lt will be observed from Fig.4.29 that the roughness of both coutings
increased with increasing test time.This was due th the dumage from the dry bund
discharges which caused a gradual roughening of the surface. The bars in Fig.4.29

indicate the variation in the values of the roughness near the wp area of the two rods.
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Ficure 429 Maximum and average roughness of the surface of RTV coatings as a
tfunction of dme of salt-fog test. Conditions are as in Fig.4.24.
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Fizure 4.30  Distribution of maximum and average roughness of the surface along the
length of the coated rod. The specimens were stressed tor 120 hours in
salt-fog. Conditions are as in Fig.4.30.

Betore the test both specimens had identical values of both the average and the maximum
roughness which are shown in Fig.4.29 as "Initial Value”. As a result of the presence of
more intense dry band discharges the thicker specimens became rougher with increasing
test time. This is consistent with Figs.4.24 to 4.26 where larger leakage currents and
higher current pulse counts were also measured for the thicker specimens. This indicates
clearly the direct inter-relationskip between the surtace roughness of the insulating surfuce
and the level of the dry-band arc current.

Fig.4.30 shows the distribution of the maximum and the average roughness of the
surface along the length of the coated rod. These measurements wers taken after

subjecting the RTV coatings to 120h of salt-fog. It will be observed that the surface
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roughness increases as the top of the vertical rod was approached where the discharges
were largely concentruted. The discharges led to a rougher surface near the high voltage
electrode, in bouth coating thicknesses. The damage to the surface of RTV from the dry

band dischurge is seen to be confined to about 10 mm from the top electrode(Fig.4.30).

4.3.2. RTV Coating on Porcelain Rod

4.3.2.1. Experimental conditions

The RTV was formulated with 5.5um particle size of ATH filler in a carrier
solvent of naphtha. Similar to 13um used in Section 4.3.1, the use of 5.5um particle size
in the formulation also gave a near optimum electrical performance as characterized by
a lower leakage current and 2 longer time to failure[45]. The RTV was coated on
porcelain rods, [55mm length and 20mm in diameter. Five coating thicknesses of 0.17,
0.34, .43, 0.62 and 0.99mm were used. At least three specimens of each thickness were
tested simultancously. Tap water which has a typical conductivity of 275+25 pS/cm was
used to produce the desired salinity. The salinity of the water forming the fog was
adjusted continuously by adding distilied water (conductivity about 5.5 pS/cm) to maintain
a nominal conductivity of 250+5% pS/cm. A saline water flow rate of 1.6+0.2 Vmin and
an air pressure of 0.54+0.02MPa(79+3psi) were used to generate the fog. The ambient

temperature in the fog chamber was 23.5+1.0°C during the test.

4.3.2.2. Dependence of leakage current pulses

The development of leakage current depends on the surface conditions of the RTV
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specimen. Measurement of the contact angle before the salt-fog test showed that it was
within  {01=0.5"The average(Fig.4.35) and the maximum(Fig.4.36) roughness was
3.1920.1 Tum and 15.00=0.98um. respectively. for all virgin coating thicknesses from 0.17
o 0.99mm. This clearly shows that at the start of the salt-fog test. the hydrophobic
properties and the roughness on the surtace of all coatings were independent of the
coating thickness, This resulted in a similar development of leakuge current at the

beginning of the test. The current pulse was in the range 0-5mA for all coating

A: 0.17mm
B: 0.34mm
C: 0.43mm
D: 0.62mm
407 E: 0.99mm
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Fizure 4.31  Current pulse rate having amplitude in the range 6-11mA as a function of
test time in salt-fog for different coating thicknesses. Conditions:
conductivity of saline water, 250puS/cm: electric stress, 0.5kV,, /cm: saline
water flow. 1.6 Vmin: compressed air pressure. 0.54MPa: ATH filler level.
Y0pph: size of ATH particles,5.5um: substrate, porcelain: solvent., naphtha,
three specimens were used for each thickness.
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thicknesses after 7h of test in salt-fog. As the test continued the RTV specimen surface
gradually lost its hydrophobicity. This is believed to be due to reorientation of the
hydrophobic PDMS molecular chains on the surface of RTV, in the prcscl.u:c of water.
in response to their local micro-environment to minimize their interfacial-free energy with
the surrounding water{2]. This resulted in the reorientation of the PDMS molecular chains
from the surface towards the bulk resulting in a partial loss of the hydrophobicity in a
prolonged salt-fog. A continuous film of water was gradually formed and dry band arcing
was initiatcd on the surface. The maximum amplitude of current pulses produced by the
dry band arcing was found to be 1ImA during the test up to 570h in the moderate salt-
fog of 250uS/cm. Fig.4.31 shows the current pulse rate having amplitudes in the range
of 6-11mA as a function of test time for different coating thicknesses. It is shown in
Fig.4.31 that as the test continued (>7h) the current pulse rate depended on the coating
thickness and increased with increasing coating thickness. This indicates that more dry
band arcing was present on the thicker coating. The thicker coating conducted the heat
from the dry band arcing to the porcelain substrate less effectively than the thinner
coating. This resulted in a higher temperature on the surface and more damage to the
RTV. This in turn increased the surface roughness(Figs.4.35 and 4.36), caused more dry
band discharge activity and therefore increased the rate of current pulses in the thicker
coating. as shown in Fig.4.31. It should be noted that due to the low salinity of 250
pS/cm the damage to the coatings from erosion during the dry band arcing was not
substantial even after 570h of test. Therefore an optimum thickness of coating on
porcelain could not be discernable from Fig.4.31 at low peaks of pulse currents (6-11mA).
The trend found here for the dependence of the current pulse rate on the thickness at low

salinity is similar to that found at short times of tests(<100h) and low peaks of pulse
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Figure 132  Averuge leukage current us a function of test time in salt-fog tor difterent
coating thicknesses. Conditions are ax in Fig.4.31.

currents (31-37mA) when a higher salinity of salt-fog of 1000 pS/em was used with RTV
coatings on FRP{45].

Fig.4.32 shows the average leakage current as a function of test time in sult-fog
for different coating thicknesses, [t is seen from Fig.4.32 that the average leakuge current
increased with increasing coating thickness in general ugrccmcnt with Fig.4.31.

Fig.4.33 shows the time of development of different levels of current puise rate
having amplitudes in the range of 6-11mA as a function of coating thickness. It will be

ubserved from Fig.4.33 that it wok a shorter time to develop a given level of current
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pulse rate on a thicker coating. Typically at a fixed current pulse rate of 80/s having
amplitude in the range of 6-11mA. the time to develop the current pulse rate decreased
from 320h for couting thickness of O.17mm to [60h for coating thickness of 0.43mm and

then to 20h for coating thickness of 0.99mm.
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Ficure 1.33  Time to development of different levels of current pulse rate having

amplitudes in the range of 6-11mA as a function of coating thickness.
Condiiions are as in Fig.d.3].
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Figure 4.34  Cumulative number of current pulses having amplitudes in the range 6-
[1mA us u function of test time in salt-tog for different coating
thicknesses. Conditivns are as in Fig.4.31.

Fig.4.34 shows the cumulative number of current pulses having amplitudes in. the
range of 6-11mA as a function of test time for different coating thicknesses. 't can be
seen from Fig.4.34 that the number of the current pulses increased with increasing coating
thickness. This further confirmed that the dry bund arcing. as indicated by the number of

current pulses. were more extensive for the thicker coatings.



4.3.2.3. Dependence_of surface roughness

Figs.4.35 and 4.36 show the average roughness(Fig.4.35) and the muximum
roughnesstFig.4.36) as a function of couting thickness before and after 570h of salt-fog.
The measurements of surface roughness on the specimens after salt-fog were conducted
at [ocations near the high voltage electrode. It will be seen that the average roughness and
the maximum roughness were zimost identical on the surtace of all virgin specimens
having dJifferent coating thicknesses tfrom 0.17 to (L99mm due to the same formulation
of RTV. As the test continued and dry band arcing vecurred it is postulated that the heat
from the arcing severed the side chains of PDMS. deformed the short PDMS chains.

crosslinked chains and removed some hydrophobic methyl groups from the surtucef42]
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Firure 4.35  Average roughness as a function of coating thickness before and after sult-
fog test. Conditions are as in Fig.4.31.
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Figure 4.36  Muximum roughness as a function of coating thickness before and after
salt-fog test. Conditions are as in Fig.4.31.

which ultimately led to erosion of the RTV coating. The thinner coating transferred the
heat to the porceluin substrute more effectively thun a thicker coating and thereture
resulted in u lower emperature on the surface and less damage. The roughness increased
with increasing coating thickness after 570h of salt-fog, as shown in Figs.4.35 and 4.36.
The average roughness in Fig.4.35 increased slightly from 3.2pm to 3.3um for coating
thickness of (0.17mm and largely trom 2.99um to 4.60pum for coating thickness of 0.99mm
after the sult-fog.test. The maximum surface roughness in Fig.4.36 increased slightly from
15.00pm to 16.50pm for 0.17mm and Largely from 14.90pm to 47.60um for 0.99mm after
570h of salt-fog. The rougher surfuce in turn caused a higher rate of current pulses and

a larger number of current pulses un a thicker coating as shown in Figs.4.31 und 4.34.



44 RTV PERFORMANCE WITH THE ADDITION OF SILICONE FLUID

Silicone fluid is one of the factors responsible for the maintenance of
hydrophobicity as manifested by water repellency on the suriace of silicone rubber
coating[35.40.44-48.75,76]. The silicone fluid is a low molecular weight of PDMS
inherently present in the RTV coating. In the present study RTV coatings tormulated
without additton (0%) and with addition of silicone fluid of 1 and 10% by weight. The
addition of silicone fluid to the RTV formulation was made in an attempt to explore the
possibility of extending the lifetime of the coating under moderate conditions of

cantamination. The specimens were tested in the salt-fog chamber.

4.4.1. Experimental Conditions

The RTV was formulated without (0%) and with additions of 1 and 10% silicone
tluid by weight in a carrier solvent of 1.1.1 trichloroethane. The viscosity of the added
silicone fluid was 1000 centipoises. A median size of the ATH particles of lum was used
in addition to the 13um. This was in order to validate these results using two sets of
formulations of RTV. The RTV was coated on FRP rods. 152mm length and 16mm in
diameter. Three specimens were tested for each formulation simultaneously. Nominal
conductivities of 25025% and 1000£3% pS/cm were used in the present study. A saline
water flow rate of 1.6x0.2 I/min and an air pressure of 0.54+0.02MPa(79+3psi) were used
to generate the fog. The ambient temperature in the fog chamber was 25+2°C during the

test.

4.4.2. Dependence of Leakage Current and Time to Failure

The surface conditions before salt-fog test as indicated by the contact angle
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(98.8£2.3"). the average surface roughness (2.5120.38um) and the maximum roughness
(22.8823.21um) were very close for the three types of specimens with and without
additions of silicone fluid. As the contact angle was sufficiently high for the normal
formulation of RTV an increase in the quantity of the silicone fluid on the surface was
not expected to tncrease the value of the contact angle beyond its saturated level, This
was also confirmed in the present work. The thicknesses were very close for the three
farmulations of RTV specimens of 0%. 1% and 10% silicone fluid and were (0,270,010,
0.26=0.02 and 0.3020.03mm. respectively.

Fig.4.37 shows the average leakage current as a function of test time for 0%, 1%
and 10% silicone fluid. It will be seen that almost an identical leakage current was
developed on the three coatings at the start of the test and up to 50h due to similar initial
surtface conditions of contact angle and roughness. As the test continued the water
repellency was gradually reduced due to the heavy and prolonged arcing in the salt-fog,
The RTV coating with 10% silicone tluid was visibly coverad by a thin layer of fluid.
This fluid has 2 much lower thermal conductivity of 0.145W/m "C}77] than that of the
RTV of 0.57 W/m °C [40]. The latter value was calculated for RTV and took into account
the presence of the ATH filler [73]. The lower thermal conductivity of the more abundant
silicone fluid on the surface than in the normal coating retarded the conduction of the heat
generated by the discharges from the surface to the bulk of the coating and then on to
the substrate. This caused a higher temperature on the surface resulting in decomposition
of the silicone fluid. Volatile flammable materials, silica, silicon dioxide and crosslinked
polymers may be formed from the decomposition of silicone fluid under high thermal and
disruptive discharge conditions[77]. Silicon carbide may also be formed under arcing

conditions{77]. Examination of the specimens, containing 1% and 10% silicone fluid,
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13pm particle size and 90pph of ATH, showed that only after about 55h into the test a
black matenal was formed on the surface. This was particularly more pronounced in the
vicinity of the high voltage electrode, where intense discharges occurred. After failure of
the couting (time shown in Fig.4.40) it was observed that the black deposits spread right

across the whole specimen. It was observed that the formation of these deposits
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Figure 4.37 Average leakage current or RTV coated rods without (0%) and with 1%
and 10% silicone fluid by weight to the formulation as a function of test
time in salt-fog. Conditions: conductivity of saline water, 1000uS/cm:
clectric stress. 0.5kV,/om: saline water flow, 1.6 Umin; compressed air
pressure. 0.54MPa;ATH filler level. 90pph; size of ATH particles,]3um:
substrate. polyester FRP; solvent, 1,1,1 trichloroethane. Three specimens
were used for each thickness,
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increased with increasing current and increasing time of west. The black material on the
surtace reduced the water repellency of the RTV coating resulting in increasing leakage
current with increasing test ttme. The RTV coating with 10% extra silicone fluid is
thought t have a higher emperature due o x thicker luyer of silicone tluid and thus
results in a larger amount of hydrophillic black material on the surface. Theretore a higher
leakage current develuped than in the coating with 166 extru silicone fluid, with increasing
test time as shown in Fig.4.37. The RTV coating without extra silicone fluid had no black
material on the surtuce and much less visible pitting dumage due to the lower leakage
current. This was directly related t the higher eftective thermal conductivity of the

stitace of the RTV in the lutter case.
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Fizure 3.38 Dependence of current pulse count rates in the range of 5(0-55mA on test
time in salt-fog for RTV coated rods without (0%) and with additions of
1% and 0% silicone fluid by weight. Other conditions are us in Fig.4.37.
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Measurements of current pulses as a function of time in salt-fog also showed that

the RTV specimens with 1% and 10% extra silicone fluid had higher counts of current
pulses. The current pulses started at exrlier times of test than the specimens without extra
silicone fluid as shown in Figs.4.3%8 and 4.39, respectively. in the ranges of 50-35mA and
75-80mA. Figs.4.37 0 4.39 conclusively confirm that the dry band discharges were more
pronvunced on the surface with 1% and 10% silicone tluid than on the surface without

0% silicone fluid,
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Firure 439  Dependence of current pulse count rates in the range of 75-80mA on test

time in salt-fog for RTV coated rods without (0%) and with 1% and 10%
silicone tluid by weight. Other conditons are as in Fig.4.37.

Fig.+.4} shows the time to failure in salt-fog of the RTV coatings with and
without silicone tluid. The RTV coating with extra silicone fluid had a shorter lifetime -

thun the coating *ithout extra silicone flud. Silicone fluid has a lower thermal
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conductivity than the coating with ATH filler. Thus the extra silicone tluid on the surface
ix thought to retard the conduction ot the heat trom the surface to the bulk and theretore
result in u higher emperatore. larger leakage current (Fig.4.37) and larger current pulse
count rute which appeared at earlier time into the test (Figs. 438 and 4.39% The more
intense dry bund arcing on the specimens with 196 and 10%  silicone fluid led o
formation of hydrophillic material on the surface and resulted in more severe erusive

Jdumage and theretere a shorter lifetime.
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Fisure 440  Time to failure of RTV coatings without (09%) and with 1% and 10%

silicone fluid by weight to the formulation. Other conditions are as
in Fig.4.37.
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Ficure 441  Averuge leakage current on RTV coated rods without((0%) and with
10% silicone fluid by weight to the formulation as 2 function of test time
in saft-fog. Size of ATH particles. [.Upm:. Salt-fog conditions. applied
stress and other RTV formulagons are as in Fig.4.37.
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Figure 442  Dependence of current pulse count rates in the range of 50-55mA on test
time in salt-fog for RTV coated rods without (0%) and with 10% silicone
fluid by weight. Conditions are as in Fig.4.41.
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Figure 443 Dependence of current pulse count rutes in the range of 75-80mA on text
time in salt-fog for RTV coated rods without ((1%) and with 0% silicone
fluid by weight. Conditions are as in Fig.dd1.

Further confirmation that an addition of silicone fluid o the RTV coating does not
improve i electrical performance was obtuined using extensive tests with {um median
particle size of ATH filler and Y0pph. The surtuce conditions tor this formulation before
the salt-fog test. tfor all specimens, were for the contact ungle Y8.8+2.3", the average
surtuce roughness 0.43=20, 14um and the muximum roughness 3.55+1.25pum. The averuge
current. the current pulse count rates and time to fuilure are shown in Figs.4.41 w0 443
and Tuble 4.1. It is clearly demonstrated that the coating with addition of 100% silicone
fluid had u higher leukuge current (Fig.4.41). a higher rate of current pulse counts
{Figs.4.42 und 4.43) und a shorter time to failure (Table 4.1) thin the coating without

(0% ) extra silicone tluid. In this formulation (lpm particle size and Y0pph of ATH and
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10% added silicone fluid by weight) the black deposits on the surfuce were visible near
the high voltage electrode after 7h into the test This was much earlier than in the
formulation containing 13um particle size and for both 1% and 10% added silicone fluid
(>55h). After tuilure of the coating (Time shown in Table 4.1) the black deposits were
tound to spread right across the whule specimen. These deposits were completely absent

when silicone fluid was not added to the tormulations.

Table 4.1  Time to fatlure of RTV coatings without(0%) and with 10% silicone fluid
by weight to the formulation. Conditions are as in Fig.4.4].

Silicone Fluid in RTV Coatings 10% 0%
Coating Thickness, mm 0.82 + 0.07 0.80 = 0.08
Time to Failure, hours 120 £ 25 2005

4.4.3. X-ray Diffraction Study of the Surface

An X-ray diffractometer (type Rigaku DMAX-1200) employing 1.542x10"m
wavelength from CuKa radiation was used in an aciempt ) idendfy the black deposits
tound on the RTV specimens with added silicone fluid. The X-ray diffraction pattern of
Fig.4.44 appears to be different for the virgin specimens containing an added 10% of low
molecular weight of PDMS (curves C) from that without added silicone fluid (curves
A). At this stage the identif_'lcation of the peaks is still inconclusive.

Fig.4.44 shows a difference in the X-ray diffraction patterns between the virgin

(curves A and C) and the aged specimens (curves B and D) for both 0% and an addition
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of 10% silicone rluid to the RTV formulation. On an expandeu scale of the diffraction

angle 26. the areas under the peaks are clearly seen to have decreased for aged specimens

compared to the virgin spectimens. indicating an increase in the crystailinity. This is in

guulitative agreement with a recent study by Gorur et al| 781, The presence of new peaks

it the diffraction pattern in the aged RTV specimens suggests that other changes have

also oecurred. This will be further studied.
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Cuomparative X-ray diffraction intensity patterns of RTV having different
formulatons before and after salt-tog test. A. virgin RTV without added
silicone fluid(0%): B. RTV without added silicone flutd. after 200hr of

salt-fog test: C. virgin RTV with 10% added silicone tluid by weight: D.
RTV with 10% silicone fluid after 120hr of sait-fog test. lym particle size
and Yipph of ATH. Other conditdons of salt-fog. electric stress and
substrate are as in Fig.4.37. The thicknesses of coatings are as in Tuble 4.1,

4.4.4. FTIR-ATR Studyv of the Surface

The surtace of the virgin coatings without (()%) und with additions of 1% and 0%

silicone tluid were examined using a WTR-FTIR spectrometer type Nicolet 5DX using

Thalium Bromoiodide KRS-5 crystali40). Fig.4.45 shows the IR spectra on the surface
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Ficure 445 IR spectra on RTV couted rods without(0%) and with 1% and 10% silicone
fluid by weight w the formulation. Other tormulations of the coatings are
as in Fig.4.37.
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without (U%) and with additions of 1% and 10% silicone tluid before the salt-fog test,
Absorption was due to the silicone fluid on the surtace. The peaks in Fig.d.45 represent
the characteristic IR absorption bands[4045]. Tt can be seen from Fig.4.45 that more
silicone fluid was present on the surtface of the specimens with 15 and 10% silicone
flutd. The amount of silicone fluid on the surface of the coatings increased with
increasing the amount of addition of silicone tluid by weight to the RTV formulation,
Fig.4.46 shows the IR spectra on the surfuce of RTV coatings without ((%)
(Fig.-4.46A) and with additton of 10% si'icone fluid (Fig.4.46B) before salt-fog test and
after 0.5h, 22h and 95h have elapsed after the cessation of salt-fog test in a low salinity
of 250pS/cm. 1t can be seen from Fig.4.46 that the silicone tluid on the surface with 0%
silicone fluid (Fig.4.46A) increased after 395h of salt-fog test and rest time of 0.5h
compared to the virgin specimen and no further increase of silicone fluid was found on
the surface for all rest time from 0.5h to 95h. The rest time of (.5h constitutes the total
time which has elapsed between the removal of the specimens from the salt-fog chamber
at which the dry band arcing ceased and the start of the IR measurements. The silicone
tluid on the surface with added 10% silicone fluid (Fig.4.46B) is seen to have decreased
after the test (0.5h rest time) and then increased with increasing rest time from 0.5h to
22h and no further increase of silicone tluid was found on the surfuce thereafter. The
amount of silicone fluid on the surtuce with 10% silicone fluid was still less than in the
virgin specimen even after 95k of rest time as shown in Fig.4.46B. The observed increase
of the silicone fluid on the surface after cessation of the dry band arcing is due to the

diffusion of the Huid from the bulk to the surface.



76

CT~WDY SHIBHNNIAVHM
0o ‘ase 0 -0git 0 "00S1i
“ :
e i

222

v

L2

£89 "99

aa "goat

DANVLLIWSNYELX

*PINLE BUODFIS 9H()] JO UOIIPPR P14 udwiaads ig
SPIRLE SUOA[ES JO (95()) VOLIPPE INOYIA wauoads 1y

Fog-1us aaye awin sar jo ygq ‘P dog-us

4208 AW 1sar Jo yzz ‘o fTog-es aope awn san jo g

‘ 4Tog-es aogaq v cAnunpes wygHpsz pue waMMANGD
ISUONIPUNY) *aponapa adijua YT oyl Mot Wody o 29A
suatugnads a1 1891 gl Ay 9 Jogqus Jo YGGE 19l
aneps Sunroa ay wo peny auoalps Tuimoys wnaads Y|

C1—-WD> SHIBKWNNIAVYM

0o ‘0S8 g ‘oorti
i |

0 "0asi

gpp oindig

as

£.29

EEE "EEB

Qo o1

FAONYLLIWSNYSHLX



717

4.4.5. Examination of Surface Roughness

Surtace roughness was determined using a high resolution detector coupled with
SEM microscope. Measurements of the surface roughness of virgin RTV specimens
showed that the average roughness (2.5120.38um) and the maximum roughness
(22.88=+3.21um) were almost identical for the specimens without and with additions of
silicone fluid. This clearly shows that the addition of silicone tluid w the RTV
formulaton did not atfect the surface roughness of RTV coating before subjecting the
specimens to energized salt-fog.

The roughness of the coatings without and with 10% addition of silicone tluid was
examined after 395h of salt-fog test in a low salinity of 250 pS/em. The roughness of the
coating with added 10% silicone fluid increased significantly in the top area of the rod
near the high voltage electrode, where extensive dry band arcing occurred. The value of
the average roughness increased from 2.5120.0.38 pm before the salt-fog test to 5.09+1.41
um after the test. Some spotty damage were visible at the top area(Fig.4.48). The
maximum roughness in the spots area was measured to be in the range 62.7 - 135.6um.
The roughness of the coating without added silicone tluid changed little and essentially
remained the same as for virgin specimen during 395h of salt-fog test. This resulted from
the more intense dry band arcing on the surface with the added 1% silicone fluid which
caused the observed damage.

Figs.4.47 and 4.48 show SEM micrographs of RTV specimens without (%) and
with added 10% silicone fluid after 395h of salt-fog test. It will be observed that much
larger roughness is present on the specimens with 10% silicone fluid, in generul

agreement with the roughness measurements.
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Ficure 447 SEM microphotograph of RTV coating without silicone fluid in the top
area near the high voltage electrode. Magnification, 125: 0.5kV,,.:
250uS/cm; ATH filler level, 90pph. size of ATH particle, 13um: 395 h of
salt-fog testing,

80
Figure 448 SEM micrograph of RTV coating with 10% silicone fluid in the top area

near the high voltage electrode. Other conditions are as in Fig.4.47.
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4.5 RTV PERFORMANCE WITH SUBSTRATE TYPE

It might be noteworthy to mention here that this study was not intended to
evaluate specific substrate materials as possible insulators, but to show the influence of

substrate materials on the ultimate performance of the RTV coating.

4.5.1. Experimental Conditions

The RTV was formulated in a carrier solvent of 1,1.1 trichloroethane. Three types
of substrate materials were used in the present work. They were FRP (epoxy resin), FRP
(polyester resin} and glass (7740 Borusilicate). The graphite electrodes were attached to
the FRP rods using stainless steel screws and to the glass tubes using a thin smear of
silicone sealant, The glass tubings were also partially filled with silicone gum to prevent
moisture ingress to the inside walls. The RTV coating was contained with 90pph level of
ATH having [3um median size of particles. The thickness of the coating on the three
substrates was kept constant (0.37+0.05mm). Salt-fog was produced from having

conductivity of 1000x3% puS/cm.

4.5.2. Surface Roughness Before Salt-fog Test

Surface roughness was determined on the three substrates with and without RTV
coating. Typical variations of the rougliness of the surface before and after coating as a
function of distance within 8mm on the specimens are shown in Figs.4.49 and 4.50,
respectively. It will be seen from Fig.4.49 that the substrate of epoxy FRP had a higher
surface roughness than polyester FRP and glass. The average values of the roughness
were 3.62+0.7 lpm, 0.232+0.035um and 0.05+0.0um, respectively, for uncoated epoxy FRP,

polyester FRP and glass substrates. The maximum roughness values were 28.53+4.79um,
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Figure 449 Typical variation of the roughness as a function of distance within a region
of Smm length on surtaces of epoxy FRP. polyester FRP and glass before
coating with RTV.
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Figure 4.50  Typical varation of the roughness as a function of distance within a region
of 8mm length on the surface of epoxy FRP. polyester FRP and glass after
coating with RTV and before test in the salt-fog test. Thickness of coating,
(1L.37+0.05mm.
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2.81=0.41pm and 0.3320.07um. respectively. for uncoated epoxy FRP, polyester FRP and
alass substrates. After the substrates were coated with RTV silicone rubber having a fixed
size of ATH particles (13pm) and a fixed thickness (0.37x0.05mm). the surface showed
a close roughness variation for the three substrates. The average and maximum ~alues of
the roughness were in the ranges of 0.44=0.1 lum and 4.19x0.54pm. respectively. for all

three couated substrates.

4.5.3. Dependence of Leakage Current and Time to Failure on Substrate Tvpe

Fig.4.51 shows the average leakage current as a function of test time for coated
substrates on epoxy FRP. polyester FRP and glass. It will be observed that. at the start
of the test and up to 70h. almost an identical leakage current was developed for the three
substrates. This was believed that the RTV coatings on the three substrates had a similar
water repellency on the surface and 2 similar surface roughness. due 0 the same
formulation of RTV, at the start of the salt-fog test. As the test continued and when dry
band arcing vccurred, the coatings ransferred the heat from the dry band arcing to the
substrate equally for epoxy FRP. polyester FRP and glass due to the same coating
thickness. This resulted in a similar damage on the surface and led to a similar leakage
current development for the three substrates. at the initial stage of the test as shown in
Fig.4.51.

After 70h of test in salt-fog, the leakage current increased rapidly on epoxy FRP.
This is because in the latter substrate the coating had more erosion and thus the substrate
began to be partially exposed to salt-fog resulting in more intense discharge current
developing on the hydrophillic epoxy FRP. The higher leakage current flowing on the

exposed epoxy FRP (Fig.4.51) quickly eroded the RTV coating in the vicinity of the
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exposed area and this resulted in a rapid failure by tracking on the substrate in a shon ¢

time. The exposed polvester FRP and glass substrates had a lower leakage current and a

higher resistance to erosion and tracking and therefore yielded a longer litetime. The tume

to tatlure in salt-tog for the coatings on epouxy FRP. puolyester FRP and glass are given

in Tuble 1.2,
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Averuge leakage current of RTV specimens as a function of test time
in salt-fog for different coated substrates. Conditions: conductivity of
suline water. 1000pS/em: electric stress, 0.5kV _Joem: saline water flow.
[.6/min: compressed air pressure. (.54MPa: thickness of RTV coating.
(1L.37+0.05mm. Three specimens were used for each thickness.
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Tahle 4.2 Time to tailure of RTV coatings on ditferent substrates. Conditions are as
in Fig.4.51. 3 rods were used tor guch case.

Substrates Epoxy FRP Polyester FRP Glass
Coating
Thickness. mm 0.38 = 0.05 0.36 = 0.04 0.39 = 0.03

Time to
Fatlure. hours 90 = 39 220 = 36 244 » 22

-
(o)}
1

Current Pulse: 75-80mA Z
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N Eg%ester EI
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Fisure 452 Dependence of current pulse count rates in the range of 75-80mA on test
tnmie in salt-fog for different coated substrates. Conditions are as in
~Fig. 451,



B

Similar conclusions were derived trom measuring the number of current pulses in
salt-fog for the coated substrates. Fig.4.52 shows typical current pulse rates in the range
of 75-80mA as a function of test time in salt-fog for the three coated substrates. It will
be seen that the coatings on epoxy FRP. polyester FRP and glass initially Jid not show
current pulse count in the range 75-80mA up to 80h into the test and just before the onset
of tailure of the coating on epoxy FRP. Thereafter the epoxy FRP had a higher number
of current pulses than polyester FRP and glass due o its higher discharge current on the
substrate which was partially and more readily exposed by the action of the dry band

areing,

4.5.4. Dependence of Leakage Current and Time to Failure on Uncoated Substrates

In order to simulate the conditions for development of the discharge current during
the period before the failure of RTV coating but after it had undergone sutficient erosion
and partially exposed the substrate to salt-fog, uncoated epoxy FRP. polyester FRP and
glass specimen rods were also tested in energized salt-fog. Three specimen rods of gach
substrate type having 16mm in diameter and [52mm ir length were used. Graphite disks
electrodes of the sume size discussed in Section 4.5.1 were affixed to the uncoated rods.
Fig.4.53 shows the average leakage current as a function of test time in salt-fog for the
three substrates. It will be seen that epory FRP had a larger leakage current right from
the start of the test and reached 16.5mA after 10 min, The leukage currents on polyester
FRP and glass developed slowly and were in the range of 4.7-6.8mA after 10 min of test.
This was due to the larger inherent roughness on the surface of the epoxy FRP rod
(Fig.4.49) which enhanced the localized field and resulted in a higher leakage current

until failure occurred.
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Fig.4.53 ulso shows that the uncoated epoxy FRP and polyester FRP rods
developed a larger leakage current with increasing test time in salt-fog and yielded a
shorter litetime than glass, This was because the inorganic specimens of epoxy FRP and
polyester FRP had o low thermal stability and were readily damaged by the intense heat
generated on the surface by the dry band arcing. The Pyrex glass can withstand
substantial heat without serious dumage due to its high melting temperature of 1252°C[79]
and larger thermal capacity of 837.4 J/Kg "C[80]. These desired properties rendered a
lower leakage current and a longer time to failure as shown in Table 4.3. The glass was
energized in salt-fog for 350h without failure as shown in Fig.4.53 und Table 4.3, It is
noted from Figs.4.51 and 4.53 and Tables 4.2 and 4.3 that the coated glass had a worse
performance than the uncoated glass. This is due to a larger leakage current development
leading to a shorter lifetime of the coating on glass. This was becuuse the glass without
RTV maintained its smooth surtace (Fig.4.49) due to. and as mentioned already. its
superior thermal properties and therefore accumulated little salt contamination on the rods
which were vertically placed in the salt-fog chamber. The absence of adhered
contamination further reduced the development of the discharge current. On the other
hand the RTV coating on glass was damaged by the heat from dry band discharges. the
surface became rougher thus resulting in enhanced localized electric field and a larger
leakage current. This ensued a further damage to the surface. The coating eventually
failed when the discharge current pulses exceeded 150mA. In outdoor insulation the glass
and porcelain insulators accumulate dust and salt contaminants on their skirts which may
nut be washed away. Under se;lcrc conditions of contamination and wetness, flashover

maty occur after the development of a large leakage current.
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Table 4.3

given in Table 4.3.

Time t failure on uncoated cylindrical rods in energized salt-fog,
Conditions: 1000uS/cm and 0.5kV,, Jom electric stress. Diameter ot rods
lomm. length [52mm. Diameter of graphite electrodes 31.7mm.

Materials Time to Failure, hours
Epoxy FRP 229
Polyester FRP 299

Glass > 350
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4.6 RTV PERFORMANCE WITH DIFFERENT SOLVENTS

4.6.1. Experimental Conditions

The RTV is dispersed in a carrier solvent for coating on porcelain and glass
insulators. The solvent evaporates from the coating during and subsequent to its
vulcanization in the presence of moisture. Solvents such as naphtha and 1.1.1
trichloroethane are used. Naphtha is a flammable material and coating systems dispersed
in this solvent can not be applied to insulators while energized[10]. 1,11 trichloroethane
solvent is non-flammable and coating systems which are dispersed in this solvent may be
applied to insulators while energized [10]. In the present study RTV specimens were
formulated vsing both of these solvents in order to determine their effects on the electrical
performance. About 90pph concentration of ATH filler was used with both solvents. The
median size of the particles of the ATH filler was 13um. Polyester FRP rods were dipped
twice (one dip from each end) in the RTV liquids. Because of the different viscosity of
the two coating systems the thicknesses of the coatings were 0.79+0.10mm and
0.50£0.06mm, respectively, for naphtha and 1,1,1 trichloroethane as shown in Table 4.4.
The coating using naphtha was dull and rough while the coating using 1,1,1
trichloroethane was bright and smooth. Both coating systems were allowed to vulcanize
and the solvents evaporated to reach a steady state by leaving the coated rods in air for
about 3 months before being tested in the salt-fog chamber. Salt-fog was produced from

having conductivity of 100023% pS/cm.



1.6.2. Dependence of Leakage Current and Time to_Failure on Solvents

Meusurement of the surtuce roughness showed that the average and the maximum
roughnesses were 22320 21pm and 13.32x1.935um. respectively tor naphtha, For 111
trichloroethane the average and the maximum roughnesses were 0.24=0.06um and
3.86=0.35um. respectively. Typical protiles of the roughness of the surface as a function
of distance within 8Smm on the virgin coating using both solvents are shown in Fig4.54,
Measurement of contact angle on the surtace of the virgin specimens showed that the
contact angle was in the range ot 101=0.5" on the coatings with buth solvents. This
indicated that the tnitial water repellency vas identical on both coating surtaces using

cither naphtha vr 1.1.1 trichloroethune solvents,
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Figure 4.54 Typicul variation of the roughness within a distance of 8mm on a surface
of virgin RTV coatings with different solvents. Conditions: thickness of
coating for naphtha, (.79mm and for 1.1.1 wichloroethane. (.5mm.
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Fig.4.55 shows the average leakage current us a function of test time in salt-fog

in the RTV coating with different solvents. It will be seen that from the start of the test
and up to about 7h the coating using naphtha had a slightly larger leakage current than
the coating with 1.1.1 trichloroethane, This was due to the rougher surface of the coating
with naphtha. As the test continued (>7h) a higher leakage current was observed in the
coating using |.1.1 trichloroethane. This suggests that the latter coating has a lower
resistance to degradation by the heat from dry band discharges resulting in a decrease of
water repellency on the surface and an increuse of surface roughness and theretore an
increase in the leakage current. Figs.4.56 and 4.57 show the current pulse count rates in
the ranges of 50-55mA and 75-80mA., respectively. for the two solvents. It can be seen
that in the coating with 1,1,1 trichloroethane the dry band discharges were initiated earlier
and had a larger number of current pulses than the coating with naphtha. This led to a
larger erosion of RTV on the coating and a shorter time to failure by tracking on the
polyester FRP substrate. The time to failure for both coatings is given in Table 4.4, where

it was found to be much shorter with 1.1.1 trichloroethane.
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CHAPTER V

SILICONE FLUID CONTENT AND ITS

DIFFUSION IN RTV COATINGS

S.1 INTRODUCTION

—

The RTV coating provides water repellency which suppresses the development of
leakage current. The hydrophobic surfuce is maintdined even after a layer of
contamination has built up on the surface. This has been attributed to the diffusion of the
low molecular weight (LMW) silicone tluid from the bulk to the surface of the RTV and
then on to the surface of the polluted deposits[35.46.47.49]. Therefore the presence of
sufficient quantity of LMW silicone fluid in the bulk of RTV coating and its ability to
diffuse to the surface are of parumount interest to maintain the hydrophobic surface of the
coating and thus to the life of the coating.

This chapter attempts to explore the role of the silicone fluid in the lifetime of
RTV coating. Alumina trihydrate (ATH) filled RTV coatings with various formulations
were used. The content of LMW silicone fluid and its diffusion from the bulk to the
surface were determined in the coatings with various sizes of ATH particles from 1.0 to
75um, various coating thicknesses from 0.17 to 0.99mm and different carrier solvents by
using extraction techniques in analytical hexane. The role of the LMW content and

diffusion in the lifetime was evaluated for different formulations of RTV coatings.
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5.2 EXPERIMENTAL TECHNIQUES

The polydimethyl siloxane (PDMS) chains in RTV silicone rubber generally have
molecular weights in the range 10°-10%, of which those less than 25000 are free-flowing
liquids [81]. The LMW silicone fluid can be extracted in hexane[48.76,82]. Fig.5.1 shows
the percentage of LMW silicone fluid extracted from RTV specimens by weight as a
function of immersion time in hexane at 40°C. The difference in weight of the RTV
specimen before and after being immersed in analytical hexane is the amount of silicone
fluid extracted from the specimens. The weight loss of the RTV specimen was measured
using a high precision balance(0.0lmg). The room temperature was 24+1°C and the
relative humidity was (47+2)% during the measurements. The thickness of the specimen
was 0.99mm. It was found from Fig.5.1 that the weight percentage of LMW fluid
extracted by hexane increased rapidly with increasing immersion time up to about 90
hours and reached saturation thereafter. Extension of immersion time beyond 90h(in
Fig.5.1) to 165h in fresh hexane failed to show additional fluid from the RTV specimen.
This confirms that about 90h of immersion in hexane at 40°C is sufficient to remove all
of the mobile LMW silicone fluid from the specimen having thickness of 0.99mm.
Immersion at 40°C for 96h was used in the present work in determining the total content
of LMW fluid in RTV specimens with different coating thicknesses from 0.17 to 0.99mm.
After removal from hexane the RTV specimen was left in air at an ambient temperature
of 24x1°C in order to remove all the hexane which had been absorbed in the specimen

during the immersion phase.
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Figure 5.1 Percentage of LMW silicone fluid extracted from RTV specimen by weight
as a function of immersion time in analytical hexane at 40°C. Virgin
specimen which wus not subjected to electrical stress in salt-fog were
used. The thickness of the specimen was (0.99mm.

Fig.5.2 shows the weight loss due to the removal of hexane from the specimen as
a function of rest time in air at 25°C. The thickness of the specimen was (L99mm. It can
be seen from Fig.5.2 that the hexane was completely removed from the specimen by
evaporation after about 1.5h of rest in air at 25°C. About |12h of rest time was used

remove the hexane from the RTV specimens with different thicknesses from (.17 to

0.99mm.
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To determine the rate of the ditfusion of LMW silicone fluid trom the bulk to the
surtace. the RTV specimens were first immersed in hexane for | min at 25° to remove
the silicone fluid trom the top surface. After removal of the specimens from hexane it was
lett in air for 24h at 25" to allow the LMW silicone fluid to diffuse trom the bulk to the
top surface to replenish the earlier loss during the | min immersion in hexune. The RTV
specimen was then immersed in hexane again for one minute at 25°. The weight loss atter
the second immersion was the amount of silicone tluid diffused from the bulk during the
proceeding 24h. The larger the amount of loss of silicone fluid during the fixed duration
of immersion{1 min) the higher was the rate of the diffusion. The specimen was left in
air at 25" for 24h before the next immersion. This procedure was repeated 10 times after
the second immersion to determine the rate of diffusion for different thicknesses of RTV

coatings.
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5.3 LMW CONTENT AND DIFFUSION WITH COATING THICKNESS

The RTV specimen was formulated with a median size of 5.5um of ATH particles,
a filler level of 90pph and in a carrier solvent of naphtha, Five coating thicknesses from
(.17 to 0.99mm were used. RTV silicone rubber was coated on porcelain rods, 155mm
length and 20mm in diameter. A saline water flow rate of 1.620.2 Ymin and an air
pressure of 0.54+0.02MPua(79+3psi) were used to generate the fog. The conductivity of

the saline water (nominal) was 250 uS/cm £5%.

5.3.1. LMW Content of RTV

Fig.5.3 shows the percentage of the total content of LMW silicone fluid by weight
as a function of coating thickness of RTV specimens before and after the salt-fog test.
The specimens for curve A (Fig.5.3) were cut from virgin coatings. The specimens for
curves B and C (Fig.5.3) were cut from the area near the bottom electrode and the area
near the high voltage electrode, respectively. after 570h of salt-fog test. It is observed
from Fig.5.3 that the LMW content by weight in the virgin specimens (curve A) was not
a constant percentage for all coating thicknesses. The LMW content by weight in the
virgin RTV decreased from (4.49x0.04)% for the thickness of 0.17mm to {(4.020.02)% for
0.99mm. Fig.5.3 also shows that the percentage of LMW content by weight decreased
after 570h of salt-fog and depended on the locations of the specimens. In the region near
the high voltage electrode where intense discharges were observed the specimens had a
larger percentage decrease of LMW content by weight for all coating thicknesses. This
was believed that the heat from the extensive dry band discharges broke and removed
more PDMS molecular chains from the surface resulting in the loss of LMW silicone

fluid(see Fig.5.4).
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Fivure 5.3 Percentage of total content of LMW silicone fluid by weight as a function
of coating thickness before and after(remaining content) salt-fog test.
Conditions: conductivity of saline water, 250puS/cm: electric stress.
0.5kV_Jcm: saline water flow. 1.6 Umin; compressed wir pressure.
0.54MPa: ATH filler level, 90pph: size of ATH particles.5.5um: substrate.
porcelain: solvent. naphtha.
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The total content of LMW fluid in the RTV specimens near the high voltage electrode
decreased to (3.43(.07)% by weight for all coating thickness trom 0.17 to 0.99mm after
570h of salt-fog test(Fig.5.3. curve C). More extensive discharges indicated by a higher
rate and a larger number of current pulses (Figs.4.31 and 4.34) and a rougher surface
(Figs.4.35 and 4.36) on a thicker coating did not cause a larger loss of total content of
LMW silicone tluid. This was because more extensive discharges broke more long PDMS
molecular chains into short chains which replenished the loss of silicone fluid in the

thicker coating (see Fig.5.5). Near the bottom electrode. which was at ground potential
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and where no discharge activity was visible. the LMW content had decreased only slightly
for all coating thicknesses after 570h of salt-fog test(Fig.5.3. curve B). The decrease of
LMW content in the specimen near the bottom electrode is thought w be due to the
washing of silicone fluid from the surface by the salt-fog.

In order to investigate further the loss of LMW silicone fluid from and the
production of silicone fluid in RTV coating by the action of heat produced by dry band
arcing. RTV specimens were subjected to heat inside an electric oven at temperatures of
150, 240 and 370°C. The specimens were heated for 3 hours at each temperature. The
thickness of the coating was 0.50mm. Fig.5.4 shows the percentage of the total content
of silicone fluid by weight before (at 25°C) and after the specimens were subjected to
heat. It is clearly shown from Fig.5.4 that the total silicone fluid content decreased after
the application of heat. The reduction was more pronounced with increasing temperature.
The total percentage of silicone fluid by weight decreased from 5.15% before heat to
4.60% aftc.r 150°C. to 4.43% after 240°C and then to 3.43% after 370°C. This is thought
that the heat at high temperatures caused scissions of short chain PDMS molecules into
volatile substances which evaporated at high temperatures thus resulting in a reduction
of the total silicone fluid content. Fig.5.5 shows the production of silicone fluid by
percentage of weight in RTV coating in an electric oven at different temperatures. The
RTV specimens were first immersed in hexane for 96h at 40°C to remove all the fluid
from the specimens. The specimens were left at 25°C in air for a duration of 24h to allow
the hexane to completely evaporate and the specimens were weighed. The specimens were
then subjected to heat. It is evident from Fig.5.5 that the silicone fluid could be produced
by heat.The present work confirms the observation that silicone fluid increased on the

surface of RTV specimen after it was exposed to 240°C [83]. Fig.5.5 also shows that the
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Ficure 5.4 Percentage of the total content of silicone fluid by weight from RTV virgin
specimens before and after exposure to different temperatures in air in an
electric ovent60Hz). The duraton of exposure of RTV specimens at each
temperature was 3 hours, Virgin specimens were used which were not
immersed in hexane before heat treutment.

production of silicone fluid in RTV depended on the temperature. More silicone fluid was
produced at higher temperatures for a duration of 3 hours(Fig.5.5). The production of
silicone fluid by percentage of weight increased from (.13% at 150°C to 0.75% at 240°C
and then to 5.12% at 370"C. The production of silicone tluid could be due to either the
release of short eyclic chains that were trapped in the structure of the polymer and/or the

scissions of long PDMS muolecular chain into short chains at the high or temperatures.
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Figure 3.5  Production of LMW silicone fluid by percentage of weight in RTV virgin
specimens at different temperatures. The specimens were placed in an
electric oven in air tor three hours at each temperature. Specimens were
initially devoid of LMW silicone fluid which was extracted by immersing
in hexane tor 96 hours.

5.3.2. Diffusion of LMW in RTV

Fig.5.6 shows the variation of the weight loss of LMW silicone fluid with coating
thickness after 1. 2. 3. 5. 7 and 10} immersions for a short duration of | minute in hexane
and 24h recovery in air between the successive immersions. The weight loss of LMW
after 4. 6. 8 and Y immersions and recovery was found to show a similar behaviour to
that depicted in Fig.5.6 and is omitted here for brevity. A larger weight loss means a
higher diffusion rate from the bulk to the surface which is then removed during the brief

duration of immersion of 1 minute, It can be seen from Fig.5.6 that the weight loss of
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Ficure 5.6  Variation of the weight loss of LMW silicone fluid with coating thickness
for 10 successive immersions in-hexane. Duration of each immersion. |
min: recovery time between immersion. 24h. Size of specimen. 25x50mm®.
Size of ATH particle. 5.5pm: ATH filler level. 90pph.

LMW depends on the coating thickness. A thicker coating has a larger weight loss for the
same cross-sectional area. This suggests that the thicker coating has a higher diffusion rate
from the bulk to the surface. This is consistent with the evidence that a higher wetting
angle was observed on a thicker silicone rubber plate after being subjected to a constant
layer of conmmination and after being left in air at 20° for 16 days[84]. Fig.5.6 also
shows that after the 10th immersion in hexane the thicker coating of 0.65mm(1015.2mg)
can still provide an amount of 1. Img of LMW silicone fluid to diffuse to the surface. The

thinner coating of 0.17mm has depleted completely its LMW content after the seventh
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immersion. This indicates that the thicker coating is able to last 2 longer time to maintain
a hydrophobic surface than the thinner coating. On the other hand the thicker coatings
develop more intense discharges for the same applied electric stress(Figs.4.31, 4.32 and
4.34) which occur at progressively shorter times into the test(Fig.4.33) and theretore incur
larger surfuce erosion(Figs.4.35 and 4.36) and a slightly larger loss of silicone
fluid(Fig.5.3) from the surface which is replenished at a faster rate from the bulk(Fig.5.6).
Therefore it is anticipated that an vptimum thickness of RTV coating is also likely to be
present in the case of porcelain insulators. This is consistent with the previously reported
finding of an optimum coating thickness on polyester fibre reinforced plastic (FRP)

insulating rods[85].

54 LMW CONTENT AND DIFFUSION WITH SIZE OF ATH PARTICLES

The RTV coatings were formulated with a constant level of ATH filler of 90pph
and different median sizes of the filler particles in a carrier solvent of 1.1.1
trichloroethane. Five sizes of ATH particles of 1.0, 4.5. 13. 17 and 75um, were used in
the present study. The thickness of the coating with different sizes of ATH particles was
in the range of 0.39x0.06mm. Fig.5.7 shows the total content of LMW as a percentage
of weight as a function of the size of ATH particles. The bars indicate the variation
within each size using 3 specimens. It is observed that the total content of LMW silicone
fluid in the RTV coating depends on the size of ATH particles. The coating with 1.0um
has the lowest content of 2.74+0.01% by weight while the coating with 75um has the
highest content of 4.65+0.20% by weight. The content of LMW does not increase linearly
with increasing size of ATH particles, as shown in Fig.5.7. The coatings with 4.5 and

13um particle sizes in Fig.5.7 have a similar content of LMW (4.15+0,13%, Fig.5.7) and
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Ficure 5.7  Dependence of total content of LMW silicone fluid as a percentage of
weight on size of ATH particles in RTV coating. Duration of immersion.
Y6h: thickness. 0.39mm. Carrier solvent. L.1.1 wichloroethane: ATH filler
level. Q0pph.
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both coatings have more content of LMW silicone fluid than that of the coating with
[ 7umi 3.8020.03%. Fig.5.7).

Fig.5.8 shows the variation of the loss of LMW silicone fluid with size of ATH
particles after 1. 2. 3. 5 and [} immersions in hexane. The weight loss of LMW atter 4.
6. 7.8 and 9 immersions was found to have a similar dependence on particle size. It is
shown in Fig.5.8 that the weight loss of LMW in the coatings is not strongly dependent
on the size of the ATH particle from 1 to 75pm. This is the case after each immersion
in hexane. It is suggested that after a prolonged recovery of 24h the diffusion of LMW

from the bulk to the surface is independent of the size of ATH particles.
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Fisure 5.8  Varation of the weight loss of LMW silicone fluid with size of ATH
particles in RTV coatings for 10 successive immersions in hexane. Duration
of each immersion. | min: recovery time between immersion, 24h, Size of
specimen. 25x50mm®. Carrier solvent. 1.1.1 tichloroethane: ATH filler
level. 90pph: thickness, (L39mm.

5.5 LMW CONTENT AND DIFFUSION WITH SOLVENT TYPE

In the study. RTV specimens were formuluted using two carrier solvents. 1.1.1
trichloroethane and naphthu. A composition of 90pph ATH filler was used with both
solvents. The mediun size of the particles of ATH filler was 4.5um in the solvent of 1.1,1
trichlovoethane und 5.5pum in naphtha. The thickness of both coatings was in the range
(1.43=01.02mm. After treatment in hexane for Y6h at 30 it was found that the content of
LMW ix (4.1520.13)% by weight in the coating using [.1.1 trichloroethune and

(4.23=0.,02)% by weight in the coating using naphtha. Therefore the amount of LMW
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silicone fluid in the RTV coating is independent of the carrier solvent. Fig.5.9 shows the
variation of the loss of LMW silicone fluid with the number of immersions in hexane for
ditferent solvents. Jt can be seen that the weight loss of LMW silicone fluid for both
coatings is similfur for all immersions. [t is suggested that the speed of diffusion trom the
bulk to the surfuce for both solvents is the same because the solvents have evaporated

from the specimens,
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Fieure 5.9  Vardation of the weight loss of LMW silicone fluid from RTV with
different carrier solvents with number of immersions in hexane. Conditions
are as in Fig.5.8. Thickness. (.43mm.
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5.6 THE ROLE OF LMW CONTENT AND DIFFUSION IN LIFE OF RTV

COATINGS

The RTV coating offers initial hydrophobicity on the surface to help prevent the
formation of a continuous water filming. When the coating is polluted by hydrophillic
contaminants the LMW silicone fluid diffuses from the bulk to the surface of the RTV
and then surmounts the contaminaats. This process of diffusion modifies the physical
property of the contaminants imparting a hydrophobic quality. Therefore the LMW
content and the diffusion are decisive factors in determining the lifetime of the RTV
coating. The RTV coating temporally loses its hydrophobicity due to the reorientation of
polymer chains in the presence of a heavy and prolonged wetting[86]. Leakage current
develops and dry band arcing occurs. At this point the lifetime largely depends on the
thermal property of the coating and the surface roughness.

The thicker coating has a higher speed of diffusion of LMW(Fig.5.6) and a larger
amount of silicone fluid in the bulk and therefore maintains a hydrophobic surface for a
longer time. On the other hand a thicker coating conducts the heat from dry band arcing
slower than a thinner coating to the substrate. Therefore a higher temperature on and a
larger damage result to the surface. This also leads to a shorter time to the onset of
failure. Hence there expected and as was recently reported, an optimum coating thickness
to give the longest lifetime [85]. It is found that the coating with 75pum particle size has
the largest LMW content by weight of the five sizes from 1 to 75um(Fig.5.7). However
for this particle size the coating also has the largest surface roughness, the smallest area
of heat conduction and the shortest time to failure[45]. The coatings with 4.5 and 13um
have a larger content of LMW than the coatings with | and 17um(Fig.5.7). They also

have a smoother surface and a larger area of heat corduction than the coating with 17um.
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This leads to the best electrical performance and the longest time to failure in the coatings
with 4.5 and 13um[45]. The coating with 1um has the smallest LMW content(Fig.5.7) and
has distinct areas on the surface where larger protruding roughness and discontinuities
exist{45]). This shortens the lifetime of the coating.

There is an insignificant effect on the LMW content and the diffusion of LMW
from the bulk to the surface with the solvents of 1,1,1 trichloroethane and V&P naphtha.
However it has been reported that the solvent used in RTV coating affects its performance
and lifetime in salt-fog condition[85]. This indicates that the influence of the solvent on
the lifetime of RTV coating is not due to its LMW content and diffusion to the surface

within a recovery time of 24h which is used in the present work.



CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

6.1

CONCLUSIONS

The life of ATH filled RTV coatings depends on the size of ATH particle
when tested in salt-fog. Generally the coating with smaller size of particle has a
longer life except for very small sizes when the dispersion becomes less effective.
The best performance to yield lower leakage current. lower current pulse count and
the longest time to failure of the coating was obtained with 4.5um size of ATH
particles,
| The role of the size of the ATH particle filler in determining the life of
RTV coating is the combined effect of roughness, heat conduction into the volume,
and the armount of silicone fluid on the surface of the coating. A larger particle
size results in a rougher surface which leads to a higher leakage current. A higher
temperature develops at the surface with larger particle size due to its  poorer
thermal conduction when dry band discharges occur. This results in more damage
to the surface. Slower diffusion of the silicone fluid retards the recovery of the
water repellency (hydrophobicity) of the surface. The aging of the coating is then
accelerated and a shorter life is expected with larger size of ATH particle.
The coating with 1.0pm size of ATH particles has distinct areas on the
surface where large protruding roughness and discontinuities exist. These resuft
in hot spots on the surface which accelerate the erosion on the surface and

ultimately lead to a shorter life of the coating. The coating with 1.0um has the
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smallest LMW content by weight percentage in five sizes of ATH particles from
1.0 to 75pm used. This may also shorten the life of the coating. The large
roughness and discontinuities are attributed to aggregation of the particles in the
RTV coating. The aggregation might occur due to poor dispersion in the liquid or

during vulcanization after coating the substrate.

The thickness affects the electrical performance of RTV silicone rubber
coating in salt-fog. Conduction of the heat generated by the dry band arcing results
in more damage with a rougher surface which causes a larger leakage current and
a higher current pulse counts in the thicker coatings. On the other hand the thicker
coatings have a higher speed of diffusion of LMW fluid to the surface and a larger
amount of silicone fluid in the bulk. This may maintain a hydrophobic surface for
a longer time for a thicker coating.

An optimum thickness is obtained in the RTV coating on FRP rods by
indicating the longest lifetime of coating. This is because the thinner coating has
less material to erode and exposes FRP quickly. This causes the specimen to fail
in a short time by tracking on the substrate. On the other hand the thicker coating
has a higher current and more damage. This also leads to shorter time to failure.
Hence there is an optimum coating thickness to give the longest lifetime of
coating. The best electrical performance of RTV is obtained in a coating thickness
of 0.38mm on polyester FRP.

For RTV coating on porcelain, the leakage current increases with increasing
coating thickness and optimum thickness is not found. This is because when the

RTV is sufficiently eroded to expose the surface of porcelain, the porcelain has
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2 large resistance to erosion and did not fail by tracking on the surface due to its

high heat capacity.

Adding 1% and 10% silicone fluid by weight to the formulation of RTV
adversely affects the electrical performance of the coating in salt-fog. The viscosity
of the added silicone fluid was 1000 centipoise. Coating performance decreases
with addition of silicone fluid from | o 10% by weight. This is thought that the
more abundant silicone fluid on the surface retards the heat conduction from the
dry band arcing to the bulk due to its lower thermal conductivity, This causes a
higher emperature on the layer of the siliﬁonc fluid resulting in more damage, a
rougher surface and therefore a larger leakage current. a higher current pulse

counts and a shorter life.

RTV coating on epoxy FRP, polyester FRP and glass initially develops a
similar leakage current in salt-fog. After the coating erodes and partially
exposes the substrate to the salt-fog, the leakage current depends on the coating
substrate. Coated epoxy FRP has a larger leakage current than both polyester FRP
and glass after the coating is eroded and the substrate exposed to salt-fog. The
higher leakage current on the partially exposed epoxy FRP causes more erosion
of the coating and consequently it fails by tracking on the substrate in a shorter
time. Coated polyester FRP and coated glass have a similar level of leakage
current and consequently a similar erosion rate. This leads to similar times to

failure on both substrates.
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The solvent used in RTV coating affects its performance in sal-fog
conditions. The coating using naphtha has a lower discharge current and a higher
resistance to erosion and therefore yields a better performance than the coating
using 1.1,] trichloroethane. However, naphtha is combustible and RTV coating
dispersed in this solvent can not be applied to energized insulators.

The solvent type has negligible effect on the LMW content of silicone fluid

and on the diffusion of LMW to the surface.

The total content by weight of LMW of silicone fluid in RTV coatings
decreases with increasing coating thickness. The total LMW content by weight
decreases from (4.49:0.04)% to (4.00+0.02)% with increasing coating thickness
from 0.17 to 0.99mm. The reason for this dependence on thickness is unknown
at the present time. The diffusion of LMW silicone fluid to the surface from the
bulk of the virgin RTV coating increases with increasing coating thickness.

Generally the LMW content of silicone fluid by weight in the virgin
coating increases with increasing size of the ATH particles. The coating with 4.5
and 13pum have almost identical LMW content of silicone fluid and both of these
coatings have more LMW of silicone fluid than the coatings with 1 and 17um.
After 24h recovery time the coatings have the same value of diffused LMW of

silicone fluid to the surface for all sizes of ATH particles from 1 to 75um.

The total content of LMW silicone fluid decreases after 570h of salt-fog
-at 0.5kV_fem and 250uS/cm for all coating thicknesses from 0.17 to 0.99ram.

The decrease is almost independent of coating thickness but depends on the
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intensity of the dry band arcing on the surface of the RTV specimen. The total
content of LMW decreases to (3.4320.07)% by weight for all thicknesses of
coating near the high voltage electrode. This is because more intense dry band
discharges are developed near the high voltage electrode resulting in more removal
of LMW of silicone fluid from the surface. This is confirmed in an electric oven,
where RTV specimens are subjected to different temperatures, in that the total
content of LMW decreases with increasing temperature, The total content by
weight of LMW decreases slightly from 4.16 to 3.80% with increasing coating
thickness, respectively. from (.17 to 0.99mm at the bottom end of the rod near the

grounded electrade after 570h of salt-fog.

8. The life of RTV coating is determined by the combined effects of
LMW content of silicone fluid. diffusion to the surface, thermal conductivity,
surface roughness. type of substrate, size of ATH particles, amount of ATH(pph),

electric swess level. thickness of coating, salinity and velocity of the salt-fog.

6.2 SUGGESTIONS FOR FUTURE RESEARCH

The electrical performance of RTV silicone rubber coatings with various
formulations has been extensively investigated in salt-fog. However, there are many
aspects which may affect the performance of RTV coatings and further research is

suggested to improve the performance of the coating.

L. The RTV coating with 1.0um size of ATH particles has a poor performance
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due to the aggregation of the fine particles resulting in large roughness and
discontinuities on the surface. Aggregation of this size of filler particles is often
encountered in polymers. It is well known that silane treatment can improve ATH
dispersibility. It is suggested to study this aspect of treatment in a tuture work in

order to tmprove the performance of the coating.

The evaluation of the RTV coatings in the present work was conducted
with AC electric stress. The insulator with DC stress can accumulate more
contaminants than with AC insulator due to unidirectional electric field on the
surface of the insulator. Therefore the performance of the RTV coating under DC
electric stress may differ from AC and future study is suggested to evaluate the

RTV coating with DC electric stress.

The RTV coatings was evaluated in an extended salt-fog test in the present
work. The coating lost its water repellency completely and formed a continuous
water filming on the surface several hours after the start of the test due to the
accelerated wetting and contamination conditions. The evalvaton of the
performance indicated by leakage current and time to failure thus largely depended
on the coating resistance to erosion. Further study is needed to investigate the

coatings with various formulations in practical service environments.
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