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ABSTRACT

The origin and the consequences of the electric failure of in-service composite hollow
insulators used in railway transportation were investigated. Direct electrical measurements
made it possible the detection of partial discharges (PD) and UV emissions allowed of
identifying the location of the PD at the interface between metal braids and a silicone liner.
To investigate the effects of the damaging PD activity, physicochemical properties of the
different polymers were investigated and compared to new samples. The
thermomechanical properties of the HTV and RTYV silicones showed important alterations
in the polymers structure. The chemical analyses of the silicones and nitrile rubber
conducted using ATR-FTIR spectroscopy revealed that the polymers were oxidized after
electrical failure. The results indicated that the ozone production and UV emission were
due to the surface electrical activities. The breakdown of alumina trihydrate (ATH) in the
inner HTYV silicone liner demonstrated that undesired electrical discharges induced an
significant increase of temperature and the formation of moisture in the air present in the
hollow insulator. Laboratory artificial aging performed on the silicones and nitrile rubber
showed similar degradation as in service. Further electrical experiments conducted on
empty hollow insulators enabled the detection of internal PD located in micro-voids present
in the adhesive used to bond the HTV silicone liner to the inner composite tube.

Index Terms — Aging, composite, infrared spectroscopy, oxidation, ozone, partial
discharges, silicone rubber, viscoelastic properties.

1 INTRODUCTION

surface, usually made of a hydrophobic polymer provides better

POLYMERIC insulators have been increasingly used for the
past 30 years in outdoor applications in a large range of medium
and high voltage applications. In comparison with traditional
glass or ceramic systems, composite insulators offer several
advantages one of them being reduced weight. Their external

Manuscript received on 15 July 2008, in final form 7 April 2009.

pollution performance and better resistance against vandalism
caused by stone throws or gun shots. However, despite all these
advantages, composite insulators have suffered in service from
different failure modes [1]. Indeed, the overall quality of the
composite insulators is strongly dependent on many factors such
as the type of filler and the resin matrix [2, 3], the interfacial
properties [4, 5], the polymer surface roughness [6, 7] or the
manufacturing conditions [8, 9]. Besides structural parameters,
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the immediate environmental stresses can also be responsible for
the electrical failure of composite insulators. For instance, epoxy-
based insulators are prone to water absorption in wet atmosphere,
contributing to anomalous production of leakage currents [10-12]
resulting in degradation. A more complex phenomenon called
‘brittle fracture’ is described by many researchers. It corresponds
to the formation of stress corrosion cracks on the surface of the
composite when subjected to an aggressive environment.
Different mechanisms are proposed to explain brittle fracture, but
the most likely is related to production of nitric acid solution
induced by corona discharges in a high moisture environment [4,
13-16]. Other chemical species such as ozone or nitrogen also
encourage the acid formation [17].

In railway transportation applications, non-ceramic insulators
are often represented by hollow composites that comprise a
central glass reinforced polymer (GRP) tube. This kind of design
also includes many other materials such as an elastomeric
housing (silicone, Ethylene-Propylene Diene Monomer EPDM,
Ethylene Vinyl Acetate EVA, etc.) and metallic elements
(connections, copper braids, etc.). The durability of this type of
insulator is greatly complicated by various material interfaces
between structural and external surface elements. In addition,
these insulators are subjected during service to a large range of
electrical, physical and chemical stresses and it is widely
acknowledged that many degradation factors can be closely
related to each other. For instance, anomalous electrical
phenomena such as corona discharges can induce an excessive
increase in temperature leading to thermal degradation of the
surrounding materials. The same electrical activity can also cause
a highly corrosive production of ozone [18-21]. These different
interacting mechanisms tend to complicate the determination of
the exact composite insulator failure mechanisms.

This paper presents a scientific methodology used to
investigate the electrical failure associated with in-service
composite hollow insulators used on 25kV traction switchgear.
The originality of our approach is based on the association of
electrical tests with FTIR and rheological analyses of the
different polymeric materials used in the hollow insulator design.
To establish a reliable failure pattern, we compared and analyzed
the physicochemical characteristics of failed insulators after 8
months of service with the data obtained from new production
units. Laboratory accelerated aging tests were also conducted to
validate the failure mechanisms proposed.

2 EXPERIMENTAL PROCEDURES

2.1 MATERIALS AND INSULATOR DESIGN

The hollow composite insulators studied in this research
were used in an outdoor railway transportation application
(Figure 1). The design relied on a structural GRP composite
manufactured by a glass filament winding technique (Figure
2). The external housing was made by a High Temperature
Vulcanized (HTV) silicone rubber. The primary function of
the HTV was to protect the GRP tube from moisture ingress.
It also provided the external voltage creepage distance by
increasing the composite resistance against pollution and the
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damaging effects of surface leakage currents. The same HTV
silicone was also used for the internal lining of the GRP tube
in order to prevent its hydrolysis and to reduce potential
electrical erosion.

Figure 1. Overall view of the hollow insulator.

Other internal elements of the insulator included metal
braids, Room Temperature Vulcanized (RTV) silicone and an
elastomeric nitrile seal. On the basis of the above description,
the construction of the composite hollow insulator had
undeniably added complexity in terms of the range of
materials used. It was evident that the insulator reliability
would be dependent not only on the properties of the different
elements but also it was likely to be affected by the numerous
interfaces present including the enclosed airspace [22].

ZOOM of mechanical schema
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Figure 2. Cross-sectional representation of the hollow insulator studied in this
research.
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All the polymer samples studied in this research were directly
collected from failed insulators after service conditions and from
new production units. A comparative investigation of both types
revealed significant differences. In particular, the examination
of the internal parts of failed hollow insulators showed
extensive oxidation of all metallic elements such as copper
connecting braids, electrodes and fasteners (Figure 3).

Strong oxidation of metallic elements

T e
Figure 3. Visual inspection of the inner part of a failed insulator.

Further observations also indicated that several polymeric
elements had severely degraded. Firstly, the elastomeric piston
seal initially flexible had become hard and brittle and was now
failing to seal efficiently (Figure 4).

Cracks

Figure 4. Evidence of cracks formation in the nitrile piston seal taken down
from failed insulator.

Secondly, the inner HTV silicone liner was discolored from
its original grey color to white. The discoloration was found to
be inhomogeneous, it was much more pronounced on the
surface in direct contact with the enclosed air (Figure 5).

J.-P. Habas et al.: Effects of Electric Partial Discharges on the Rheological and Chemical Properties of Polymers

Discoloration of HTV silicone liner

Figure 5. Evidence for HTV liner discoloration on failed insulator

Finally, the encapsulating RTV silicone was found to be
tacky and could be easily torn compared to the initial elasticity
of the polymer (Figure 6). These discrepancies supported the
evidence that the deviation in the polymers’ properties could
not be attributed to differences in the chemical formulations.

RTYV gasket : change from elastic to pasty state

Figure 6. Examination of RTV gasket in failed insulator

2.2 PARTIAL DISCHARGE DETECTION

To quantify the failed insulators, partial discharge (PD)
activity was measured using two experimental methods. The
first one used a digital camera (Canon Powershot G5) which is
sensitive to UV light emitted during PD to detect the location
of the discharges in the central bore of the insulator [23].
During this experiment, the AC 50 Hz voltage, U, was
continuously increased from 1 kV to 60 kV. The camera was
set with an aperture opening of F8, an exposure time of 15
seconds and remotely triggered.

The PD activity within the insulators was also assessed up
to 53 kV using a direct PD detection technique. The voltage
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level and the PD magnitude were obtained using a
Hipotronics DDX7000 Digital Discharge Detector, a 1000
pF 50 kV blocking capacitor and a 100 pF 100 kV injection
capacitor for the direct PD calibration. Each of the PD
characterization tests were carried out by increasing the AC
50 Hz voltage up to a maximum of 53 kV, with the top and
middle flange of the hollow insulator connected to the HV
source and the lowest flange and base connected to ground.
PD patterns were then recorded and analyzed. In particular,
the PD patterns enabled the origin and location of the PD
activity to be understood.

2.3 FTIR ANALYSES

The chemical changes in the composition and structure of
the different polymers used in the composite insulator were
determined using Fourier Transform InfraRed (FTIR)
spectroscopy. The experiments were conducted on a Spectrum
One spectrometer from Perkin Elmer. For most of the
polymers studied (epoxy, HTV and RTV silicones), this
apparatus was equipped with an Universal Attenuated Total
Reflectance (ATR) accessory which was made of a diamond
with a zinc selenide focusing element with a 45° angle of
incidence. In the case of the carbon black filled nitrile seal, a
classic ATR made with a germanium crystal, more suitable for
the study of highly absorbent materials, was used.

Both accessories enabled the measurements of the
polymeric spectra by direct contact of the sample on the
instrument crystal surface. Samples, therefore, did not
require any preparation or modification and so the technique
allowed adequate characterization of the polymeric samples
following service conditions. Moreover, it is important to
stress that these accessories were equipped with a pressure
device that allowed the chemical characterization of the
polymer to be reproducible. The experiment consisted in
setting the sample on the crystal and to measure the optical
absorption of a laser in the range 4000—-650 cm '. The
absorbance spectrum was registered with a resolution of 4
cm ' by adding 32 scans. In this spectrum, each absorbance
band is characteristic by its position (wavenumber) and its
amplitude (absorbance) of a precise chemical function.
Thanks to a spectral table, it is possible to interpret the
chemical composition and the nature of the material. The
same technique is helpful to determine the structural
changes caused by an aggressive medium or a contaminating
environment.

2.4 RHEOLOGICAL EXPERIMENTS

The viscoelastic behaviour of HTV and RTV silicone
samples were investigated as a function of temperature using a
Rheometric Scientific ARES rheometer equipped with torsion
fixtures. This configuration represented in Figure 7, required
the preparation of the solid samples in rectangular form (40
mm x 10 mm x 2 mm). The lower part of the tablet was
attached to an actuator that forced an oscillating shear
(dynamic mode). The upper part was attached to a sensor that
measured the resulting stress due to the mechanical shearing
of the sample.
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Figure 7. Schematic representation of rectangular torsion geometry used for
thermomechanical analyses.

The nitrile seal could not be characterized by this method
because of its specific geometry (o-ring) that could not be modified
for rectangular torsion.

The rheometer was equipped with an environmental testing
chamber that allowed temperature control. All the
thermomechanical measurements were carried out in nitrogen over
the temperature range -140 to +150°C with a temperature ramp of
3°C/min and a shearing frequency @ = 1 rad/s. The knowledge of
the imposed strain and the measured stress allowed the calculation
of the complex shear modulus G* = G’+jG”. The component G’
called “storage modulus”, represents the mechanical rigidity of the
sample whereas G” relates to the dissipated mechanical energy.

A thermomechanical analysis consists in measuring the

evolution of the mechanical rigidity as a function of temperature.
The same experiment is often used to determine the different
critical temperatures characteristic of the material. For instance, the
glass transition temperature that is specific of amorphous phases
can be evaluated at the maximum of G” peak. The softening
temperature, characteristic of crystalline regions is measured at the
inflexion point where G’ and G” curves strongly decrease.
The comparison of the thermomechanical profiles characteristic of
new and aged samples is likely to evaluate the consequences of the
industrial service. For instance, an alteration of the polymer
skeleton should be observed through the evolution of one of the
characteristics previously described (critical temperatures,
rigidity...) Prior to each thermomechanical analysis, a strain
sweeping experiment was carried out to determine the region
where the polymer rheological response is linear. Normal force
control was used throughout the test to keep the samples taut. Each
experiment was repeated twice to verify the reproducibility of the
rheological results.

2.5 LABORATORY OZONE AGING
New materials were exposed to ozone to investigate the
evolution of their physicochemical behavior after aging. The
experimental set-up used in the laboratory for the artificial
production of ozone is described in Figure 8.
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Figure 8. Details of the laboratory ozone chamber.

The procedure required to use dry air at ambient pressure for
better yield. Once the air was injected, a 3-way valve was closed
to force the gas circulation in closed loop using a peristaltic
pump. Non-oxidizing pipes were used to convey the gasup to a
“wire-cylinder” electrodes. Under a DC 6 kV voltage, this
electrical cell produced streamers that activated the chemical
activation of the oxygen and its transformation into ozone.
Then, this gas was injected in a glass chamber containing the
polymer sample. The equilibrium ozone concentration (about
1000 ppm) was reached after 1 hour of closed circulation. After
200 h of aging time, the polymer sample was extracted from the
ozone chamber just before its rheological characterization.

3 RESULTS AND DISCUSSION

3.1 ELECTRICAL TESTS DIAGNOSTICS

Optical PD measurements were carried out and as expected,
the failed insulators showed poor electrical performances after
service conditions. In particular, large surface discharges were
detected at voltages as low as 12 kV, given that new device
required a qualification voltage level above 30 kV. Similar
experiments were also been carried out on new production
insulators. A majority of them showed PD inception voltages
in excess of 50kV, but some were unable to be discharge free
for voltages as low as 10 kV. The latter result clearly
demonstrated that the origin of the electrical failure was
unlikely to be related to excessive stresses during service
conditions.

It is universally accepted that electric field enhancement
near an HV electrode is often responsible for the initiation of
corona discharges or surface discharge activity. Many factors
can be responsible for this electric field enhancement, such as,
electrode geometry, surface roughness, protrusions and also
macroscopic impurities [24]. In the present study, the optical
measurements pinpointed the exact location of the corona and
surface discharges (Figure 9). The undesirable electrical
activity was detected between a metal braid and the HTV
silicone liner which was defined as a triple point “metal-
dielectric-air” [25].

J.-P. Habas et al.: Effects of Electric Partial Discharges on the Rheological and Chemical Properties of Polymers

Without UV
detection

surface discharges

at triple points ~a R
brg

O

UV detection at 20kV

Figure 9. Optical PD measurements within the hollow insulator: experimental
evidence of UV emission at “metal-dielectric-air” interfaces.

Direct electrical PD detection was also carried out in
conjunction with the previously described optical
measurements on the same hollow insulators. Each PD pattern
represented the PD activity recorded over ten 50 Hz cycles.
On one hand, the composite insulators that exceeded
qualification voltage, produced corona discharges on the metal
electrode system connected to the HV side of the hollow
insulator. This phenomenon referred as “negative corona” is
depicted by Figure 10a.

i

PD :4.98pC
i i o o0

HV :46.13kV _| I |PD :51.80pC HV :50.41kV
RN

™ T 1
= 1 100 1000

|~ 0:26000C Noise Floor. Dischaige Pulse Display

Figure 10. Direct PD Detection within the hollow insulator. Negative corona
discharge (a), Internal / Surface PD activity (b).

On the other hand, failing hollow insulators produced an
asymmetric PD pattern as shown in Figure 10b. This result
was thought to be consistent with previous optical PD
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measurements that detected surface discharges in the vicinity
of the metal electrode and the dielectric boundary (triple
point). The shape of the PD pattern also suggested electrical
discharges may be occurring in voids in either the HTV liner,
its interface or within the composite tube.

3.2 RHEOLOGICAL CHARACTERIZATIONS

In order to investigate the origin and consequences of the
damaging PD activity, the viscoelastic properties of the
polymeric materials in direct contact with the inner part of the
GRP tube were assessed. The first experiments concentrated
on the HTV silicone liner. This elastomer was processed by
the crosslinking of the uncured silicone resin previously
poured in a cylindrical mould. The heating at 7 = 170°C
enabled the transition from a viscous paste to a solid by
formation of a three-dimensional polymeric network
according the reaction diagram described in Figure 11.

cn,
roxyde additi
CH, (\}13 peroxyde addition (‘jH2

|
A0-8i-0~ T H,C=CH—$i-0 " ——> %

C C
" " H,C—Si-CH,

prepolymer 0

heating

crosslinked polymer

Figure 11. Polymerization mechanism of HTV thermosetting silicone resin.

The rheological properties of the initial cured HTV
elastomer as a function of temperature are described in Figure
12. The registered thermomechanical profile clearly showed
that the polymer had a semi-crystalline morphology. In the
low temperature region, the material was found to be quite
rigid (G’ > 10° Pa). More precisely, at 7= -115 °C, the curve
of the elastic modulus G’ showed a deflection while the G~
curve presented a relaxation peak. This latter phenomenon is
characteristic of the mechanical relaxation of the amorphous
chains during the glass transition of the polymer. The decrease
of the shear modulus with temperature remained limited up to
T = -50°C due to the persistence of the crystalline regions.
Above this critical temperature, the softening of the crystalline
phase was observed, giving the material a rubbery state. The
elastomeric character then became predominant and the
rheological properties remained temperature independent up
to 150°C. It has to be noted that the latter temperature widely
exceeds the thermal range of the hollow insulator system in
normal service conditions.

The thermomechanical behavior of the discolored HTV
liner recovered from a failed hollow insulator after service
conditions is also presented in Figure 12. It slightly differed
from the previous results on a fresh polymer. In particular, the
magnitude of the relaxation peak (G”), associated with the
glass transition, was smaller and its maximum shifted to a
lower temperature. Moreover, the polymer rigidity in the
elastomeric state was significantly lower.
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Figure 12. Thermomechanical behaviour of HTV silicone liner: new sample
(full symbols) and after service conditions (empty symbols).

Similar changes were observed with the RTV silicone
elastomer used in the hollow insulator as a flexible gasket.
Figure 13 shows that the initial thermomechanical properties
of the RTV silicone resemble that of the new HTV liner (full
symbols). However, although the glass transition temperature
and softening point were almost identical between both
materials, the elastomeric rigidity of the RTV silicone at room
temperature was about a decade lower.

1.E+10 5
1.LE+09
1.E+08 4
1.E+07 A

1.E+06

Moduli (Pa)

1.E+05 A

1.E+04

1.E+03 4

1.E+02 T
-150 -100

-50 0 50 100
Temperature (°C)
Figure 13. Thermomechanical responses of RTV silicone gasket: new sample
(full symbols) and after eight months in service (empty symbols).

Figure 13 also reveals that the rheological properties of the
aged RTV significantly differ from the characteristics of new
samples. In particular, the rubber elasticity measured at
temperatures7 > -50 °C was reduced from 3x10° Pa to 2.2x10*
Pa. But, according the classical theory of rubber elasticity, the
mesh size of the polymer network is inversely proportional to

the rubbery elasticity G; according the following equation:

Mcz% (1)

where pis the density (kg.m™), R the gas constant (8.31 J/mol/K), T
the absolute temperature (K) and Mc the average weight between
junctions [26]. Then, for both silicones, the reduction of the value
of the rubbery plateau appears to be consistent with the increase of
the mesh size or in other words a depolymerization. These changes
are likely due to the surface discharge activity within the hollow
insulator during service conditions.

e

Authorized licensed use limited to: INP TOULOUSE. Downloaded on November 30, 2009 at 11:50 from IEEE Xplore. Restrictions apply.



1450

Further observation of thermomechanical analyses seemed to
validate the degradation of RTV and, to a lower extent, of HTV
silicone. For instance, the decrease of the glass transition
temperature was found coherent with the reduction of the
crosslinking density as predicted by DiMarzio [27]. But, the most
noticeable phenomenon was surely the presence of a depression
in the rheological curves of aged RTV sample, just above the
glass transition zone (Figure 13). Subsequently, both viscoelastic
moduli newly increased to reach the crystalline plateau (-80 °C <
T < -50 °C). This latter evolution resembled that classically
observed during a recrystallization. To go further in the
understanding of this unexpected rheological behavior, a new
thermomechanical analysis was undertaken on the same aged
polymer but with decreasing temperature ramp. The results are
described in Figure 14 that also reminds the data obtained with
increasing temperature for easier discussion.

LEHO 3G melting of crystalline phase

1.E+09
1.E+08
1.E+07

1.E+06

Moduli (Pa)

1.E+05

1.E+04

1.E+03

crystallization

1.LE+02

-150 -100 -50 0 50 100
Temperature (°C)
Figure 14. Thermomechanical analyses of aged RTV silicone: decreasing

ramp -3°C/min (full symbols), increasing mode +3°C/min (open symbols)

Both analyses were perfectly superposed above the melting
temperature of the RTV silicone (7> -50 °C) where the polymer
was in the rubbery state. For lower temperatures, the
thermomechanical profiles were quite different due to the
classical hysteresis between melting and crystallization
temperatures: in decreasing mode the crystalline plateau was
observed for T < -90°C. Moreover, it presented a lower value
than that observed in the analysis carried out with increasing
temperature. This discrepancy suggested that the RTV silicone
has been unable to fully crystallize with a temperature ramp fixed
at -3 °C/min. To observe a more complete crystallization, a
smaller temperature ramp should have to be used in the
decreasing mode to fit with the slow kinetic of the spatial
organization of macromolecular chains. These latter results were
judged as helpful to understand the origin of the depression
observed in the rheological curves of the aged RTV silicone.
During a temperature increase, the crystallization process should
restart when the molecular mobility becomes sufficient (that is to
say above the glass transition temperature). In other words, the
depressions observed in Figures 13 and 14 can be interpreted as
being representative of the chains’ recrystallization provoked by
an insufficient crystallization rate during the initial cooling of the
polymer. This phenomenon could not be detected by calorimetry
due to its weak exothermicity. As it mainly appeared with the
aged RTV sample, it seemed to confirm that the degradation of
this class of polymer was much more advanced than that
observed with HTV aged sample: if the structural changes in

J.-P. Habas et al.: Effects of Electric Partial Discharges on the Rheological and Chemical Properties of Polymers

both aged silicones produced an increase of the mesh size of the
polymer network, the only crystallization kinetic of the RTV
elastomer seemed affected.

3.3 FTIR ANALYSES

To investigate the structural origin of the rheological changes
previously described, three different HTV silicone liners were
analyzed by FTIR spectroscopy. The first sample was from a
failed insulator which had been exposed to corona discharges,
with an inception voltage (DIV) of 12 kV. The other samples
were taken from HTV liners of new equipments but presented
two distinct corona inception voltages (respectively 50 kV and
10 kV). Figure 15 shows the different spectra obtained and
translated along a vertical axis for clarity. As precised in the
presentation of the experimental procedure, each spectral zone is
specific of precise chemical groups. The first noticeable
difference between all spectra was situated in the region (3200-
3700 cm™ — zone @) that is characteristic of OH groups. As
these units were not present in the chemical structure of silicone,
they could be attributed to the only presence of alumina
trihydrate Al(OH);. This compound currently named ATH is
used in the formulation of silicone to improve certain properties
such as lower leakage currents, erosion-resistance or fire-
retardancy [28], [29]. Indeed, at temperatures exceeding 200 °C,
the breaking of ATH molecules generates new chemical species
such as water and alumina [30]. The comparison of the different
FTIR analyses showed that the intensity of the OH bands was
much smaller in the case of HTV liner after service conditions.
In other words, the ATH concentration was the most reduced
for aged HTV elastomer. This ATH defect could be interpreted
as being at the origin of the low value of the corona inception
voltage as already proposed by Pradeep [33]. But, at the same
time, one of the liners taken from new production presented an
ATH concentration higher than that of the used liner whereas
the respective insulator inception corona voltage was slightly
lower (10 kV against 12 kV). From the above results, it is
believed that the ATH concentration in the HTV silicone liner
could be influenced by the surface discharge activity. This
interpretation agreed with conclusions that have already been
proposed in the literature by several authors [28-32].

Absorbance

(a) : ;\\:Q:t R

(o T —

(©); ‘ ‘ ‘ : ‘ ‘ ‘ ‘ ‘
4100 3850 3600 3350 3100 2850 2600 2350 2100 1850 1600 1350 1100 850 600

Wavenumber (cm’])

Figure 15. FTIR analyses of HTV liners. (a): liner DIV 50 kV (new), (b):

liner DIV 10 kV (new) and (c): liner DIV 12 kV (after service conditions).

The spectra were arbitrarily shifted along vertical axis for clarity.
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The FTIR analysis of the HTV liner extracted from a failed
insulator also exhibited the formation of carbonyl units as
revealed by the increase of the absorbance band centered at
1628 cm™ (Figure 15 - zone @). It is important to be reminded
that these chemical species were not present in the initial HTV
silicone structure. Additionally, their presence could not be
explained by the ATH thermal transformation.

Such structural changes were also observed in the FTIR
analyses of the nitrile piston seal which was found to be
excessively brittle after service conditions (Figure 16). Indeed,
the FTIR spectrum of the aged sample presented new
absorbance bands located at 1257, 1605 and 3350 cm™ which
were respectively representative of C-O bonds, carbonyl C=0O
groups and OH units.

Absorbance

4100 3850 3600 3350 3100 2850 2600 2350 2100 1850 1600 1350 1100 850 600
Wavenumber (cm’l)

Figure 16. FTIR analyses of the nitrile piston seal. (a): new sample, (b): after
failure in service. One spectrum was translated along a vertical axis for clarity.

3.4 FAILURE MECHANISMS

On the basis of our first experimental results, the premature
failure of the hollow insulators has been related to the formation
of corona discharges. These discharges were found at triple
points formed by the air space surrounding the metal electrodes
and the silicone elastomer liner. This undesirable electrical
activity is well-known to inducing ozone production [17, 20, 21,
34, 35]. Moreover, the presence of this highly oxidizing gas
within the hollow insulator was thought to be responsible for the
corrosion observed on the metallic parts. It was also thought to
induce the mechanical breaking of the nitrile piston seal, known
for poor ozone resistance [36-38].

Understanding the degradation observed with the HTV and
RTV silicones was more difficult due to the more generally
accepted ozone resistance of this class of elastomers. In fact,
controversy exists in the literature. On one hand, different
mechanisms are suggested to explain the outstanding behaviour
of silicones. One is based upon the fast conversion of
polysiloxanes in silicon oxide units (SiOy) that permits the
formation of a protective barrier with respect to ozone [39, 40].
A second concept proposes that the polymer is able to recover
from its original properties by the diffusion of low molecular
polysiloxane units toward the exposed polymeric surface [41,
42]. On the other hand, some researchers pointed out that the
physicochemical properties of silicones can be slowly altered by
ozone exposure. As an example, Shanbhag noted an important
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increase of oxidant gas permeability through aged silicone
rubber [43]. Keshavaraj reported that the crosslink density of
different silicone sealants decreased during the initial period of
their exposure to ozone [44]. However, several experimental
studies based on artificial accelerated aging tests showed that
the oxidant action of ozone is higher when combined with UV
light emission [45, 46]. Meng et al. proposed to interpret this
phenomenon by the action of atomic oxygen produced in situ by
photo-dissociation of ozone [39].

On the basis of all these studies, there is a certain debate on
the behavior of silicone elastomers in oxidant medium. In our
opinion, this is due to the great variety of silicone rubbers which
can be divided in three main families: acid-type, RTV and HTV.
Each of them is synthesized according to typical reactions that
produce a thermoset polymer with specific properties.
Additionally, it is impossible to generalize the experimental
observations without clarifying the exact nature of the silicone
studied and its physical state (prepolymer or crosslinked). In the
framework of this study, the results obtained are consistent with
the experimental data obtained by Homma et al. on both RTV
and HTV silicones [47, 48]. Using gas chromatography/mass
spectrometry  (GC-MS) technique, the authors clearly
demonstrated that field aged silicones suffered from
depolymerization and oxidation when they are used in HV
equipments.

To confirm or invalidate the influence of ozone on the
properties of silicone samples studied, we carried out
accelerated chemical aging of virgin RTV and HTV samples.
The experimental procedure based on a laboratory ozone
chamber has been previously described in part 3.5. The
thermomechanical analysis of the exposed RTV silicone was
worth noting since the rheological results showed a slight
depression beyond the glass transition whilst the value of
elastomeric elasticity decreased in comparison with the
properties of the initial compound (Figure 17).
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Figure 17. Thermomechanical analysis of RTV silicone: new sample (full
symbols) and after artificial exposure to ozone (1000 ppm — 200 h - empty
symbols)

As described previously, all these changes were also
observed in samples taken from failed hollow insulators
after service conditions. This result shows that the properties
of RTV silicone can be affected by ozone exposure In the
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case of the HTV silicone, less pronounced effects were
obtained, which seems consistent with the limited changes in
rheological properties observed after service conditions.
However, the structural changes only related to the
amorphous phase of the polymeric network as described
before with silicones aged in commercial conditions. One
could be tempted to interpret this result as being the
demonstration that the crystalline regions are insensitive to
ozone. The more reduced intermolecular space could also be
used to justify that ozone diffusion is harder in crystalline
phase. But, this analysis would be incorrect. Indeed, it is
important to note that in the present industrial appliance,
HTV and RTV silicones were always used for temperatures
higher than -40°C. In the elastomeric state, the crystalline
morphology did not exist anymore. As a consequence, our
results showed that ozone was able to produce local
degradations in the polymer network that induced an
increase of the average mesh size. In the same time, these
alterations were sufficiently important to affect the
crystallization kinetic of RTV silicone chains as previously
shown in Figure 14.

Although the origin of the corona discharges and their
consequences on the materials inside the hollow insulator
seem to be defined now, the electrical discrepancies between
hollow insulators of the same design were thought to be
significant. As a consequence, it was thought that another
parameter was likely to be contributing. Further electrical
experiments conducted on empty hollow insulators (i.e. not
fitted with internal parts) enabled the detection of internal
partial discharges. Additional structural examinations were
undertaken and identified structural bulk defects that could
explain the origin of the internal PD activity. Voids were
detected in the adhesive used to bond the HTV liner to the
composite GRP tube (Figure 18).

Voids in adhesive layer

=
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Figure 18. Presence of defects in the adhesive interface between the liner and
the inner GRP tube.

Their influence on the electrical performances of the hollow
insulator was considered to be significant. Internal PD activity
was allowed to take place within the defects, thus affecting the
electric field distribution along the internal length of the
hollow insulator. This could also contribute to the generation
of surface PD activity, reinforcing the production of ozone
and UV emissions. These parasitic electrical activities
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(corona, internal and surface PD) were thought responsible for
the previously suggested temperature increase and consecutive
ATH breakdown in the HTV liner.

4 CONCLUSIONS

This paper showed that it was possible to identify the
failure of traction hollow insulators by the combination of
PD detection and physicochemical analyses of the different
polymer materials used in the insulator design. A triple point
junction identified within the hollow insulator (air, metal
and silicone) was thought to be responsible for the formation
of damaging corona discharges. This sustained PD activity
resulted in the UV emissions and probably in ozone
formation which led to the degradation of the different
elastomers within the hollow insulation. The oxidation of
silicones and nitrile rubbers was observed from visual
inspections and confirmed by FTIR analyses. The same
technique showed that the electrical discharges resulted in
the breakdown of the alumina trihydrate filler within the
HTV liner due most likely to the important localized
increase in temperature. The generated moisture
consequently accelerated, increased and sustained the
discharge activity. The rheological experiments also pointed
out that the parasitic electric activity was likely responsible
of the depolymerization of the silicone rubbers. The changes
within the polymeric network were much more important for
the RTV than for the HTV samples. Indeed, the overall
alterations of RTV silicones were judged to be sufficient to
affect the propensity of the macromolecular chains to
crystallize at very low temperatures. Artificial aging
conducted on RTV and HTV virgin samples seemed to
support the oxidant action of ozone. Finally, the detection of
voids in the adhesive layer between the HTV liner and GRP
tube explained the wide range of variations seen at the
qualification stage of new insulators.
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