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ROOM TEMPERATURE VULCANIZED (RTV) SILICONE
RUBBER COATINGS ON GLASS AND PORCELAIN
INSULATORS: AN EFFORT TO MODEL THEIR
BEHAVIOUR UNDER CONTAMINATED CONDITIONS
∗

Alexandros Theodoridis — Michael G. Danikas
∗∗
— Johannes Soulis

∗

In polluted environments, coatings of room temperature vulcanized (RTV) silicone rubber are increasingly used on glass
and porcelain insulators. During the lifetime of insulators, chemical changes and chemical reactions occur on the surface
and in the bulk of the coatings. These reactions can lead to the formation of low molecular weight (LMW) silicone fluid.
Factors that influence the quantity of low molecular weight silicone fluid in the coatings are investigated here. It is of great
importance to know the behaviour of LMW silicone fluid in the coatings since the hydrophobicity of the latter depends to
a great extent on the diffusion of the LMW silicone fluid to the coating surface. A mathematical model to describe the
phenomenon of the diffusion of the low molecular silicone fluid from the bulk to the surface of the coating is proposed. It is
the first time that such a model — including many parameters — is proposed. The proposed model deviates from the well
known Fick’s equation of diffusion. A relevant discussion about the applicability of the model is given.
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1 INTRODUCTION

Polymeric insulators represent an alternative to the
use of glass and porcelain insulators. The history of polymeric insulators began in the 1940s when organic insulating materials were used to manufacture high voltage
indoor electrical insulators from epoxy resin. These materials were lightweight, impact resistant and could be
used to form large complex parts. Polymeric insulators
for outdoor application on transmission lines were not
developed until the late 1960s and 1970s. Polymeric insulators finally came into general use on transmission lines
in the 1980s. Polymers are in general preferable to porcelain and/or glass because of their lightweight, better resistance to vandalism and superior contamination performance [1–3].
Many materials have been tried for outdoor insulation applications. These materials include silicone rubber,
ethylene propylene rubber (EPR), epoxy resin, teflon,
polyethylene, ethyl vinyl acetate (EVA), modified polyolefins, etc. Among these, silicone rubber is used in two
forms: either as a room temperature vulcanized (RTV)
sprayable coating on porcelain or glass insulators and as
an RTV elastomer for weathersheds, or as a high temperature vulcanized (HTV) elastomer for weathersheds
on outdoor insulation. EPR is the generic name for two
types of material, a copolymer of ethylene and propylene
monomers known as EPM, and a terpolymer of ethylene,

propylene and diene monomers known as EPDM. Many
of today’s polymer insulators consist of either HTV silicone rubber or EPR regarding their weathershed material
[4].
The general advantages of polymeric insulators over
glass and porcelain insulators are the hydrophobic properties of their surface and — in some of them — the
retention of these properties, their resistance to vandalism due to their non-brittle and flexible nature and the
fact that — because of their lesser weight in comparison to porcelain and glass insulators — their supporting
structures, such as poles and towers, can be of reduced
dimensions and can be accommodated in a limited right
of way passage [4].
While solving many of the problems commonly experienced with porcelain and glass, the use of polymers have
created new problems which were not experienced before.
A serious problem is material ageing, which results from
a loss of useful insulating properties with time. The organic nature of the polymer makes it susceptible to many
elements experienced in service, such as mechanical loading, electric stress, contamination, ultra-violet (UV) radiation, automobile emissions, moisture, etc. The problem
is even more complicated as most of the above factors
exist simultaneously and have a synergistic effect on ageing. The resultant effect of ageing can be a gradual loss
of mechanical strength, material degradation in the form
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of tracking and erosion of the weathershed and flashover
leading to power outages [4].
Problems to polymeric insulators may also arise because of poor bonding between the rod and the housing
material, poor bonding between the weathershed and the
insulation of the rod, inadequate attachment of the rod
to the metallic fittings and improper selection of insulating material itself, which may be prone to electrical
deterioration [5, 6].
Besides the insulators that are wholly made of polymeric materials, there is another category of insulators
in use over the last three decades. These insulators are
porcelain / glass insulators coated with polymeric materials. A widely used material for making such coatings
is the room temperature vulcanized (RTV) silicone rubber. Silicone rubber imparts its hydrophobic property to
the surface of porcelain / glass insulators. Thus, the formation of continuous water layers and the occurrence of
leakage currents on the surface of insulators is prohibited
resulting in an increase to their flashover voltage. Furthermore, this polymer is able to encapsulate contaminants
which exist on its surface and therefore the probability of
formation of a contamination layer on the insulator surface is reduced. It should be mentioned that this kind of
insulators has improved resistance to tracking and erosion
since coatings contain materials with high thermal conductivity coefficients. It is true that, under severe weather
conditions, hydrophobicity is temporarily lost and as a result dry band arcing and leakage currents appear on the
surface of insulators. However, this important property
is recovered after some time due to the diffusion of low
molecular weight (LMW) silicone fluid from the bulk to
the surface of the coating.
The question, however, remains as to whether such
a thin RTV coating (the thickness of which generally
is of the order of ∼ 1 mm) can preserve hydrophobicity
even under heavily polluted conditions. In other words, if
one considers the silicone rubber coating as a ’reservoir’
of LMW parts, are there any conditions under which it
comes to an exhaustion of this ’reservoir’ ? [7] There are
already suggestions that a ’fatigue’ process may exist in
silicone rubber coatings [8, 9]. In this paper, we tackle this
question and we try to mathematically express the diffusion of LMW silicone fluid from the bulk to the surface
of the coating. Firstly, phenomena that take place both
on the surface and in the bulk of coatings as well as the
numerous factors influencing them are being considered.

with crosslinking of the remaining body of the polymer
at the surface (or just below). Also, under a given set of
conditions, oligomers that exist in the main body of the
polymer can diffuse to the surface when erosion occurs
[10]. Possible chemical changes due to heat from dry band
arcing are, a) instantaneous dissociating on the surface
at very high temperature and b) slow dissociation or
chemical reactions due to conduction of heat into the
coating.

2 CHEMICAL CHANGES ON THE
SURFACE AND IN THE BULK OF
THE SILICONE RUBBER COATING.
FORMATION OF LMW SILICONE FLUID

It is suggested that siloxane is converted initially to
silanols and cross-linked siloxane is formed from the
organosilanols during the dry band arcing. Silicone fluid
is present originally as a plasticizer in the rubber and is
also formed in the bulk due to the heat from dry band
arcing. Thereafter it diffuses to the surface of RTV coating and through the contaminant layer [4], [10], [11], [12].
Pyrolysis at the surface of RTV coatings may also result
from the high temperatures of the dry band arcing [12].

The tendency of RTV coatings to form lower molecular
weight polydimethylsiloxane (PDMS) oligomers (silicone
fluid) as a result of heat generated by dry band arcing
in wet conditions is probably due to bond scission. This
results in the formation of smaller molecules concomitant

Chemical reactions that occur are associated with:
a) Scission and interchange of bonding or of chains. The
heat from dry band arcing is probably sufficient to cause
chemical reactions at the surface. The scission can result from the heat of dry band arcing. The heat probably
causes scission of -CH3 groups from Si in PDMS chain
and of polymer backbone, and at the same time creates
free radicals. The chain with scission is followed by interchange of chain backbone. However, not all scissions
result in free radicals. In some cases a break results in
effective hydrolysis and crosslinking due to a hydrogen
transfer. It is also possible to form short chain PDMS
molecules.
b) Hydrolysis of siloxane bonds and hydrocarbon groups.
In the presence of moisture, a reaction of hydrolysis will
occur, ie with water acting as co-catalyst. Under electrical
stress, moisture could be dissociated due to heat from dry
band arcing and electrolysis to - OH and - H from H2 O.
The free radicals from hydrocarbon groups probably react
with - OH from H2 O. The free radicals in the backbone
of PDMS also react with - OH from H2 O. The rate of
scission will be proportional to the water concentration
and the position of equilibrium will be determined by
the water content of the system. The rate of scission
due to this reaction should be at maximum when the
environment is saturated with water vapour.
c) Oxidation of hydrocarbon groups and crosslinking of
silixane bond . The hydrolysis is followed by oxidation of
hydrocarbon groups and crosslinking of siloxane boned
polymer. It is also possible to form short chain of PDMS.
The possibility that the hydrolysis and crosslinking or
oxidation occur simultaneously at high temperature has
been noticed. The LMW PDMS (silicone fluid) could be
formed under dry band arcing and it is possible to explain
that the scission of backbone and interchange of bonding
is responsible to form the silicone fluid.
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3 FACTORS AFFECTING THE QUANTITY OF
LMW SILICONE FLUID AND ITS DIFFUSION
TO THE SURFACE OF THE COATING

The content of the LMW fluid increases with increasing size of the particles of the alumina trihydrate filler
(1–75 µm) assuming that the samples are not stressed in
a salt-fog chamber [13, 14]. That may be due to the effect
of the fluid adhering to the surface of the filler particles
within the formulated compound and thus not being able
to diffuse out. Regarding the diffusion of the fluid, the
weight loss of LMW fluid from the surface of the coating
is independent of the size of alumina trihydrate in the
above mentioned particle range [13].
There is an optimum filler level for a particular size
of filler particles giving the best performance in contaminated conditions since a very high concentration of filler
leads to a higher thermal conductivity and to a more
effective transfer of heat to the substrate but, on the
other hand, with increasing filler concentration, the surface roughness increases and the amount of the LMW
fluid decreases [13, 15].
No particular dependence of the diffusion of LMW
fluid on the solvent type or on the speed of the wind was
observed [13]. On the contrary, a slight reduction of the
concentration of the silicone fluid in coatings immersed in
water for 14 months was observed. This was attributed
to the dissolution of LMW silicone fluid in the water [13].
The amount of silicone fluid on the surface of the
coatings increased with increasing the amount of added
of silicone fluid by weight to the RTV formulation [16].
Furthermore, the formation of silicone fluid on the surface
of the coatings increased with increasing heat produced.
However, the heat of a persistent dry band arcing causes
more damage to the surface than benefit because of its
intensity, which leads to very high temperatures resulting
in a net decrease in the content of the LMW silicone fluid
[17].
Regarding the coating thickness, the quantity of the
silicone fluid is greater in thicker coatings since the latter
contain bigger masses of silicone rubber. The diffusion of
LMW silicone fluid, on the other hand, increases with increasing coating thickness. The thicker coating is likely
to maintain a hydrophobic surface for a longer time than
a thinner coating. The thicker coating, however, develops more intense discharges for the same applied electric
stress than the thinner coating. It is anticipated that an
optimum thickness of RTV coating exists which may be
of benefit in the case of porcelain insulators [18].
The content of the LMW silicone fluid decreased with
increasing duration of the test in an energized salt-fog
chamber, a fact which may be attributed to dry band
arcing activity being more intense for longer test times
[14, 15]. The content of the LMW silicone fluid increased
with increasing recovery time in air after the test in the
energized salt-fog chamber, probably because of the diffusion of silicone fluid from the bulk of the coating to
its surface during recovery time [11, 13, 14, 17]. Moreover,
it was reported that the initial leakage current increased

with increasing time during which the specimen remains
in the salt-fog chamber without being subjected to an
electrical stress, a phenomenon which is consistent with
the observed gradual decrease of the contact angle with
increasing residence time in the salt-fog chamber [19].
4 MATHEMATICAL MODELLING
OF THE DIFFUSION OF THE LMW
SILICONE FLUID FROM THE BULK
TO THE SURFACE OF THE COATING

The existence of a mathematical model that will describe the diffusion of the LMW silicone fluid from the
bulk of the coating to its surface is of great significance.
With the help of such a model, the quantity of the fluid at
every point of the coating at every instant may be known.
Such knowledge is important because it can to a certain
extent answer the questions put forward in [7].
Not much work has been reported regarding the modelling of the diffusion of the LMW silicone fluid. In [4], for
example, it was proposed that the diffusion of the LMW
silicone fluid can be expressed as
Mt /M0 = 4 (Dt/πl2 )1/2

(1)

where, Mt is the change in mass after time t, M0 is the
initial mass, t is the time, D is the diffusion coefficient in
and l the sample thickness. The above equation assumes
that the diffusion coefficient D is constant and it suggests
that if the weight loss is plotted as a function of t1/2 the
graph should be a straight line, as all other parameters
in Eq. (1) are constant. The latter assumption, however,
is not always correct since many parameters come into
play. The above equation as well as the ones included in
standard textbooks [20] are based on Fick’s law and they
do not apply since LMW silicone fluid diffusion is a complicated phenomenon and many parameters are involved
[21]. To the best of our knowledge, there is no other technical literature tackling the problem of the diffusion of
LMW silicone fluid from the bulk to the surface of the
coating.
The phenomenon of the diffusion of a fluid in a solid
material occurs not only in electrical engineering but also
in civil engineering. Thus, civil engineers study, among
others, the diffusion of water in a dam. With the help of
computational fluid mechanics, engineers have managed
to describe this phenomenon and they have given numerical solutions to such problems. Numerical models use
the Finite Element Method, the Finite Difference Method
and the Finite Volume Method. The last method is the
best one since it comprises the advantages of the first two
methods without having their disadvantages [22]. In [23],
the following equation, dealing with the diffusion of water
in a dam was reported
∂ h
∂Θw i ∂ h
∂Θw i ∂K(Θw )
∂Θw
=
D(Θw )
+
D(Θw )
+
∂t
∂x
∂x
∂z
∂z
∂z
(2)
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where, x and z are spatial coordinates, t the time, Θw
is the per volume moisture of ground, K(Θw ) the permeability coefficient as a function of the per volume moisture
of ground, D(Θw ) the diffusion coefficient as a function
of the per volume moisture of ground. The above equation has been solved using the Finite Volume Method and
with the help of a computer.
The above equation can be adapted to the case of glass
and/or porcelain insulators coated with silicone rubber.
In silicone rubber coatings, not only is the low molecular weight silicone fluid inherently present but also it is
formed under certain conditions. According to thermodynamic laws, and as mentioned in [14] and [19], the silicone
fluid diffuses to the surface from the bulk until equilibrium is reached. After making the necessary changes to
the above equation, the equation that describes the motion of the silicone fluid in the coating can be formulated
as
∂ h
∂Clmw i
∂Clmw
=
D(Clmw )
∂t
∂x
∂x
∂ h
∂Clmw i ∂K(Clmw )
+
D(Clmw )
+
∂z
∂z
∂z

(3)

where, x and z spatial coordinates, t the time, Clmw the
concentration of the low molecular weight silicone fluid
in the coating, K(Clmw ) the permeability coefficient as a
function of the concentration of the low molecular weight
silicone fluid in the coating, D(Clmw ) the diffusion coefficient as a function of the concentration of the low molecular weight silicone fluid in the coating. This equation is
valid for two-dimensional problems.
The above equation can take a three-dimensional form:
∂ h
∂Clmw i
∂ h
∂Clmw i
∂Clmw
=
D(Clmw )
+
D(Clmw )
∂t
∂x
∂x
∂y
∂y
∂ h
∂Clmw i ∂K(Clmw )
+
D(Clmw )
+
(4)
∂z
∂z
∂z
In the case, where it is considered that the influence of
gravity is negligible for the development of diffusion, the
lmw )
partial derivative ∂K(C
, present in the second part of
∂z
the equation, can be omitted.
It should be noted that the diffusion and permeability
coefficients are functions of many variables, which are the
size of filler particles, the filler concentration, the coating
thickness, the coating temperature and the humidity. The
above equations can be solved with the help of a computer
and appropriate software. However, there are some requirements that have to be fulfilled for the solution to be
possible. These requirements include the determination of
initial and boundary values as well as the determination
of the function D(Clmw ). In the case in which gravity
has to be taken in mind, the function K(Clmw ) has also
to be determined. Determining the initial values means
the determination of the value of the concentration of the
low molecular weight silicone fluid at time t = 0, which
can be considered as the time when the insulator starts
functioning. Determining the boundary values means the

determination of the value of the concentration of the low
molecular weight silicone fluid at the interface of coating and insulator material ( porcelain or glass ) and at
the interface of coating and atmosphere for all times. For
the determination of the D(Clmw ) and K(Clmw ) functions, experiments should take place. These experiments
will give the values of the diffusion and permeability coefficients for different values of the concentration of the
LMW silicone fluid. It should be noted that the experiments have to be carried out with great care The phenomena are non-linear and a false measurement can lead
to wrong results. Finally, experiments have to be carried
out in order to determine the diffusion and permeability coefficients as a function of the size of filler particles,
the filler concentration, the coating thickness, the coating
temperature and the humidity.
The above mathematical model can also be applied to
the case in which the insulator is wholly made of polymeric materials. However, in this case some changes have
to be made concerning the determination of the boundary
values since the interface of coating and insulator material (porcelain or glass) does not exist.
Comparing the above model with that reported in [4],
one can see that there are several differences. In [4], a
constant diffusion coefficient is used while in the above
model, D is a function of many variables. Gravity is
neglected in [4], something which is not valid for the above
model, since the permeability coefficient appears. Finally,
the above mathematical model gives the concentration of
the LMW silicone fluid both in time and in space (in
the coating), while in [4], only the variation in time is
provided. Therefore, we believe that the description of
the silicone fluid diffusion with the above model is much
more complete.

5 CONCLUSIONS

With the use of the proposed model, the determination
of the concentration of the low molecular weight silicone
fluid in time and at every point of the coating may be
possible. To the best of our knowledge, this is the first
time that an equation (regarding the diffusion of LMW
silicone fluid from the bulk to the surface) including so
many parameters is proposed. The knowledge of the silicone fluid quantity in the coating is very important since
it will help engineers to assess the state of the coating
and - to a certain extent - that of the insulator
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