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Silicone elastomers exposed to electrical discharges can be ren-
dered hydrophilic, and the loss of water repellency is related to the
energy level and number of the discharge pulses on the surface.
However, the silicone surface has the unique ability to recover the
hydrophobicity and enhance the performance of a polymer insu-
lator. Most of the studies of the loss and recovery of hydrophobic-
ity on elastomer surfaces have been carried out at high discharge
energies experienced under severe service conditions. Despite nu-
merous studies, the mechanisms contributing to the loss and re-
covery of hydrophobicity under lower energy partial discharges
are not fully elucidated. The current study was done with par-
tial discharge pulses in the range 10–10000 pC and by using a
needle-to-plane electrode configuration. At very low levels of en-
ergy pulses, the recovery is primarily caused by the migration of
preexisting fluids from the bulk to the surface of the elastomer. At
higher levels of partial discharges, the fluids no longer play the
same role, but the dominant mechanism in the recovery becomes
the migration of in situ produced low molecular weight (LMW)
species in the elastomer. These studies were done under dry and wet
conditions. C© 2001 Academic Press

Key Words: polydimethylsiloxane; PDMS; partial discharge;
preexisting fluid effect; hydrophobic recovery mechanism.
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I. INTRODUCTION

Polymer insulators are gaining market share in high-volta
insulation applications mainly due to their easy installation, lig
weight, and superior vandalism resistance compared to tr
tional inorganic materials (1). Compared to most polyme
materials, silicone elastomers have better thermal stability
resistance to UV radiation because of the strong Si-O bond
ergy and excellent water repellency resulting from their low
termolecular interactions. Although the silicone elastomer
these highly desirable properties for high-voltage applicatio
its surface inevitably may lose its hydrophobicity when expos
to partial electrical discharges as do other polymeric materi
Surface oxidation by electrical discharges such as dry band
ing is accelerated in the presence of water and air-borne con
1 To whom correspondence should be addressed.
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inations. However, the silicone elastomer has the unique ch
acteristic of readily recovering its original hydrophobicity onc
discharge ceases, and thereby continuing to suppress the lea
currents and prevent insulator flashover. This surface restruc
ing of silicone elastomers, often referred to as “hydrophob
recovery,” has been extensively studied in the developmen
new high-voltage insulators.

The following mechanisms for hydrophobic recovery hav
been suggested:

(a) Reorientation of polar groups from the surface to the bu
phase or reorientation of nonpolar groups from the bulk to t
surface (2, 3).

(b) Diffusion of preexisting low-molecular-weight (LMW)
silicone fluid from the bulk to the surface (2, 4–20).

(c) Condensation of the surface hydroxyl groups (3).
(d) Migration of in situ created LMW species during dis-

charge to the surface (7–10, 21, 22).

Even though most researchers have pointed out the imp
tance of the migration of LMW fluid preexisting in the bulk
(mechanism b), other mechanisms may also contribute to
hydrophobic recovery of oxidized PDMS elastomers. In o
previous papers (21, 22), we suggested that when silicone e
tomers are exposed to discharge pulses exceeding 1500 pC
key mechanism is the migration of the LMW species produc
in situduring discharge from the bulk to its surface (mechanis
d). We also found that preexisting fluid in the bulk does not si
nificantly affect the hydrophobic recovery if silicone elastome
are subject to higher energy discharges that may occur under c
taminated service conditions. However, only a limited numb
of insulators are exposed to severe contamination. Most insu
tors are only exposed to low-energy discharge pulses during
service conditions. It is important to study the loss and recove
of the hydrophobicity of these discharge levels. This prompt
us to study the behavior of polydimethylsiloxane (PDMS) ela
tomers exposed to partial electrical discharges of various inten
ties (10–10000 pC). The contact angle changes on the surface
PDMS elastomers were monitored intermittently during and/
after partial discharge to study the dominant mechanisms of
drophobic recovery. This study also investigated the roles of f
fluid on the restructuring behavior of silicone elastomers af
0
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HYDROPHOBIC RECOVERY OF POLY

exposure to different levels of partial discharge. Additional
the effect of humidity on the hydrophobic recovery of PDM
elastomers was explored to assess the role of hydrolytic dep
merization in the formation of LMW species. Contact angle m
surement and angle-resolved X-ray photoelectron spectrosc
(XPS) were used to study the hydrophobic recovery of PDM
elastomers exposed to partial discharge. On the basis of t
results, different dominant restructuring mechanisms of PD
elastomers are proposed.

II. MATERIALS AND EQUIPMENT

1. Materials

Two-component high-temperature vulcanized silicone el
tomer (SYLGARD 184, Dow Corning Corp.) was used for th
study. Silicone elastomers are normally made of several m
rials such as a base polymer, a cross-linker, a catalyst, fill
and other additives. SYLGARD 184 is supplied in two separ
kits with a vinyl-terminated silicone base polymer in one kit a
with a cross-linker and a catalyst in the other kit. These mater
were thoroughly mixed according to the manufacturer’s instr
tions, and air bubbles trapped in the compound were removed
der vacuum. After the platinum-catalyzed hydrosilation react
(75◦C, 2 h) of vinyl functional groups of the base polymer wi
hydrogen functional groups of the crosslinker was complet
the elastomer was Soxhlet-extracted for 12 h with chloroform
remove unreacted oligomers. In other experiments, pre-exis
fluid samples were prepared by mixing linear methyl-termina
silicone fluid (Mw= 236, Mw= 950, Gelest Inc.) or fluorine-
containing silicone fluid (3,3,3-trifluoropropylmethylsiloxan
Mw= 950, Gelest Inc.) with the compound before curing to ev
uate the influence of these additives on the hydrophobic recov
Fluid was added in the ratio of 5 weight parts to 100 weight pa
of the base polymer.

2. High-Voltage Test and Measuring Equipment

A high-voltage AC corona test set (HIPOTRONICS, Mod
750-5CTS B/S) with a 50-kV noise free transformer was e
ployed to generate and measure the partial electrical discha
on the surfaces of PDMS elastomers. This model is suita
for measurement of pulses in the range 10–10000 pC. The
charge magnitude was calibrated by using the calibration p
generator module and the switchable amplifier module prio
conducting the main experiments. The calibration pulse ge
ator module is specially designed for the indirect calibration
discharge detection circuits, by injecting a known magnitu
pulse in the input unit to provide a quantitative comparison w
the magnitude of discharges in a test specimen. After calibra
is completed against a pulse of known value, voltage is gra
ally increased until partial discharges reach desired values.
magnitude meter module then reads the height of the hig
pulse among the numerous partial discharges appearing o
display ellipse during the experiment. A strip chart recorder w

used to observe the variation of the discharge with time.
DIMETHYLSILOXANE ELASTOMERS 201
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3. Partial Discharge Tests

A sample sheet (thickness, 1 mm) was placed on a circ
glass plate (diameter, 10 mm; thickness, 3 mm). The plate
required as a rigid support to prevent any flexing during h
dling. Microcracking caused by bending is a significant fac
in the hydrophobic recovery (4, 6). A needle electrode (tip
ameter, 0.065 mm) was employed to obtain various levels
discharge. The cylindrical electrode (rod diameter, 1 cm) u
in our previous high discharge studies (22) produces relativ
larger oxidized areas that allow easier measurement of the
tact angles, but it proved impossible to sustain a stable elect
discharge at lower intensities with this electrode configurati
Figure 1 shows the design of the test cell made of aluminum w
brass ground electrodes. The cell is designed to test eight s
ples at a time, but only one sample was tested with one elect
because of the difficulty in obtaining the same levels of par
electrical discharges for all samples tested. The aluminum b
is made to circulate cooling water (0◦C) to form water conden-
sation on the samples as experienced in the field applica
when high-voltage insulators are exposed to a temperature
low the dew point of the surrounding air. Experiments were a
performed at varying discharge levels to study the effect of d
charge intensity on the hydrophobicity loss and recovery dur
and after partial discharge at constant humidity levels. Most
periments were carried out under normal laboratory conditi
at 23◦C and 50% RH. A few tests were made under the v
dry conditions of 15% RH to study the effect of the enviro
mental humidity on the surface modification and hydropho
recovery of PDMS elastomers. Two gap distances between
FIG. 1. The diagram of a partial electrical discharge test unit. The point-to-
plane electrode configuration was used to sustain a low stable discharge.
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FIG. 2. The advancing contact angle of water does not depend on the vol
of the drop. The sample was an extracted silicone elastomer exposed to 300
of partial discharge for 30 min. The oxidized area corresponds to∼50 mm2.

sample and the electrode rod were used, 0.4 and 0.05 mm
is generally observed that a stable, low partial discharge ca
obtained more consistently as the gap becomes narrower
constant humidity.

4. Surface Analysis

Contact angle measurement is a useful and inexpensive t
nique extensively employed in characterizing plasma, or coro
treated polymer surfaces in conjunction with other surface an
ysis techniques such as XPS and SIMS. Since the contact an
of liquid droplets on surface-treated polymers are closely as
ciated with chemical compositions of the surface, this metho
very useful in studying the aging of the surface-modified po
mers. One of the most commonly used methods for contact a
measurement is the sessile drop technique (23, 24). By usi
contact angle goniometer (Ram`e-Hart. Inc., Model No. 100-00-
115), the advancing contact angle of a sessile water drople
the surface was measured at least four times while maint
ing the volume of a drop as constant as possible. For nonid
polymer surfaces, surface defects lead to numerous metas
states of the system, showing hysteresis of contact angles
31). Significant dependency of the contact angle on the d
volume has also been found when the line tensions are not
ligible (32). In our studies, however, we noticed no effect
the liquid drop size on the contact angle when the drop v
ume varied from 0.1 to 2µl (Fig. 2). This result indicates tha
the patchwise heterogeneities of the types observed by G
and Koo (32) in their studies on the drop size dependent con
angles are absent here. The result also shows that there is no
ical variation of wettability within the entire area (∼50 mm2) of
the PDMS elastomer that was exposed to the partial discha
In the subsequent experiments, a water volume of the or

of 0.2µl was chosen. The angle-resolved XPS technique w
also used to quantitatively analyze the atomic composition
AL.
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PDMS elastomer surfaces before or/and after partial discha
Details of the XPS measurements are reported elsewhere (

III. RESULTS AND DISCUSSION

1. Hydrophobicity Loss

Water-in-air advancing contact angles of PDMS elastom
were monitored during experiments to study the hydrophobi
loss by partial electrical discharge in a point-to-plane electr
configuration. The needle electrode was suitable for sust
ing a low, stable discharge with a small gap of 0.05 mm
tween the electrode and the sample. The hydrophobicity
of PDMS elastomers was observed as a function of the ex
sure time of the discharge that varied from 10 to 250 pC a
constant ambient humidity (50%). As shown in Fig. 3, the e
tracted sample exposed to the lowest discharges (10–60
gradually loses its hydrophobicity as discharge time increa
but the contact angle does not become less than ca. 60◦ even
after 100 h of discharge. Possibly, very small amounts of LM
species may be produced during this low discharge, which s
sequently migrate to the surface to minimize high surface ene
resulting from the oxidation of methyl groups attached on silo
ane backbones. For the fluid-containing sample, the advan
sessile contact angle decreases only slightly (109◦ to 89◦) after
which it remains unchanged, indicating that a dynamic equi
rium is maintained at the interface at this low discharge. S
a dynamic equilibrium can be reached when the rate of the
gration to the surface of fluids preexisting in the polymer
nally becomes the same as the rate of its oxidation by elect

FIG. 3. The hydrophobicity losses of the silicone elastomers expose
different levels of discharge at a constant environmental humidity of 50% in
point-to-plane electrode configuration with a gap of 0.05 mm. The inset sh
the data obtained within the first 10 h; (r) Extracted, 10–60 pC; (j) extracted,
75–125 pC; (m) extracted, 150–250 pC; (e) 5% fluid (Mw= 236), 10–60 pC;

as
of
(h) 5% fluid (Mw = 236), 75–125 pC; and (n) 5% fluid (Mw = 236), 150–
250 pC.
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HYDROPHOBIC RECOVERY OF POL

discharge. As discharge increases from 10–60 to 75–125
the effect of preexisting fluids on hydrophobicity loss becom
more pronounced. The extracted sample loses its hydroph
ity fast while the fluid-containing sample suffers a moderate
of hydrophobicity (Fig. 3). Apparently, preexisting fluids pla
a more important role in preserving the hydrophobicity of
surface thanin situ produced LMW species during these lo
discharge intensities. At more severe discharge levels (1
250 pC), the fluid-containing sample loses its hydrophobi
much faster, but it also shows a much faster recovery than
extracted sample due to the migration of preexisting fluids a
discharge. Probably, the discharges in the range 10–250 p
not produce enough LMW species to overwhelm the effec
the preexisting fluid. This migration process takes place du
the active discharge as well as after the discharge period. H
ever, at discharges higher than 1500 pC, the migration durin
discharge does not make any impact on keeping the surfac
drophobic. When samples are exposed to the severe disch
both extracted samples and fluid-containing samples totally
their original hydrophobicity within one hour. The discharge
so intense that an inorganic, silica-like layer is rapidly created
the outermost surface, which may provide the resistance to
diffusion of both preexisting fluid andin situ produced LMW
species to the surface. In addition, any nonpolar groups
grating to the surface during the discharge seem to be qu
oxidized by harsh discharges. Therefore, immediately after
discharge, a water drop spreads on the surface of the PD
elastomer, and after the cessation of electrical discharge, th
idized PDMS elastomers recover their hydrophobicity throu
the migration of LMW species from the bulk to the surface. E
dently, the hydrophobicity loss of extracted and fluid-contain
samples is highly dependent on discharge intensity. We h
shown how the recovery behavior of PDMS elastomers is
significantly affected by the intensity of electrical discharge a
environmental humidity.

2. Hydrophobic Recovery

Figure 4 shows the hydrophobic recovery of the extrac
and the fluid-containing samples in air after they were expo
to different ranges of discharge (10–10000 pC) for 1 h. The
tracted sample exposed to the very low discharge (10–60
exhibits a high initial contact angle (60◦) immediately after
118 h of this low discharge and then recovers its hydrophob
very slowly. Most probably, at a mild discharge, the extrac
sample undergoes a mild oxidation of pendent methyl groups
simultaneously produces very small amount of LMW spec
The subsequent hydrophobic recovery is then possibly du
the migration ofin situ produced species from the bulk to th
surface of the elastomer. At discharges higher than 1500
although the extracted samples rapidly lose their hydropho
ity, they show a faster recovery than those exposed to lo
discharge intensities. Interestingly, as discharge becomes

severe, the rate of the recovery of the extracted samples
creases and then eventually becomes comparable to that of fl
DIMETHYLSILOXANE ELASTOMERS 203
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FIG. 4. The hydrophobic recovery of the samples exposed to partial ele
cal discharges. The discharge experiment was performed at a humidity of
in the point-to-plane configuration with a gap of 0.05 mm. All of the samp
were aged in air after 1 h discharge except two (r, e). The contact angles of
the samplesr ande are measured after 118 and 92 h discharge, respectiv
(r) Extracted, 10–60 pC; (j) extracted, 100–400 pC; (m) extracted, 4000–
10000 pC; (e) 5% fluid (Mw = 236), 10–60 pC; (h) 5% fluid (Mw = 236),
150–300 pC; and (n) 5% fluid (Mw= 236), 4000–8000 pC.

containing samples. This suggests that the high level of LM
species produced beneath the silica-like layer controls the
covery process by migrating to the surface (22). When both
extracted and the fluid-containing samples are compared at a
discharge, the latter exhibits a superior hydrophobic recov
to the former. The initial contact angle of the fluid-containin
sample measured immediately after exposure to 150–300
for 1 h is 17◦, which is higher than that (8◦) observed on the
extracted sample exposed to 100–400 pC (Fig. 4). Moreo
a pronounced increase of the recovery rate is observed in
fluid-containing sample. Presumably, at the mild discharge, p
existing fluids contribute to maintaining the hydrophobicity
PDMS elastomers by migrating to the surface during discha
as well as after discharge. It follows that the migration of pre
isting fluid from the bulk to the surface is a key mechanism
this recovery process. However, as the discharge increases
150–300 to 4000–8000 pC, the contribution of the preexist
LMW silicone fluid to the restructuring process becomes le
significant. While the preexisting fluid has no great effect on
hydrophobic recovery of samples exposed to a discharg
4000–8000 pC, the extracted sample shows a marked incr
of recovery as the discharge increases from 100–400 to 40
10000 pC. At high discharge intensities, the rate of hydrop
bic recovery of the extracted samples is also comparable to
fluid-containing sample. Accordingly, at the severe discha
level, the key mechanism seems to be the migration of thin

in-

uid-
situ produced LMW species rather than that of free silicone
fluid preexisting in the networks. Chang and Gorur (8), using
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a hexane extraction and heating cycle, have demonstrated
LMW chain regeneration and hydrophobic recovery occur ev
after the initial supply of LMW species is depleted. The co
tribution of preexisting LMW silicone fluid to the restructurin
is not significant under severe discharge conditions, but its r
becomes more important at milder discharge conditions.

3. Humidity Effect

Moisture in air may participate in the hydrolytic depolyme
ization reaction and the production of LMW species by the h
generated during a severe discharge according to the rea
scheme (33, 34)

Longer siloxane chains+H2O

Thermal depolymerization−−−−−−−−−−−−−→ shorter siloxane chains.

Since these species could markedly change the hydroph
recovery behavior of PDMS elastomers, experiments were
ried out to assess the humidity effect on the restructuring
extracted PDMS elastomers after exposure to different lev
of discharge in the needle-to-plane configuration with
electrode gap of 0.4 mm. Contact angles were measured
exposure to varying discharges for one hour at a cons
humidity of 15 or 50% (Fig. 5). When the samples are su
jected to the low discharge range of 80–650 pC, the recover
not highly affected by humidity. However, at the high dischar
range of 4000–10000 pC, the effect of humidity on the recov
is significant, suggesting that air-borne water accelerates
formation of LMW species during discharge. For compariso

FIG. 5. The effect of humidity on the hydrophobic recovery of extracte
samples after exposure to different discharge intensities. Exposure time is
and the gap between the sample and the needle tip is 0.4 mm. These r
show that humidity affects the hydrophobic recovery more significantly un

severe discharge conditions: (r) 400–650 pC, 15%; (j) 4000–6000 pC, 15%;
(e) 80–150 pC, 50%; and (h) 4000–10000 pC, 50%.
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the samples discharged at 15% humidity recover their hydrop
bicity very slowly compared to those discharged at 50% hum
dity. It is well known (5, 6) that severe discharge under dry co
ditions results in the rapid formation of an inorganic silica-lik
layer on the outermost surface that could act as a barrier
the migration of LMW species trapped beneath the lay
Water does not have enough time to penetrate through the rap
formed inorganic silica layer in this dry condition, which ma
eventually limit the production of LMW species compared t
what happens under humid conditions. In spite of little moi
ture in air, LMW species may also be produced beneath
layer in the absence of oxygen after the thin, brittle, inorgan
silica-like layer develops on the outermost surface by oxidat
cross-linking. Many studies have demonstrated that the ther
degradation of PDMS under vacuum or inert atmosphere cau
a mixture of cyclic oligomers (35–40). As Hillborg and Gedd
state in their recent review (41), it is generally believed th
the aging of silicone elastomers in oxygen causes both oxi
tive cross-linking and chain scission, whereas oxygen-free ag
leads to chain scission. Therefore, when silicone elastomers
subject to electrical discharges in dry conditions, both oxidati
crosslinking and chain scission take place simultaneously,
the formation of the cross-linked layer is favored during a seve
discharge. LMW species may be producedin situ beneath the
layer by which oxygen is excluded but to a lesser extent th
those produced by discharge in humid conditions. The hum
ity effect is more pronounced as the discharge becomes m
severe.

4. Effect of Water Condensation

In another experiment, moisture was allowed to condense
a sample by circulating cooling water (0◦C) into the aluminum
block, which produces numerous tiny water drops on the s
face. The extracted sample shows a contact angle of 23◦ im-
mediately after exposure to 80–150 pC of discharge for 1 h at
50% (without condensation), but it exhibits a contact angle
62◦ immediately after exposure to 100–300 pC for 1 h und
condensation conditions (Fig. 6). At the low discharges, the e
tracted sample with water condensation also recovers faster t
that without condensation. The water drops condensing on
surface are believed to accelerate the formation of LMW spec
even at a mild discharge by a depolymerization reaction w
water. Subsequently the migration of thein situproduced LMW
species through the inorganic silica-like layer, which is pol
and is easily cracked by internal and external stresses, is t
responsible for the faster recovery. As the intensity of part
discharge increases, such a striking effect of water conden
tion is not observed, but the sample with water condensat
exhibits a higher initial contact angle (20◦) than that (spreading)
of the sample without water condensation, subsequently sh
ing a slightly fast recovery. When the samples are exposed
severe discharges at an environmental humidity of 50%, the

polymerization reaction probably takes place actively regardless
of water condensation.
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HYDROPHOBIC RECOVERY OF POL

FIG. 6. The effect of water condensation on hydrophobic recovery of
tracted samples after 1 h of discharge. Point-to-plane gap is 0.4 mm. Num
tiny water drops formed on the surface during cooling water circulation, w
significantly affect hydrophobic recovery at a low discharge: (r) 100–300 pC,
with water condensation; (j) 1000–4000 pC, with water condensation; (e) 80–
150 pC, without water condensation; and (h) 4000–10000 pC, without wate
condensation.

5. Hydrophobic Recovery Mechanism

The hydrophobic recovery of silicone elastomers has l
been studied, but there is still no general agreement due, in
to the variety of experimental conditions and discharge sou
that have been used. The migration of preexiting fluid and
reorientation of the oxidized side group are believed to be
main mechanisms of hydrophobic recovery. Recently (22)
showed that when samples are exposed to severe discharg
ditions with discharges of 1500–12000 pC and correspon
applied voltages of 6–12 kV in the cylinder-to-plane confi
ration, the recovery process is dominated by the migratio
in situ produced species. Preexisting fluid does not mark
affect recovery. Angle-resolved XPS results also support
same mechanism by showing a higher concentration of un
dized carbon and silica at 15◦ take-off angle than measuremen
taken at 90◦ take-off angle (Table 1). This XPS analysis w
performed about 2 h after the extracted sample was expo
to 6000–10000 pC for 1 h in thepoint-to-plane configuratio
with a gap of 0.4 mm and 50% humidity. Table 2 also sho
atomic compositions of an extracted sample after exposu
partial electrical discharges of intensity 10–20 pC for 94.5 h
humidity of 50%. The concentration of unoxidized carbon a
silica increases with decreasing take-off angle, implying
small amounts ofin situproduced LMW species migrate to th
surface during and after discharge. These results may ind
that the extracted samples are governed by the same m
nism (migration ofin situ produced LMW species); howeve

the two samples exhibit different hydrophobicity loss and
covery behaviors depending upon the discharge intensity.
DIMETHYLSILOXANE ELASTOMERS 205
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TABLE 1
Surface Atomic Compositions of an Extracted PDMS Elastomer

after Exposure to 6000–10000 pC for 1 h at 50% Humidity in the
Point-to-Plane Configuration with an Electrode Gap of 0.4 mma

Take-off angle

Element 15◦(%) 90◦(%)

C(unoxidized) 9.0 2.8
C(oxidized) 2.0 0.7
Si(unoxidized) 4.5 1.0
Si(oxidized) 27.0 32.1
O 57.5 63.4

a The atomic compositions of the unoxidized sample are as follows
(45.3%), Si (30.0%), and O (24.7%).

extracted sample exhibits spreading of water immediately a
exposure to 6000–10000 pC for 1 h, whereas a contact ang
about 50◦ is observed on samples immediately after expos
to 10–20 pC for 94.5 h. The discharges in the range 10–20
are not intense enough to make the extracted sample totally
drophilic. Here, thein situ produced LMW species, most prob
ably, contribute to the high initial contact angle of the extrac
sample. Under severe discharge conditions, the extracted sa
loses and regains its hydrophobicity rather fast. The extrac
sample subject to low discharges (<200 pC) shows a slowe
recovery than that exposed to severe discharges (>1500 pC).
We believe that the amount of LMW species produced dur
discharge increases with the discharge intensity. Therefore,
lower discharge, the higher concentration of unoxidized car
and silicon at the outmost surface is likely due to the mig
tion of in situ produced LMW species and the mild oxidatio
of methyl groups during discharge; however, the hydropho
recovery is slow due to the limited production of LMW specie
At a higher discharge level, even though initial atomic comp
sitions of unoxidized carbon and silicon are lower than tho
exposed to a low discharge, the samples show much faste
drophobic recovery. This could be due to the production
large amounts of LMW species at high discharge intensit
whereby the flux to the surface is enhanced. Consequently
LMW species should play an important role in the restructur

TABLE 2
Surface Atomic Compositions of an Extracted PDMS Elastomer

after Exposure to 10–20 pC for 94.5 h at 50% Humidity in the Point-
to-Plane Configuration with an Electrode Gap of 0.05 mm

Take-off angle

Element 15◦(%) 30◦(%) 90◦(%)

C(unoxidized) 41.9 33.6 22.7
C(oxidized) 1.6 1.7 1.3
Si(unoxidized) 17.6 13.5 0.9
Si(oxidized) 10.8 16.0 9.0
re-

TheO 28.1 35.2 21.2
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FIG. 7. Key mechanisms underlying hydrophobic recovery of silicone e
tomers after partial discharge. Silicone elastomers exhibit different restructu
behaviors depending on the presence of preexisting LMW fluid and disch
intensity. At low discharge, preexisting fluid considerably contributes to
drophobic recovery, but at severe dischargein situcreated LMW species becom
more important.

of high-voltage silicone elastomers during service. On
other hand, especially at low discharges (<200 pC), preexist-
ing fluid significantly contributes to hydrophobic recovery af
discharge, suggesting that the dominant mechanism in this
is the migration of preexisting fluid from the bulk to the su
face (Fig. 7). To address the issue of surface migration, we
performed XPS analysis of a silicone elastomer in which a
orinated siloxane (3,3,3-trifluoropropylmethyl siloxane, Mw=
950) was added at 5% by weight. Before discharge, the sur
concentration of fluorine observed at both 15◦ and 90◦ take-off
angles is∼0.5%, which indicates that most of the fluorine mo
eties are present in the bulk. However, after a 30-min expo
to a discharge of 7000–12000 pC, the fluorine concentratio
the surface of the elastomer increases markedly to 21% reg
less of the sample depth probed with XPS (i.e., independen
take-off angle). The dramatic increase in fluorine concentra
offers clear evidence that the hydrophobic recovery is tot
dominated by the diffusion of fluid from the bulk to the surfac
The fluorine-containing species that diffuse to the surface m
be the ones producedin situ by a chemical depolymerizatio

FIG. 8. The effect of preexisting fluid on the hydrophobic recovery of el
trically discharged PDMS elastomers. Discharge experiments were perfo
at 50% humidity in the point-to-plane configuration. Exposure time is 1

and the gap is 0.4 mm: (r) 5% fluorinated siloxane fluid (Mw = 950), 7000–
11000 pC; and (j) 5% dimethlysiloxane fluid (Mw = 950), 7000–10000 pC.
AL.
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of both pendent groups and chain backbones during electri
discharge. Consistent with the XPS results, the samples c
taining the fluorinated siloxane fluid (Mw= 950) also exhibit a
much faster hydrophobic recovery than either the extracted sa
ples or those containing free methyl-terminated silicone flu
(Mw=950) (Fig. 8). Six hours after exposure to 4000–11000 p
for 1 h, the fluorine-containing sample recovers 88% of its ori
inal contact angle, whereas both the methyl-containing and
extracted sample show only 45% recovery. This result sho
that the fluorine-containing fluid segregates faster to the surfa
compared to a methyl-containing fluid. Likely, the fast recove
of the fluorine-containing samples results from the diffusion
species produced by the fragmentation of the fluorinated silo
ane rather than the fluid itself. This is, however, the subject
future studies.

IV. SUMMARY

The partial discharge experiments with a point-to-plane ele
trode configuration show that hydrophobic recovery depends
such factors as the discharge intensity, preexisting fluid, and
vironmental humidity. When the PDMS elastomers are expos
to mild discharges, the silicone fluid preexisting in the elastom
plays an important role in the hydrophobic recovery of the ox
dized elastomers. However its effect is less significant than
migration of thein situ produced LMW species at severe dis
charge levels. As the discharge becomes severe, the domin
mechanism of hydrophobic recovery is the migration of thein
situ produced LMW species from the bulk to the surface of th
elastomer. Additionally, moisture in air promotes the produ
tion of LMW species under severe discharge conditions, whi
consequently leads to a faster hydrophobic recovery.
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