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ABSTRACT

We report the results of electrical treeing tests carried out on a range of silicone
dielectric gel samples made by varying the ratio of the same two components used for
cross-linking a commerecial silicone gel. These samples range from liquids to elastomers
via two-phase gels. The extent of the curing is followed by means of FTIR spectroscopy
and the samples are characterized through their dynamical mechanical properties. It is
shown that the gel samples exhibit treeing behavior that includes features typical of
both liquids and solids. A filamentary structure is produced that has permanence
together with attached bubbles that self-heal locally during treeing, although
differences in detail were found depending on the degree of curing. Removal of the
treeing voltage allows a more substantial self-healing to occur. This behavior is
discussed in terms of the two-phase liquid-solid nature of the silicone gels.

Index Terms — Silicone Polymer Gels, Trees, Partial Discharges.

1 INTRODUCTION

SILICONE materials are widely employed in an enormous
variety of industrial applications because they have excellent
dielectric properties, chemical stability, and great versatility.
Their versatility arises because their molecular microstructure
can be easily manipulated from liquids (as used in some HV
power transformer cooling systems), to solids (elastomeric
housing, insulators, cables, panels, surface treatments, joints,
etc.), leading to an enormous variety of physicochemical
properties. Silicone gels are one such variation. Although the
applications for silicone gels in industry are not the most widely
occurring they are interesting dielectric materials because they
cure in place to form cushioning, self-healing and resilient
materials. They are therefore used as a special class of
encapsulants of power electronics (i.e. insulated-gate bipolar
transistors or IGBTS), protecting them from mechanical and
thermal shocks, moisture and other contaminants. The special
feature of a gel is that when cured it retains much of the stress
relief and self-healing qualities of a liquid while providing the
dimensional stability of a cross-linked elastomer. Their physical
and electrical stability is maintained over a wider temperature
range (-45°C to 200°C) than other polymers [1-3].

The self-healing capability of silicone gels is of some
importance in high voltage (HV) applications where partial self-
healing has been observed when the gel was subjected to partial
discharges (PDs) [2-4]. In a solid polymer, a cavity resulting
from PDs will be a permanent defect and usually will propagate
and grow as a fractal or tree structure leading eventually to
failure. In liquids, PDs cause jets or “streamer” projections from
an initiating point electrode constituted by ionized gaseous
cavities that disappear quickly, usually after some microseconds
(us) [5] at atmospheric pressure. The semi-liquid, semi-solid,
structure of a silicone gel means that both of these features can be
expected when it is exposed to fields high enough to cause
electrical tree formation [4]. For this reason silicone gels are
interesting to study in terms of the formation of electrical trees
and sample failure, and also electrical ageing.

Some dielectric silicone gels available in the market are a 1:1
mixture of two liquid components (parts A and B). The mixture
is cured to ensure the final desired sticky and soft polymer, with
a curing time that depends on the curing temperature. In a
preliminary study [4], we presented results for these gels
showing the self-healing behavior that is observed under
electrical treeing testing. In this work we purposely change this



ratio, obtaining a continuous set of samples with different
physicochemical properties. Samples with ratios between 1:0
(pure liquid of part A) and 0:1 (pure liquid of part B) have been
studied using FTIR and dynamical mechanical analysis to
characterize the physicochemical nature of the samples. FTIR
shows that the maximum amount of cross-linking was not
located at the 1:1 ratio used for the gels previously studied [4].
Unexpectedly therefore increasing part A close to 2:1 ratio
yielded a highly cross-linked silicone elastomer, reaching the
highest curing efficiency between active agents inside each liquid
precursor component. Dynamic mechanical analysis allowed us
to identify the composition ranges that gave elastomers, gels, or
liquids. This very rich set of samples, obtained with the same
polymer product, allows us to attempt a deeper interpretation of
the self-healing phenomena in polymers when they are subjected
to electrical treeing tests.

2 EXPERIMENTAL PROCEDURES

2.1 SAMPLE MATERIAL

A commercial dielectric silicone gel from RS Components
Ltd. UK, is obtained as the result of a cross-linking reaction
between two transparent liquid components (termed part A
and part B). According to the manufacturer’s data sheet, they
should be mixed in a 1 to 1 ratio to ensure that a gel system is
reached. However, we found that we could also obtain
different microstructures  (cross-linking densities) by
modifying the A to B ratio. We therefore prepared a range of
samples by varying the ratios from 1:0 (pure liquid of part A)
to 0:1 (pure liquid of part B), passing through the 1:1 gel
condition as offered by the supplier.

2.2 SAMPLE PREPARATION

During preparation a given quantity of the components
were manually mixed for 3 minutes. For electrical treeing
tests, the liquid components were degasified 2 min in vacuum
(10-100 mmHg) at room temperature (RT=22°C). Large
bubbles formed almost immediately and these were collapsed
by introducing atmospheric pressure and then continuing the
vacuum. The mixed liquids were then cast into transparent
polystyrene cuvettes of 10 mm x 10 mm x 40 mm of which the
base had previously been removed and replaced by a plane
film metal electrode (aluminum foil). Ogura Jewels Ltd. steel
needles of 5 pm tip radius were embedded in each fully filled
liquid cuvette and positioned with a fixed gap of 3 mm
between the pin tip and film metal electrode. The specimens
were cured for 4 hours at 65°C in an inert atmosphere. Table 1
shows the sample nomenclature as a percentage of component
A.

2.3 SAMPLE TESTING
2.3.1 Infrared Absorption (FTIR)

Samples were analyzed in a Perkin Elmer Spectrum One
FTIR spectrometer. The two components part A and part B
were measured separately by deposition onto a NaCl cell. In
addition, in-situ curing for different samples of Table 1 was
measured at times of 0, 2, 4, 10 and 60 minutes following 3

min of mixing and 2 min of degasification.

Table 1. Sample’s nomenclature and testing (FTIR: Infrared absorption
tested; M: Mechanical tested; ET: Electrical Treeing tested)

Sample Ratio A:B FTIR M ET
(% part A)

0% 0:1 . .
25% 1:3 .
33% 1:2 .
40% 1:1.5 .
45% 1:1.22 . L]
50% 11 () . . .
55% 1.22:1 . .
60% 1.5:1 . .
66% 2:1 . [
70% 2.33:1 . . .
75% 3:1 . [
80% 4:1 . . °
90% 9:1 . . .
100% 1:0 . .

(*) ratio suggested by the supplier to obtain a dielectric silicone gel product
as it is offered in the market.

2.3.2 Mechanical analysis

Rheological studies were performed with an AR-G2
Rheometer from TA Instruments. The samples defined in
Table 1 were placed and cured in situ in the rheometer
following also 3 min of mixing and 2 min of degasification.
They were measured isothermally at 65°C during curing with
a maximum shear strain of 1%, at 0.2Hz. After completion of
the cure, frequency scans at different temperatures were
carried out. Both parts of complex shear modulus (G’ and G*”)
and the loss tangent (tan (8) = G”’/G’), were recorded for
further analysis.

2.3.3 Electrical treeing

A typical experimental array for electrical treeing was used.
The cuvette with the pin-plane sample was placed inside a
faraday cage. The voltage applied to the pin could be varied
using a manual variac controlling an internal 20kV
transformer at 50Hz. The plane electrode was connected to
earth. A light source placed behind the sample allowed back
illuminated images of the electrical trees to be recorded using
a CMOS full-frame high definition (HD: 1920px x 1080px)
DSLR camera. The camera allowed video recording at 20fps
in HD.

3 RESULTS

3.1 INFRARED ABSORPTION (FTIR)

For dielectric applications an addition curing reaction is
used to achieve cross-linking, by using vinyl end-blocked
molecular chains in one component, which react with the
other component containing =SiH groups carried by
functional oligomers [1, 6]. The addition occurs mainly on the
terminal carbon and is catalysed by platinum metal
complexes, preferably organometallic compounds to enhance
their compatibility. It has been suggested that the mechanism
is an oxidative addition of the =SiH onto the platinum,
followed by hydrogen atom transfer on the double bond, and



reductive elimination of the product [1, 6]. There is no by-
product with this reaction, and moulded pieces made with a
product using this cure mechanism retain their integrity very
well (no shrinkage, and no presence of condensation
products).

In Figure 1la, it can be seen that both components A and B
exhibit a similar spectrum. In fact, they seem to be basically
the same silicone oil-liquid, excepting in the groups active in
curing. Component A shows a medium intensity absorption
peak at 2127 cm! related to the =SiH oligomer, which is
absent in component B though there seems to be a spurious
absorbance of very weak intensity at the same wavenumber,
which should not be the same group. Component B has the
platinum catalyst and the vinyl end-blocked molecular chains,
but these are not observed through the FTIR, possibly due to
an overlapping effect. The Si-O-Si backbone produces the
broad band with two maxima absorbance at 1092 and 1018
cm!. The methyl deformation at 1261 c¢m' and the
asymmetric stretch at 2964 ¢cm'! are also strong and sharp. The
methyl rocking motion with contribution from the Si-C stretch
at 798 cm™! is also strong.
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Figure 1. (a) FTIR spectra of part A (black) and B (grey). The inset shows
the consumption of the =SiH peak at 2127 cm™' for the 70%A sample, at
different times (in minutes) after 5 min of mixing the components and
degasification. (b) Normalized intensity of =SiH radical at the 2127 cm™ peak
relative to the 1945 cm™ band for a range of compositions measured at t = 0
min and t = 60 min, after a preparation time of 5 min. The value for pure
component A is shown as the maximum possible.

90% A

The inset to Figure 1a shows the disappearance of the =SiH
absorption band at 2127 cm! of the 70%A sample during
curing (i.e. after 3 min of manual mixing and 2 min of
degasification).

Figure 1b shows the radical (=SiH) consumption process
during the curing of a range of compositions (50%A to
90%A) by means of the ratio of the intensity of the 2127 cm’!
absorption peak to that of the 1945 cm™! band. The value for
pure component A is also shown as defining the maximum
possible value of this measure. As can be observed all the
relative amounts of =SiH calculated from the FTIR at t = 0
min match with the respective percentage of component A
during mixing (i.e. this relative absorption intensity is a good
quality-check of the initial ratio). Figure 1b also shows that
=SiH is consumed (i.e. reacted to form cross-links) during the
curing process with the radical being fully consumed after 60
minutes in the case of the 50%A sample. In samples with
bigger concentrations of component A not all of the =SiH has
reacted by the end of the curing process at 60 minutes, i.e.
70%A has only a little unreacted amount at this time, and the
unreacted quantity increases as the percentage of A increases.
Moreover, for samples with more than 70%A the amount of
unreacted =SiH increases at twice the rate that the percentage
of A increases, i.e. an increase of 10% in A gives an increase
of unreacted =SiH radical at the end of the reaction of 20%.
The amount of unreacted =SiH can be related to the fraction
of component A in the mixture (for samples with 70%A or
more) by the following linear expression using the method of
least squares to fit the data.

y =2.059x — 1418 (1)

Here y is the normalized relative intensity of =SiH radical
and x is the fraction of component A. This expression implies
that the =SiH radical is fully consumed for mixtures with
concentrations of A up to 68.9%, since y = 0 when x = 0.689.
Thus this is the largest fraction of A for which all =SiH
radicals are consumed in cross-links, which defines the
highest efficiency ratio for the cross-linking reaction.

3.2 MECHANICAL ANALYSIS

Figure 2 shows the evolution of the real component of the
elastic shear modulus (G’) at a frequency of 0.2Hz during the
curing process at 65°C for samples between 45%A and 90%A
(see Table 1). As can be observed the final cured state
increases in hardness between 45%A and 66-70%A and then
reduces steadily as the percentage A continues to increase up
to 90%. Another distinctive characteristic is that the initial
slope dG’/dt during the curing reaction increases steadily until
the highest modulus is reached in samples 66%A and 70%A.
Although the final modulus reduces thereafter the initial slope
remains higher than a sample with smaller percentage of A
and similar G’ end-value: e.g. compare sample 55%A with
90%A, and sample 60%A with 80%A.
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Figure 2. Evolution of G’ during curing at 65°C, 0.2Hz and a maximum
shear strain of 1%, for samples 45%, 50%, 55%, 60%, 66%, 70%, 75%, 80%
and 90% of component A.

Figure 3 shows the final stabilized end-values of G’ (Figure
2) and tan (8) after curing at 65°C as a function of
concentration of A. The shaded regions at <40%A and
>95%A  correspond to a liquid phase, where the mixed
components cannot reach a gel point. In these cases the value
of G’ is always higher than that of G’, giving a tan (8) > 1
(i.e. the sample behaves more as a high viscous liquid material
than an elastic solid). Therefore, the only cured samples
included in the figure are those that lie between these liquid
regions. It is easy to see that there is a maximum in the
hardening at 66-70%A that corresponds to the maximum
efficiency of crosslink generation between components A and
B, and which produces a rubbery-like elastomer. The
magnitude of G’ at this composition is more than two orders
of magnitude larger than its value for the silicone gel-like
product at 50%A (1:1) specified by the supplier in the
datasheet. The further decrease in the G’ value for
compositions containing more than 70%A is attributed to the
reduced amount of cross-linking reactions that can be
achieved, when an excess of A is added, as revealed by the
residual amount of =SiH radicals in FTIR analysis, see Figure
1b.
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Figure 3. Stabilized end-values of G’ (blue circles) and tan (8) (red squares)
after completion of the cure process at 65°C, as a function of concentration of
A (see Table 1), for each sample of Figure 2.

After the completion of the cure process, frequency scans
between 100Hz and 0.01Hz were performed on each sample at
different fixed temperatures. A wide damping peak was
observed with a maximum between 5 and 10Hz, and the upper
inset of Figure 4 shows the peak in tan (8) and its
displacement with temperature (over the range 0°C to 80°C)
for the sample 50%A. The lower inset shows the Arrhenius
plot of this shifting in frequency of the tan (§) peak for the
same sample 50%A, which gives an activation energy Eact =
10 kJ/mol (i.e. 0.1eV per molecule), that we relate to the
mobility of the liquid fraction inside the polymer matrix. The
plot of this activation energy as a function of sample
composition is given in the main part of Figure 4 and shows a
similar shape to the composition plot of G’ (Figure 3), with a
maximum of around 250 kJ/mol at 66-70%A. That is, the
harder the sample and the more cross-linked, the higher the
activation energy. This is also consistent with the idea that at
these percentages of A there is the lowest uncured liquid
fraction (from components A and B) inside the elastomeric
matrix and the maximum efficiency of curing has been
achieved. On the other hand, in the gel regions (i.e. around
50%A and around 90%A), the liquid fraction is co-involved in
determining the mechanical properties, with a high mobility (a
low activation energy) inside a poorly reticulated matrix. To
the left of the highest cross-linking efficiency (i.e. 66-70%A)
we can say that there is a decrement of A, and to the right
there is an excess of it. Similar mechanical parameters can be
observed for the samples of 55%A and 90%A, and also 60%A
and 80%A. Although the remaining liquid phase comprised of
the non-reacted curing active agents should be slightly
different in each gel region, this seemingly only affects the
curing kinetics (slope of G’ in Figure 2); causing them to be
faster when component A is in excess (i.e. 80%A, 90%A).
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Figure 4. Change in the activation energy (Eact) of tan (8) peak for samples
between 45%A and 90%A after curing at 65°C. Upper and lower insets:
example of tan () peak and activation energy calculation for the sample
50%A. Labels in the upper inset: 80°C (grey empty circles), 65°C (blue
circles), 40°C (red empty squares), 20°C (black diamonds), 0°C (green empty
triangles).



3.3 ELECTRICAL TREEING

Electrical treeing tests were carried out at room temperature
(RT) of 20°C by applying a high AC (50 Hz) voltage to the
pin electrode with the plane electrode earthed. For solid and
gel samples the trees were initiated at 9kV with a tree being
regarded as initiated by the time of the first frame that showed
the existence of a tree of whatever length. These trees were
then propagated at 8.0kV. For liquid or quasi-liquid samples,
the voltage was raised slowly and steadily up to this value
(8kV) to avoid a sudden breakdown.

In the liquid region only streamers are grown, and in the
elastomer region only branched tree structures are found. Gels
near the gel-liquid boundary grow streamers as do the liquids,
whereas gels near the gel-elastomer boundary grow both
streamers and branched tree structures.

Figure 5 shows snapshots illustrating the main differences
between electrical trees grown in each microstructure region
(see Figure 3). The first sequence, corresponding to a quasi-
liquid sample (with 45%A) on the gel-liquid boundary, shows
a fast streamer projection with more than 1mm length formed
within 3 minutes that starts to disappear in the next frame
1/20s later. This means that the speed of propagation is faster
than 20-25 mm/s. A complete and fast self-healing behaviour
is observed in the order of microseconds to tenths of a second.
This behaviour, which occurs with the voltage applied, we
have named as a self-healing stage #1 mechanism. In other
similar samples breakdown occurred when these streamers

reached the earthed bottom electrode before dissipation. No
tree structures could be grown in these kinds of samples.

The second sequence shows an electrical tree growing in a
gel sample (50%A). Here the growth mechanism involves the
formation of near spherical cavities on the tips of filaments.
To avoid confusion the reader should note that hereinafter we
term the narrow tubular structures as filaments and reserve the
term cavity for the wide spherical or elliptical formations to be
seen at or near the filament tips. These cavities in gels are in
fact slower streamers with short and wider dimensions when
compared with those found in liquids [5, 7, 8]. They expand
collapse and disappear as do such cavities in liquid breakdown
structures [7, 9, 10]. Here they collapse and disappear in the
order of a tenth of a second to a few seconds, due to a self-
healing stage #1 mechanism. However the repetition of
discharges or the longer the time a cavity receives them makes
them stable. This new quasi-permanent filament adds to the
fractal tree structure that is growing from the tip of the needle
as the backbone of the degradation structure. The continuous
shape changing observed in the whole tree therefore only
occurs in the newest parts or filament tips, where the stage #1
of self-healing is acting. After some hours or days from the
end of the test (after removal of the applied voltage) these
trees might suffer a second stage of self-healing we call stage
#2, which is more usually mentioned in the literature. This
corresponds to the “disappearance” of part of the tree structure
with a change in the refractive index in these zones [2].
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Figure 5. Treeing comparison between the main different microstructures of cured samples tested at 8.0kV. (a) 45%A: fast streamer projection 3 min after
inception and collapse in the next 1/20s - sample just gelled. (b) 50%A: gel sample with cavity growing mechanism and self-healing stage #1 in filament tips,
with the stabilized electrical tree growing as a backbone. First image 4 min after inception. (c) 70% A: typical branched tree 30s after inception, second image
120s later. (d) 80%A: sample on the edge of the high A% gel region. First image 1 min after inception, second image 15s later.



The third sequence (c) shows the behaviour of a sample
cured with 70%A i.e. the elastomer composition, see Figure 3.
Here a typical branch electrical tree can be observed with very
thin filaments and no cavity formation. Each new portion of
the tree is gained through an irreversible chemical change (i.e.
chain scissions and/or further carbonization). Therefore, it is
not possible for a stage #1 self-healing mechanism to exist,
although the stage #2 mechanism might still be observed as
shown later.

Finally, in the fourth sequence (d) corresponding to the
second gel region of Figure 3, a cavity growing mechanism
acting at the filament tips can be observed once again. This
sample with 80%A has mechanical properties comparable
with the samples of 60%A. These samples have the largest
value of G’ in each of the gel regions, see Figure 3. Because
of this the cavities are smaller (due to a harder network) than
in the 55%A or its 90%A equivalent. However, it is still
possible to distinguish both self-healing stages as with the
other gel compositions.

Figure 6 shows the normalized area decay during the
prompt self-healing stage #1 of cavities that are formed in the
gel samples. In order to make a valid comparison of materials
of different composition we selected cavities of a similar
shape and initial area for each sample condition in making this
plot. It can be observed that the speed of decay follows the
amount of liquid phase remaining in the sample. That is, the
more the liquid phase in the sample the faster the collapse; the
more the cross-linked phase and the less liquid phase inside
the reticulated matrix, the slower the collapse.
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Figure 6. Decay speed of cavities during self-healing stage #1, given as the
slope of normalized area (log axis) vs. time for samples 45%A (circles),
50%A (squares), 55%A (diamonds), 80%A (empty diamonds) and 90%A
(empty triangles).

Figure 7 shows the self-healing stage #2 mechanism. The
upper sequence shows the behaviour of a tree in the gel
sample with 50%A, with a) being the structure some seconds
after removing the growth voltage of 8kV (i.e. voltage
becomes zero), b) being the structure observed 24 hours later,
and c) being the structure observed after a period of around 5
minutes of further growth at 8 kV, but again observed with the
voltage set to 0 kV. The lower sequence shows the same set of
observations for trees in the rubbery (elastomer) sample
(66%A).
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Figure 7. Self-healing stage #2 for a gel sample with 50%A (a, b, ¢) and a rubbery sample with 66%A (d, e, f). a) and d): Initial tree at 0kV following growth at
8kV; b) and e): tree after 24 h at 0kV; ¢) and f): new tree at 0 kV after further growth at 8 kV.



In Figure 8, bar-plots summarise the average speeds of: (a)
the self-healing stage #1 mechanism, from the collapsing area
of cavities against time; (b) tree growth, as the length vs. time
of the underlying filaments that are not being self-healed by
stage #1; and (c) streamers, as the length of the elongated
cavity that develops in any direction in a fraction of time.
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Figure 8. Bar diagrams of average speeds of: (a) cavity decay, (b) tree
growth, and (c) streamer propagation, as a function of the fraction of
component A.

4 DISCUSSION

4.1 MICROSTRUCTURE AND CURING

Addition is the preferred cure system employed in silicone
gels and elastomers when a dielectric application is required
where no by-products (such as in condensation type curing)
are evolved and no shrinkage wanted [1, 11]. In the cured
silicone polymer the Si-O-Si bond angle can vary between
105° and 180°, and the rotation is essentially free [11, 12]
around these bonds. As a result, the chains are very flexible
and occupy a rather large volume, resulting in a high free
volume in the material. Silicones therefore exhibit a very low
glass transition temperature (Tg = -125°C) [1]. Furthermore,
low intermolecular interaction strengths result in a low
melting temperature (Tm = -50°C) for the very small size
crystalline fraction that might exist in these kinds of materials.

As is demonstrated in Figures 2 and 3 mixing ratios
different to the 1:1 of the supplier’s specifications generates a
very rich number of different microstructures. Thus starting
the pure liquid of component B (0:1 ratio) the viscosity of the
final product increases with increasing concentration of
component A up to around 45%A, when the gel point is
reached (at 0.2Hz in a dynamic test). Above this concentration
of A the real part of the shear modulus G’ exceeds the
imaginary part G’°, giving a tan (8) < 1, and therefore the
dimensional stability of an elastic solid. From 45%A to
60%A, a gel region (Figure 3) can be defined, even though G’
can vary by two orders of magnitude in this range. At higher
percentages of A, a further hardening effect is found, i.e. the
curing reaction between active groups inside each component
(i.e. =SiH groups in A and vinyl end-blocked groups in B) is
optimized, thereby increasing the number of cross-linking
points and consequently an increase of the elastic behaviour
(G’ rises). The maximum occurs between 66%A-70%A, with
G’ = 1.5x10° Pa giving the physical consistency of a typical
silicone rubber. This is in complete agreement with the FTIR
results (Figure 1b), which indicates that 68.9%A is the curing
ratio that gives the most complete consumption in cross-links.
An excess of part A (=SiH groups) beyond this optimal ratio
results in an increasing amount of A that cannot be reacted
due to the lower amount of part B (vinyl groups) available,
and hence a decreasing amount of cross-linking points. The
non-reacted liquid remains trapped inside the poorly
reticulated matrix, which is swelled, sticky, and soft, resulting
in a second gel region (from 80%A to 90%A) similar to that at
the lower concentrations (45%A to 60%A). Finally, above 90-
95%A, there is a very low concentration of vinyl end-blocked
groups (carried on B) that can react with an excess of =SiH
oligomers (on A). The low density of these reactions is not
enough to gel the sample and therefore it remains as a viscous
liquid, and behaves as such.

At the gel and elastomer compositions the liquid fraction
inside the reticulated matrix acts as a plasticizer, even at its
lowest amount for the most cross-linked samples between 66-
70%A. These low molecular weight chains (LMW), can move
throughout the network, and their diffusion or mobility is
thermally activated, with the ease of motion depending on the



cross-linking density of the solid phase. In addition, they are
also partly responsible for the low Tg temperature in these
materials. The activation energy (Eact) determined from the
shifting of the high temperature tan (8) peak during frequency
scans (Figure 4) can be attributed to this molecular mobility.
For a sample in the gel region Eact lies between 10 and 20
kJ/mol (~0.1-0.2 eV per relaxing molecule), while for the
rubber or elastomeric region it reaches 250kJ/mol. This order
of magnitude increase reflects the big increase in hindrance to
the mobility of the liquid fraction produced by the high cross-
linking density.

A comparison of the two gel regions (i.e. 55%A with
90%A, and, 60%A with 80%A), shows that their mechanical
properties are similar, although the residual liquid phase
(having the non-reacted curing active agents) might be slightly
different in each case. The FTIR spectra shows that the only
difference between pure A and pure B is the presence of the
absorption peak at 2127 cm! related to the =SiH, which is
only present in pure A (Figure 1a). This absorption band is
sensitive to the curing reaction in which the =SiH is consumed
after mixing A and B together (Table 1) in agreement with the
reaction mechanism. As shown in Figure 1b all of the =SiH
radical is consumed in the 50%A mixture, however this is
insufficient to consume all the vinyl groups on component B
and give the maximal cross-linking, which the mechanical
response shows occurs between 66%A and 70%A, but FTIR
confirms should be at 68.9%A where the reaction is optimized
(see equation (1)). This ratio of A to B has the highest reaction
efficiency with all the =SiH radicals and vinyl groups
reacting. Finally, samples with 80%A and 90%A have an
excess of component A, therefore the radical is not fully
consumed at the end of the reaction. The FTIR results (Figure
1b), shows that the amount of unreacted =SiH increases for
concentration above 68.9%A follows equation (1).

4.2 ELECTRICAL TREEING TESTS

The phenomenon of electrical treeing in solid dielectrics
has been intensely studied for materials with a range of
chemical composition and physical morphologies (e.g. [13-
26]), including silicone rubber [27]. The equivalent
breakdown phenomena in liquids i.e. branched streamers, has
also received a lot of attention (e.g. [5, 7-10, 28-30]).
However the behaviour of gels has received little attention [2-
4]. The data obtained here indicates that the Low Molecular
Weight (LMW) liquid content of the samples is instrumental
in determining the structure and behaviour of the electrical
trees in the gel samples whereas in the silicone rubber
elastomer the flexibility of the 3D matrix becomes important.

In the 45%A sample of Figure 5a the tree structure is
dominated by an unbranched leading streamer that grows
rapidly (~25 mm/s: see Figure 8c). This structure has almost
disappeared within 1/20s. There is however a small branched
structure near to the needle electrode that is retained. In the
50%A sample the branched structure extends much further
into the sample and ellipsoidal bubble cavities are more
evident at and near the tips of the branches. The filamentary
structures are similar to those grown from positive needles in
liquids [8, 28], where they have been attributed to the

avalanche extraction of electrons from the liquid with the
structure extending progressively into the sample [28]. They
have also been observed from positive points in a gel [2].
However the appearance of bubble cavities along the
filamentary branches, at their tips and even isolated from the
branches, clearly evident at 50%A (Figure 5b), are more
typical of negative point structures in liquids [5, 7, 8]. In [2] it
has been suggested that in AC fields the tree structure starts
on the negative half-cycle with the formation of bubble cavity.
This is retained into the following cycles and rapidly extends
into the material in the form of a streamer. It is presumed that
initial electron injection heats the liquid component allowing
vaporisation and the formation of cavities capable of
supporting gas discharges within themselves. In our case the
needle voltage and pin radius (8kV and Sum) will give a much
lower needle field than those used in [2] (12.5kV and 1.5um)
and our AC structures grow more slowly on average (~3mm/s
at the manufacturers gel composition of 50%A compared to
~300mm/s in [2]). In this case bubble cavity formation may be
expected as a result of equilibration between the internal gas
and electrostatic pressure and the external LMW liquid
hydrostatic pressure [9, 10]. The resulting structures in these
conditions seem to be a combination of positive point
filaments and negative point cavities such as found in some
liquids [7, 9], although some streamers are observed with a
lower growth rate of ~Imm/s, (see Figure 8c) compared both
to the samples with a higher LMW liquid fraction and to the
branched filaments at the same composition. The increasing
density of matrix crosslinks and decrease of the LMW liquid
fraction is reflected in an increased growth rate of the
filamentary structure (see Figure 8b), filament length,
retention time (compare Figure 5a and 5b), and a slower decay
rate for the bubble cavities that form as part of the structure
(see Figure 6).

The second gel region, between 80-90%A, has similar
combined bubble cavity/filamentary structures as those in the
first gel region (50-60%A), see Fig.5. Their cavity speed
decay is nearly the same as that at 55%A (see Fig.6). Both gel
regions possess a partly cross-linked matrix and these results
indicate that the amount of cross-linking in the matrix plays a
role in the collapse rate of the cavities.

Most of the cavities that isolate and collapse are produced
at the tips of the tree, although this is not always the case.
Figure 6 shows that the rate at which the projected bubble area
reduces is proportional to the cross-sectional bubble area, 4.,

dA
< =kxA 2
” c @)

Integration of equation (2) gives:

A, =cxe™ 3)

Here k and ¢ are constants and ¢ is time. The fit of the data
to equation (3) is shown by the straight lines in Figure 6. The



growth and collapse of cavities formed during high voltage
experiments in liquids have been described in terms of the
kinetics of a bubble under the action of a difference between
the internal and external pressure [5, 29]. In these models the
rate of collapse speeds up as the radius reduces, and it is
predicted that the rate of reduction in radius is proportional to
3”2 for spheres [29] and r ! for right circular cylinders [5]. In
turn these predictions imply that a power of 4. should show a
linear relationship with time rather than the log of 4. as in
Figure 6. Thus it appears that the collapse of the bubble
cavities in gels is not controlled by a pressure differential as in
liquids and a more complex mechanism is involved. One
possibility is that the bubble cavity collapse is due to the
reduction in its internal temperature once discharging within it
ceases. The volume would reduce and the internal gas re-
condense into its liquid state. Since the rate of loss of heat
would be proportional to the surface area 4; and hence to A,
(as both are proportional to 1) then equation (2) would result.
Any surplus gas would diffuse through the surface following a
similar equation. If this is the case then either the fully cross-
linked matrix inhibits the heat loss from the cavities or its high
shear modulus (see Figure 2) slows down the structural re-
arrangement required on collapse.

Branched filamentary electrical tree structures are observed
in the elastomeric region (see Figure Sc and Figure 7 (d-f) that
are similar in form to those found in other solid insulating
dielectrics [13, 14]. Bubble cavities are not formed because of
the low LMW liquid fraction in this region. This is consistent
with other work [27]. The rate of growth of the branched
structures goes through a peak at the composition of
maximum cross-linking and least LMW liquid fraction,
68.9%A (see Figure 8b). These features indicate that their
propagation mechanism is similar to that of other solids; i.e. it
is driven by discharges in the tubes of the filamentary
structure [27]. The near symmetrical slowing down of the
growth rate as the composition moves away from its peak at
the optimal cross-linking density suggest that it is due to the
ingress of the small amount of LMW liquid fraction into the
tubes, which can temporarily prevent the discharging as is
known from the inhibition of electrical trees in polyethylene
by oil impregnation [13]. The filamentary structure in this
region is a permanent feature that is retained following the
removal of the applied voltage (see Figure 7 (d-f)). Unlike
more rigid insulators such as epoxy resins and polyethylene
however, the flexible elastic nature of the matrix allows the
structure to contract once the voltage is removed [4], a
phenomenon that we have called stage #2 self-healing. This
would indicate that the tubes that form the filamentary
structure are characterised by a re-arrangement of the cross-
links on their surface giving a framework that is in tension
from electrostatic forces and internal gas pressure, during
voltage application, and which relaxes slowly as the tension is
released. The structure also fades, i.e. there is a change in
refractive index, (see Figure 7¢). Since this is also observed in
gel samples, Figure 7b, it is likely that it is due to ingress of
the LMW liquid fraction into the filamentary structure.

Stage 2 # self-healing has also been observed for the
filamentary structures grown in gels near to the elastomer-gel

boundary indicating the existence of a similar framework in
their structure. Here however there is a loss of memory such
that the structure is not completely the same when the voltage
is re-applied (see Figure 7 (a-c) i.e. many branches of the
original structure have been lost, suggesting that some parts of
the filamentary structure can fragment and re-arrange when
the matrix is not fully cross-linked. Nonetheless some
filamentary structure is retained particularly near to the point
electrode which has experience discharging for the longest
time, and this can be regarded as a form of irreversible
degradation such as observed in [2]. It is clear from our results
that the manufacturer’s recommended composition of 50%A
represents a good compromise. It has a low growth rate for
streamers (Figure 8c) compared to gels with a lower
concentration of A, and a low growth rate for filamentary
structures compared to gels with higher percentages of A
(Figure 8b). It also has a significant amount of self-healing
both during voltage application and following voltage removal
(Figure 7 (a-c)).

5 CONCLUSION

We have shown that electrical trees grown in silicone gels
at lower ac voltages than those adopted by other workers
combine features of tree structures from both liquids and
solids. At the manufacturers recommended composition
(50%A) there is a filamentary branched backbone such as
occurs in solids but around its periphery are bubble-shaped
cavities that may collapse and separate from the backbone just
as in liquid streamers. Their presence and rate of collapse has
been shown to be dependent on the fraction of liquid inside
the cured gel. When there is no liquid phase as in the
elastomer they do not exist. However it has been shown that
the rate of collapse of the bubble cavities does not follow the
behaviour expected from liquid hydrodynamics. Instead a
relationship is obeyed that indicates that the controlling factor
may be the loss of heat through the cavity surface and/or
diffusion of internal bubble gases through it. It has also been
shown that this limited self-healing that occurs during voltage
application is accompanied by a more substantial self-healing
following voltage removal. This behaviour has also been
noted to some extent in the elastomer and has been associated
with the elasticity of the filamentary part of the electrical tree
and ingress of the liquid content. These self-healing properties
are favourable to the use of silicone gels for high voltage
applications in areas where the softness of the gel is not a
drawback.

Special care must be taken if the mechanical properties and
self-healing behaviour are needed to be between some narrow
ranges. An error of 5-10% of component A in a desired gel,
such as that recommended by the manufacturer can produce
either an uncured system (liquid) or a harder material without
self-healing (depending respectively upon whether the error is
towards smaller or larger percentages).
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