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The hydrophobic recovery of polydimethylsiloxane elastomers
was studied after exposure to partial electrical discharge. Silicone
elastomers that were thoroughly extracted of free oligomeric impu-
rities as well as those deliberately contaminated with low molecular
weight (LMW) silicone fluids were used for these studies. Contact
angle and X-ray photoelectron spectroscopy revealed that the recov-
ery rates of the oxidized extracted samples are strongly influenced
by the applied voltage, humidity, and aging condition. The recovery
rates increase considerably as the applied voltage and the humidity
during discharge increase. Remarkably, the oxidized samples stored
under high vacuum (10~7 Torr) exhibit lower recovery rates than
those aged in air. Free silicone fluid, when added to the elastomer,
affects the recovery rate as well; however, significant recovery is
seen even without any added fluid. These results imply that the
LMW species that are formed in situ during electrical discharge
are sufficient to cause the hydrophobic recovery of oxidized PDMS
elastomers.  © 2000 Academic Press

Key Words: polydimethylsiloxane; PDMS; partial electrical dis-
charge; low molecular weight fluid effect; hydrophobic recovery.

I. INTRODUCTION

the hydrophilic surface created by partial discharge regains
hydrophobicity partially or fully over time (5-8). This change
from a hydrophilic surface to a hydrophobic surface, often r
ferred to as “hydrophobic recovery,” is usually explained by tt
following mechanisms (9): (a) reorientation of polar groups frol
the surface to the bulk phase or reorientation of nonpolar grot
from the bulk to the surface, (b) diffusion of LMW silicone fluid
from the bulk to the surface, and (c) condensation of the surfe
hydroxyl groups.

Owen and co-workers (6) found that a thin wettable, bri
tle silica-like phase is formed after partial discharge of PDM:
which could prevent the reorientation of the polymer chain
These authors concluded that the diffusion of unoxidized LM
silicone fluid through the silica-like layer is an important mect
anism of hydrophobic recovery (mechanism b). This proce
might be facilitated by cracks in the silica-like layer. They als
suggested that a mild oxidation condition produces uncrack
surfaces, with only a few of the polymer side groups oxidize
Since no crosslinking occurs, the chains in the network cot
reorient (mechanism a). The results of Owen and co-worke
are consistent with those published recently by Hillborg ar
Gedde (7), who found that mechanically deformed specime

Silicone elastomers are currently replacing conventional igfter partial discharge recover at a faster rate than the comp:

organic ceramics in high-voltage applications because of thBIg untouched specimens. This observation is consistent with
low weight, good electrical properties, and excellent water reresence of cracks in the thin silica-like layer allowing the m
pellency (1). gration of the LMW silicone fluid to the surface. Based on X-ra
When silicone elastomers are in service, the initial hydrophBhotoelectron spectroscopy (XPS) results obtained after par
bic surface can be changed to a hydrophilic surface by part#i$charge to silicone elastomerstiéet al (10) suggested that
electrical discharge or dry band arcing. The resultant hydrophitfée diffusion-controlled migration plays a more importantrole i
polymer promotes spreading of water on its surface, whichtige recovery process than the reorientation of the newly form
conducive to the formation of dissoluble pollutants. As curreRolar species from the surface toward the bulk. They concluc
leakage increases through that film, the evolved heat resultghat roughly one-third of the recovery is due to the reorientati
numerous local dry bands on the surface accompanied by wétkthe polymeric chains (mechanism a) and about two-thir
evaporation. Tracking or erosion may then occur as a conégle to the diffusion of the LMW PDMS chains (mechanism b
quence of the more severe arcing activity generated across @ethe other hand, using a combination of static secondary |
dry bands. This intense dry band arcing may also lead to surfagass spectroscopy (SSIMS), XPS, and infrared spectroscop

degradation and finally flashover (2—4). It is therefore desirad®® plasma-modified PDMS rubber, Moreaal. (11) proposed
to avoid spreading of water on the surface because it increaiea) the hydrophobic recovery is due to burial of polar grou
power dissipation from the overhead lines. It is well known théto the bulk (mechanism a) accompanied by the condensat
of surface silanols and consequent cross-linking in the conte

1 To whom correspondence should be addressed. angle-probed layer (mechanism c).
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Stewart and Urban (12) utilized photoacoustic Fourier tran® partial electrical discharge was 30 min for all samples. Di
form infrared spectroscopy and dynamic mechanical analysisarge was carried out at 202% of relative humidity, if not
to understand the chemical composition of the surface and therticularly specified. The oxidized specimens were careful
mechanical properties of silicone elastomers after plasma treabved to the oven by holding the thin glass support in order
ment. They found that the surface crosslink density is not iavoid any unnecessary deformation due to sample handling.
creased as a result of the highly energetic plasma environmbewtirophobic recovery of the oxidized samples was examined
but mostly new surface species are produced on the silica2t 60, 75, and 10@ for different amounts of time.
elastomer with shorter chains. Other researchers (13-15) also i
reported the formation of these relatively short fragments by tile Analysis
scission of long polymer chains and proposed that the corre-The hydrophobic recovery of the oxidized samples was mo
sponding diffusion of the LMW species to the surface is respofiored by contact angles and angle-resolved XPS. Advanci
sible for hydrophobic recovery. contact angles were measured using a contact angle goniom

Even though there is a widespread belief that fluid migratiqRange—Hart. Inc., Model 100-00-115) following a method sug
from the bulk to the surface is a key mechanism for hydropholiested by Shet al. (16). The water drop was kept stationary by
recovery (2, 7, 9, 10, 13-14), there are few papers that descrPpgeedie and the substrate was moved by translating the st
the effect of preexisting fluid in the bulk on the restructuringorizontally at a fixed uniform velocity~50 um/s). Advanc-
of the oxidized silicone elastomer. The purpose of this papefijy and receding contact angles were measured from the t
to better understand the influence of the preexisting LMW Silb-pposite sides of the drop_ All the ang|es reported are the av
cone fluids on the hydrophobic recovery process of the oxidizggles of at least five measurements. Although both the advanc
silicone elastomer. We prepared silicone elastomers containiii receding contact angles were measured, only the advan
silicone fluids of low ViSCOSity and then Compared the recoveppntact ang|es were used to monitor Changes on the surface
rates of these fluid-containing samples to those of the extractekpS analysis was done with a SCIENTA ESCA-300 instrt
samples after partial electrical discharge. Contact angle megent using AK,, anode kv = 14866 eV) operated at 4.5 kW
surement and angle-resolved XPS were used to characterizeghg 75 eV pass energy. Before the XPS spectra were takel
hydrophobic recovery of the PDMS elastomer on aging aftgample stage was cooled down in order to minimize the remor

exposure to partial discharge. of the LMW species from the elastomer. All spectra were take
at a 15 take-off angle to minimize the signal from the bulk.
Il. EXPERIMENTAL Data analysis was performed forCNss, Ois, and Sy, using

SCIENTA's ESCA-300 analysis software package. An electrc

flood gun was used to neutralize the surface charge of the sp
A two-component high-temperature vulcanized silicone elaknen. The binding energy of each atom was referenced to

tomer (SYLGARD 184, Dow Corning Corp.) was used for thi§inding energy of C 4(285 eV).

study. Sheets 1-2 mm thick were prepared by mixing thoroughly

a hydrido-functional silicone crosslinker and a vinyl-terminated I1l. RESULTS AND DISCUSSION

PDMS using a platinum catalyst at%&for 2 h. The unreacted

oligomers were removed from the elastomer by 12 h of Soxhfkt Recovery Rates of The Extracted Samples

extraction with chloroform. In order to evaluate the influence of () Effect of storage in air. Water-in-air advancing angles

free PDMS fluid on the hydrophobic recovery, different sets @f_) were measured as a function of aging time after a sam
samples were prepared by adding methyl-terminated LMW sifijas exposed to partial electrical discharge. Water drops co
cone fluids (MW= 236, 770, and 3780, Gelest Inc.) to the competely spread on the surface in all cases immediately after |
pounds before curing. Fluid was added in the ratio of 5 weiggischarge. For the samples before discharge, contact angle |

parts to 100 weight parts of the base polymer, as this quantityigfesis decreased from2® & as the free LMW silicone fluid
silicone fluid does not affect seriously the electrical and physicghs added to the compound (Table 1).

properties of the PDMS elastomer according to Dow Corning
product specifications. TABLE 1

1. Material

Contact Angles of Water on Silicone Elastomer Containing

2. Exposure to Partial Electrical Discharge Different Amounts of Silicone Fluid before Partial Discharge

High-voltage ac corona equipment (HIPOTRONICS, Model

750-5CTS B/S) with 50 kV of maximal voltage was employed ¢ Advancing Receding Contact angle
. . . ample angledt) angle 6;) hysteresis
to generate partial electrical discharge on the PDMS elastomer.
Before the discharge, a sample was placed on a circular glassacted 112 84 28
plate (diameter 1 cm, thickness 0.3 cm) with the gap betwegf fluid (MW= 3780) 110 95 15
the electrode tip (diameter of 1 cm) and sample being 0.4 mpg° fluid (MW=770) 109 101 8
504 fluid (MW = 236) 105 97 8

The applied voltages were 6, 9, and 12 kV, and exposure time
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120 TABLE 2
Half Recovery Times of The Extracted, Oxidized PDMS Samples
Applied voltage
90 A Aging temperature 6 kV 9kV 12 kv
@ Q) (h) (h) (h)
2
° 25 33.4 20.4 10.5
En 60 6.4 4.1 2.9
s o 75 34 3.3 1.4
=1
& 100 1.3 15 0.9
)
=
S
2 function gives better agreement with the experimental data tt
30 the simple exponential function suggested by Chatelier and
workers (17, 18),
cosf,) = a + bexp(—ct™), [1]
0 r T r

in whicha, b, ¢, andm are constants.
0 100 200 300 400 From Eq. [1], the half recovery timey(,), which is the time
Time (hrs) required for the surface to reconstruct halfway, was calculat
(19). The recovery rates are highly dependent on the appl
FIG. 1. Plot of advancing contact angle versus aging time for the PDM§oItage at low aging temperature, whereas the influence of vc
elas‘tomers‘that were extracted in chloroform and e_xposed to partial discharga% on the hydrophobic recovery becomes less significan
of different intensities. The samples were aged in air 4€25 . ) .
aging temperatures above°@(Table 2). Hillborg and Gedde
) _ (7) reported similar results that the recovery rate increases w
Figure 1 shows the advancing contact angles ¢f water jncreasing corona exposure time. These results can be explai
measured at the aging temperature of@3or the extracted if e assume that the LMW fragments are created as a resul
samples. The dependence of advancing angle on aging time gaRia| discharge and these species affect the recovery of
best be expressed (Fig. 2) by a stretched exponential functigphobicity. If lower molecular weight species are formed &
having the form shown in Eq. [1]. The stretched exponentighain scissions at higher voltages, it follows that the initial re
covery rates would increase due to the migration of these LM
species to the surface. Note that the formation of LMW speci
by chain scission has been observed in many other nonsilice
corona/plasma applications (20-23).

(b) Effect of storage in high vacuumOther researchers
(7, 24) have reported an effect of the aging medium on tl
hydrophobic recovery. For example, storage in liquid nitroge
suppresses the hydrophobicity recovery of the oxidized sa
ples, but unfortunately no experimental data were provided f
the extracted samples. Hillborg and Gedde (7) found that t
oxidized samples that were quenched in liquid nitrogen shov
faster hydrophobic recovery rate due to cracking of the silic
like phase. Presumably, fluid migrates more readily througt
crack rather than through an intact silica-like layer. On the oth
hand, Toth et al. (10) found that the solvent-extracted sample
also exhibit a measurable hydrophobic recovery, suggestin
possible role of reorientation of the oxidized polymer chair
in the recovery process. According to our studies, the extrac
samples exhibit a significant hydrophobic recovery. These exp
imental data can be explained neither by the reorientation of 1

Time (hrs) polymer chains nor by the migration of preexisting free PDM
FIG.2. The cosines of the advancing contact angles (data shown in Fig.(i ains. In a separate experiment, we monitored the contact

are plotted as a function of aging time. The data fit nicely a stretched exponen@4eS On the oxidized, extracted samples upon storage in high v
function, which is indicative of a diffusional process occurring at the surfaceuum (1077 Torr). Our results show that the recovery rates of tf

1.2

c0s(0,)

0 100 200 300 400
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120 taken at a low take-off angle (1pcarry more surface-sensitive
information than those taken at high take-off angle’j9The
fact that the concentration of silicon in higher oxidation stat
(i.e., SiQ) is enhanced at 9&ompared to that at 25s consis-
tent with the scenario that the upper surface of the elastome
covered with a thin more organic-like layer. Examination of th
atomic compositions indicates that the oxidized carbon spec
are present deeper in the surface layer as their intensity is m
attenuated at F5as expected. The concentration of unoxidize
carbon species at the L&ake-off angle is, however, consider-
ably higher than that in the spectra taken &t ®hich suggests

Advancing angle (deg)

ISIIEX Zii that the upper surface of the oxidized polymer is covered wi
30 ® 12 kV, air a carbonaceous species. In conclusion, therefore, it can be ¢
Zggz:zzzx that the surfa_cg of the oxidiz.e_d PDMS ?s co_veredlwit.h ath
012 KV, vacuum layer of unoxidized methyl silicone, which, in all likelihood,

arises from diffusion from the subsurface region to the exteri

0 ' ; ‘ ; of the surface during the time (2 h) the samples were oxidiz
0 50 100 150 200 250 and transferred to the XPS chamber. This carbonaceous spe
; must be a component of dimethylsiloxane, as the concentrat

Time (hrs) p y

of Si at lower oxidation state is found to be higher at the 1-
FIG.3. The hydrophobic recovery rates of the oxidized PDMS elastomeggke-off angle than at the 9@ng|e_
decrease when the samples are stored in vacuum.

2. Effect of Humidity And Temperature on The Recovery Rat

extracted samples stored in high vacuum decrease moderatek\é) Humidity. Figure 4 shows that the samples oxidized ¢
compared to those stored in air (Fig. 3), suggesting that smgihh humidity exhibit a faster recovery rate than those at lo
volatile species are removed from the oxidized PDMS surfac%midity_ The effect is particularly pronounced in the 15—20¢
It may also be argued that the atmospheric water participate{inidity range. Water-in-air, a reactant in such an oxidatic
the recovery process by enhancing the diffusion rates of LMy¥action, must contribute significantly to the production of LMW
species trapped in the silica-like layer. Control experiments P&lsecies. The results suggest that the LMW species are create
formed in both dry and water-saturated nitrogen environmeng;nme amount when the humidity $s20%, strongly implying

however, show that the recovery rates of these samples are sjfar water participates in the chain scission reaction of siloxan:
ilar to each other and to those aged in air. These experiments

performed under controlled environments also preclude the pos{b) Aging temperature. The recovery rates for the extractec

sibility that the recovery process is due to airborne organic casemples increase as the aging temperature increases from 2

taminations. Hence it is likely that the slow recovery in higOO°C. Activation energiesH,), obtained from the Arrhenius

vacuum is due to the removal of some of the lowest moleculplots, are 40, 32, and 31 kJ/mol at discharge voltages of 6,

weight species from the topmost surface (2—3 nm) that are cead 12 kV, respectively (Fig. 5). The decrease in the activati

atedin situ during exposure of the polymer to partial electricaénergy from 40 to 31 kJ/mol with increasing discharge vol

discharge. age is qualitatively consistent with the observations of Hillbor
The result of angle-resolved XPS also supports the proposal

that the LMW species, created during partial discharge, migrate

to the surface. The binding energies atC;s, and Sp;, of un- . » TABLE 3 o

treated PDMS elastomer were found at 532.8, 285, and 102.5 eV, Atomic Composition of the Extracted, Oxidized Sample

respectively, similar to literature values (11, 15, 25). The bind- Exposed to 6 kv

ing energy of Si, is shifted to 103.9 eV after the discharge, Take-off angle

which is consistent with the formation of an inorganic silica-

like phase associated with Si atoms bonded to more than two = cme" 15 (%) 90 (%)

oxygen atoms (26). On the treated samples, ngwp€aks cor- C(unoxidized) 31.9 12.9
responding to oxidized carbon at 286.9 eV (C-0), 287.9 eV  C(oxidized) 1.8 6.3
(C=0), and 289.3 eV (O€0) were detected (27-29). No ni- Si(unoxidized) 14.3 4.6

Si(oxidized) 15.6 25.2

trogen peak was detected in the spectra. Table 3 summarizes the 64 10

atomic composition of silicon, carbon, and oxygen observed_ at
two different take-off angles, 2&nd 90, on an elastomeric sur-  Note.Data were take 2 h after discharge. The atomic compositions of th
face that was exposed to a discharge voltage of 6 kV. The specitraxidized sample are as follows: C (45.3%), Si (30.0%), and O (24.7%).
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120 TABLE 4
Half Recovery Times of The Fluid-Containing Samples
Aged at 25°C

Molecular weight of added fluid

g Discharge voltage 236 770 3780 No fluid
- (kv) (h) (h) (h) (h)
oo
s 12 2.6 35 5.4 10.5
z 6 4.3 9.4 113 33.4
=
«
=
< n is increased, lower molecular weight species of lograre
Air, 15% RH formed
A Air, 20% RH )
Alr, 65% RH 3. Effect of The Preexisting LMW Silicone Fluid in The Bulk
0 The oxidized samples containing silicone fluids exhibit
0 50 100 150 200 faster recovery than the extracted samples for all the discha

. conditions (Table 4). At the aging temperature of@&and the
Time (hrs) discharge voltage of 12 kV, preexisting PDMS fluid has a le

FIG.4. The effectof humidity on the recovery rates of the extracted sampiignificant effect on the restructuring of the oxidized PDM:
subjected to 12 kV. Recovery rate is significantly affected by humidity in thelastomers (Fig. 6). However, as the molecular weight of PDN
range of 15 to 20%, but remains unchanged above 20% humidity. fluid is decreased from 3780 to 236 g/mol or the dischar

voltage is decreased, unreacted silicone fluid in the bulk ha

and Gedde (7), who reported that the activation energy decrea%réaé‘te.r effect on the recovery process. These results are cor
from 57 to 36 kJ/mol as the discharge time is increased fro it with the following scenario. At high voltage, enough LMW

0.3 h to 200 h. Presumably these activation enerdia} €or- species are formed and dominate the recovery process, with
respond to the diffusion of species contributing to hydrophg-dded. ﬂ:“d har\]/ INg no major egfetc;t. A;chlowgéscdh:rgg voltag
bic recovery. As either the discharge voltage or discharge tirmeere IS 1esS chain scission and thus the added Tiuid somew

120
6
®6kV
Agkv
®12kV 90 |
41 [™12kV, 5% fluidMw=3780) ®
2
@ *
®
~ 2] % 60
= =
N =
= =
- _‘g‘ $
0 < | ® Extracted
S ¢ A 59, fluid(Mw=3780)
1 ® 5% fluid(Mw=770)
-2 B 59 fluid(Mw=236)
0B .
4 : 0 100 200 300
2.2 2.6 3 34 3.8 Time (hrs)
1000/Temperature (1/K) FIG.6. Comparison of hydrophobic recovery rates of the extracted and t

fluid-containing PDMS elastomers at“X5 after being exposed to a discharge

FIG.5. Arrhenius plots of half recovery timeé(») for the PDMS elastomers voltage of 12 kV. Note that the recovery rate is the highest when the molecL
that were exposed to electrical discharges of different intensities. All the PDM&ight of the added fluid is the lowest, which indicates that the diffusion
samples were extracted before discharge treatment except the one that contaipedes from the bulk to the surface plays an important role in the recove

5% of free silicone fluid (MW= 3780). process.
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it is present in the network, but its effect is secondary to that
Silica-like layer thein situproduced LMW species.

porous and cracked
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