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Abstract

Theoretical models are proposed to account for the hydrophobic recovery kinetics of electrically discharged silicone elastomers, in which
the effects of both the diffusion and adsorption of in situ produced low molecular weight (LMW) species are considered. A homogeneous
solid diffusion model or a pore diffusion model well represents the surface restructuring of silicone elastomers exposed to partial electrical
discharges. The computed diffusivity of the in situ produced LMW species through an inorganic, silica-like layer to the outermost part of the
oxidized polymer is much smaller than that calculated from the absorption experiment of a silicone elastomer. At severe discharge intensity
no significant difference in the hydrophobic recovery is observed for extracted samples and those doped with free dimethylsiloxane fluid,
whereas fluorinated siloxane fluid containing samples recover their hydrophobicity faster than the others. Modeling studies indicate that the
faster recovery of the later samples may be due to the faster diffusion of the species produced from the fragmentation of the fluorinatec
siloxane fluid preexisting in the polymer during electrical discharge.

0 2005 Published by Elsevier Inc.
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1. Introduction fluid and other factors; but, there is enough eviddti8e-22]
to suggest that the recovery process is dominated by the dif-
Silicone-based polymers are extensively used in outdoor fusion of in situ produced low molecular weight (LMW)
insulation applications, such as in transmission and distrib- species from the bulk to the surface of the polymer. This re-
ution lines because they show an excellent performance insult has motivated researchers to estimate the diffusivity of
maintaining their surface in a hydrophobic state even in con- the LMW silicone fluid in the silicone elastomer by measur-
taminated areafl—-3]. The low surface energy of silicone ing the absorbed amount of a silicone fluid in a sheet of a
elastomers plays a crucial role in preventing the formation silicone polymer as a function of tinj@3—-27] The increase
of an electrolyte film, which may develop on the surface in of weight of the elastomer during the early stages of fluid ab-
the presence of airborne pollutants and moisture that subsesorption was analyzed using a simple diffusion equation of
quently increase leakage current and dry-band arcing. Exten-the type
sive studie$4—22]suggest that the superior electrical perfor- 12 12
mance of silicone insulator over inorganic materials is due ﬁ =4(B> <L> 1)
to its ability to recover the hydrophobicity. The hydrophobic Mso 12 T ’
recovery of electrically discharged silicone rubbers is signif- \yhereps, andm,, are the weight increases of the elastomer
icantly affected by discharge intensity, humidity, preexisting 4t time s and ats = oo, respectively;D is the diffusivity
(c?/s); and! is the sample thickness (cm).
" Corresponding author. In reality, however, the diffusivity obtained from the ab-
E-mail address: mkc4@lehigh.ed@M.K. Chaudhury). sorption experiment is inadequate to represent the processes
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underlying the hydrophobic recovery of electrically dis- ing. We will denote the above fluid-containing samples as
charged silicone elastomers because of the reasons outlinedl-PDMS and F-PDMS, respectively. After the silicone elas-
below. First of all, the silicone insulators may experience a tomers were exposed to partial electrical discharges in a
secondary thermal degradation during field service, which range of 100-11000 pC for 1 h in a point-to-plane configu-
results in changes in crosslink density. Secondly, the in situ ration (tip diameter 0.065 mnj30], sessile drop advancing
produced LMW species—not the preexisting fluid—usually contact angles of water were measured on the oxidized sam-
control the hydrophobic recovery of PDMS elastomers. Be- ple as a function of time in order to monitor the hydrophobic
cause of the above complications, the values of the diffu- recovery kinetics. The environmental humidity was 50%,
sivity obtained from the absorption experiments may not and the gap between a sample and the electrode tip was
correspond to what is needed to explain the electrical dis- 0.4 mm. Angle resolved X-ray photoelectron spectroscopy
charge experiments. It would indeed be more informative to (XPS) was used to calculate the thickness of the silica-like
obtain the values of diffusivity of in situ produced LMW layer, which was required to solve the model equations.
species that diffuse through a silica-like layer to the surface;
but such data, unfortunately, are unavailable.
For the purpose of describing the hydrophobic recovery 3. Background on the theoretical models
of electrically discharged PDMS elastomers, a diffusion cou-
pled adsorption model is applied to our system. The compu- A silica-like thin layer is formed on the outermost sur-
tational results are combined with the Ca$2®] equation to face region of a silicone elastomer during active electrical
predict the hydrophobic recovery in terms of contact angle discharges. Simultaneously, LMW species are also produced
and aging time. These models, which are better predictorsin situ in the sub-surface region. It has now been estab-
of experimental data than the previously used simple dif- lished that the electrically discharged PDMS elastomers re-
fusion models, also yield realistic estimates of diffusivities cover their hydrophobicitj22,30,31]via diffusion of the in
of in situ produced LMW species that are responsible for situ produced low molecular weight (LMW) species from a
the hydrophobic recovery. The theoretical models and their sub-surface region to the outermost surface through the thin
comparative simulation results are discussed below by con-silica-like layer Fig. 1). Hillborg et al.[31] prepared their
sidering, in particular, the effects of concentration of in situ electrically discharged samples with multiple needle elec-
produced LMW species on the hydrophobic recovery kinet- trodes. These investigators carefully extracted and analyzed
ics. the in situ produced species from the electrically discharged
PDMS and provided strong evidence that cyclic dimethyl-
siloxane O, = [(CH3)2SiOl,, n = 4-9) is the main species
2. Experimental formed in such reactions. The reported amount of the LMW
species formed in a process involving multiple needle elec-
A high voltage AC corona test set (Hipotronics, Model trodes is extremely small<{0.5 ng/cn¥); thus it is even
750-5CTS B/S) was used to generate partial electrical dis- more challenging to obtain the initial concentration of the
charges on the surfaces of silicone elastomer sheets (thickspecies when a single needle electrode is used. Furthermore,
ness 1 mm). The samples were prepared by curing a two-the values of the diffusivity, the thickness of the silica-like
component silicone resin Dow Corning SYLGARD 184 layer, and the equilibrium adsorption characteristics of the in
in an oven at 78C for 2 h. The cure chemistry involves situ produced LMW species are not accurately known. De-
hydrosilylation reaction of dimethylvinyl-endcapped poly- spite the difficulties in experimentally garnering these data,
dimethylsiloxane with methylhydrogen siloxane crosslinker our theoretical models are still useful in parametric evalua-
in the presence of a platinum catalyst. The elastomer alsotions of the factors that significantly affect the hydrophobic
contain partially methylated silica resin for re-enforce- recovery. In order to develop a suitable model, we consider
ment[29]. the silica-like layer as an adsorbent so that both the diffusion
In modeling the hydrophobic recovery of silicone elas- and adsorption of LMW species take place at the same time
tomers, three different types of samples were used: an ex-during the hydrophobic recovery, which is quite similar to
tracted sample, a dimethylsiloxane fluid-containing sample, the adsorption of a chemical species.
and a fluorinated siloxane fluid-containing sample. The un-
reacted oligomers were removed from the elastomer by 3.1. Adsorption asin a packed-bed column
extracting it with chloroform in a Soxhlet apparatus for
12 h, followed by its drying in a vacuum desiccator. These A typical example relevant to our problem can be found
extracted samples served as control, whereas the preexin a packed-bed column, in which adsorption takes place
isting fluid-containing samples were prepared by adding in a porous medium. In modeling the packed-bed column,
linear PDMS fluid (MW= 950, Gelest, Inc.) and 3,3,3- two types of approach—a pore diffusion mo{&2—37]and
trifluoropropylmethylsiloxane fluid (MW= 950, Gelest, a homogeneous solid diffusion mod&6—39}—are com-
Inc.) respectively to the mixture of SYLGARD 184 inthera- monly used to predict a breakthrough curve. The pore dif-
tio of 5:100 by weight of the base polymer before crosslink- fusion model pictures the diffusion of an adsorbate through
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Fig. 1. The schematic diagram of the surface of the oxidized PDMS elastomer subjected to severe electrical discharges. During the elecgisallddhar
species are produced via chain scissions of siloxane backbones by thermal degradation, and simultaneously an inorganic silica layer is fouteechosthe
surface. The surface of the oxidized PDMS elastomer is idealized for the hydrophobic recovery modeling.

the pores of an adsorbent with a distributed adsorption alongwhereg, andCp, are the concentrations of the LMW species
the pore walls. In the homogeneous solid diffusion model, adsorbed on the pore wall and inside the pore, respectively;
the particle is assumed to be homogeneous regardless ofA and B are adsorption constants.

its porous structure, and the adsorption takes place on the

outer surface of the particle, followed by the diffusion of 3.2. Contact angle

the species in the adsorbed state. The governing equations

[35-37] derived from both the pore diffusion model and A polymer surface exposed to partial electrical discharges
homogeneous solid diffusion model are numerically solved consists of domains of different compositions and surface
with an equilibrium adsorption equation given in the form energies. According to the Casg@8] equation, the con-

of either a linear or nonlinear isotherm. Weber and Chakra- tact angle on the heterogeneous surfacs expressed as
vorti [37] reported that these two models yield an identical the weighted average of the intrinsic contact angles on the
breakthrough curve provided that the adsorption isotherm is regions comprising the surface:

approximately linear. However, in the case of a nonlinear

adsorption isotherm, the models need to be more specific.COS8 = fpoCOSFpo + fnp COSInp

If ac.i.sor'pnorll is assumgd to be much faster than d|ﬁUS|0Q, 4po COSpo + 4np CObnp. 40 = dpo + dnp-
equilibrium is reached instantaneously at every local posi- q0

~ 3
q0
tion. The amount adsorbed on the wall at a local position Here, the subscripts po and np denote polar and nonpolar

in the pore and the amount adsorbed on the outer surfacegroups on the oxidized polymer surfacg; 6, andg repre-
of the particle may be expressed as a function of adsorbatesgnt fractional surface area, contact angle, and concentra-

concentration. In our study, we use a Freundlich adsorption tion, respectively. For simplicity, we assume that the dis-

isotherm as it is most su_itable for describing adsorption on charged surface consists of only two component polar and
heterogeneous surfaces: nonpolar groups. With this assumptipt0], the fraction of
surface area can be replaced by the fraction of the concen-

(2) tration of the component (E@3)).

Freundlich isotherm: g, = AC,
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Fig. 2. lllustration of diffusion and adsorption of in situ produced LMW species at a local position.

With the help of the above definitions and Cassie equa- 4. Analysis
tion, the fractional polarity foosp Of the surface is de-

fined[40] in terms of contact angles as 4.1. Theoretical model
ot
foos = COSYy — COSVoo 40 — dnp ) A pore diffusion model and a homogeneous solid diffu-
C0SHp — COSVo q0 sion model are used to establish a theoretical architecture
q! needed to predict the surface restructuring of electrically dis-
COSH; = COSHy + (COSHy — cos@oo)< — q—p), (5) charged silicone elastomers. We assume that the diffusion of
0

LMW species through a silica-like layer is a rate-limiting
where#,, 6o, andfs are the contact angles on the oxidized Step so that the external film diffusion of LMW species from
PDMS elastomer surface at t|met =0, and atr = 0, the zone B to the interface of the silica-like |ayer:€ 0)
respective'yq{]p’ qr?p' andqﬁg are the Corresponding concen- is not considered in mass balance equations. Additional as-
trations of nonpolar groups. Immediately after the silicone sumptions are imposed: (1) the volume of the zone B is
elastomers are exposed to a partial electrical discharge, watefuch larger than that of the silica-like layer; (2) diffusion
spreads on the oxidized surfaces of all the samples. Theretakes place only in the direction ef i.e., a radial diffusion
fore, only polar groups (for example, hydroxyl, aldehyde, or is negligible; and (3) the diffusivity of LMW species is inde-
carboxyl groups) comprise the surface right after electrical Pendent of concentration.

discharges«ﬁp = 0). As the hydrophobic recovery proceeds,

nonpolar groups (methyl or fluorine-containing groups) dif- 4.1.1. Pore diffusion model

fuse to the surface. As aging timegoes to infinity, as the In the pore-diffusion model, LMW species are considered
oxidized surface fully recovers its hydrophobicity only the to diffuse into the straight, cylindrical pores and then adsorb
nonpolar groups cover the surface; therefajgs/qo = 1 on their inner wallsig. 2a). At the surface of the oxidized

(Eg. (4)). An expression of ca% can thus be obtained in  polymer ¢ = L), the concentration of the LMW species
terms of the concentration of nonpolar groups (9. increases while simultaneously adsorbing on the silica-like
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layer until the local concentration at= L equals that at  pore inletCp(0, ¢) is assumed to be constant while the diffu-

z=0. The governing equation is sion of the species proceeds through the inorganic silica-like
5 layer to the outer surface & L). AlthoughCp(0, 1) can be
gpa— +p— gp)a— = ngpW; (6) described in terms of the diffusional flux at the pore inlet,
t t z

this boundary condition does not affect the simulation re-
sults[41] in any significant way.

IC: Cp(z,0) = —Cis/L - 7+ Cis, (7a) Consider a sample that has unit area (Poxidized.

The depth of the sample probed by contact angle measure-

BCL: G0 =0i (7b) ment [40] is so small 5 A) that only extremely small
e 6L o (70) amount of LMW species is needed for the hydrophobic re-
0z covery of the oxidized silicone elastomer. In the modeling

Cp is concentration of LMW species in the potg, is the scheme, we consider that the concentration of LMW species
concentration of LMW species adsorbed on the wall in the is constant in zone B while the oxidized surface recov-
pore, Cj is the initial concentration of LMW species pro- ers its hydrophobicity. As the surface continues to restruc-

duced in situ in the zone B during electrical dischagg,is ture, the concentration of the LMW species increases in the
the concentration of LMW species trapped in the silica-like pores and eventually becomes same as that in zone B. At
layer after electrical dischargeis time in seconds; the dis- this point, the silica-like layer at = L adsorbs the largest

tance fromz = 0 as depicted iffig. 1, L is the thickness of ~ amount of LMW species according to the adsorption equa-

the silica-like layergy, is porosity of the silica-like layer and  tions (Eq.(2)), which is referred to agm. Thus we can set

p is its density. go = gm, in view of which Eqg.(5) can be rewritten as fol-
Equation(6) is the mass balance for the in situ produced lows:

LMW species diffusing into the pores of a silica-like layer. gl

The left-hand terms of Eq6) account for the accumulation  c0S8; = C0SOs, + (COSHy — COSH) <1 — ﬂ). (8)

and the disappearance of the in situ produced LMW species. gm

Immediately after exposure to partial electrical discharge, In Eqg.(8), the pore concentration of LMW speci€ is

some of the in situ produced LMW species may be trapped not considered as it is much smaller thas, so that the con-

in the pores of the silica-like layer, resulting in a concentra- tact angle on the oxidized surface is affected mainly by the

tion distribution with respect to the distancéEq.(7a)). The LMW species adsorbed on the silica-like layerat L. All

other LMW species are produced in situ in the zone B hav- other subtle effects of the pore during contact angle mea-

ing the initial concentratior; (Eq. (7b)). The value ofC; surements, i.e., penetration of water fok /2 and non-

is affected by the discharge intensity, exposure time, and en-penetration fop > /2, are ignored. The concentratigf,

vironmental humidity. In the case that all of the crosslinked in Eq.(8) can be obtained as a function of aging time at the

siloxane chains in the zone B are thermally depolymerized to surface ¢ = L) by numerically solving Eq(6) in conjunc-

LMW species, the initial concentration of the LMW species tion with an adsorption equation (E¢R)). Substitution of

Ci would be the same as the densityl(g/cm?) of the elas- the numerical values oﬂ]p into Eq. (8) finally allows us to

tomer. On the other hand, the partial depolymerization of predict the hydrophobic recovery of electrically discharged

the siloxane chains in the zone B results in an initial con- silicone elastomers in terms of dgsand aging time that are

centrationCj that is much smaller than 1/gm®. At the measurable experimentally.

surface £ = L), the derivative of the concentration of the

LMW species with respect to is zero because the LMW  4.1.2. Homogeneous solid diffusion model

species cannot diffuse furtherat L and is changed only The homogeneous solid diffusion model assumes that the

with aging time (Eq(7c)). The evaporation of the species porous medium is homogeneous, and the LMW species dif-

on the electrically discharged surface was not consideredfuse through the silica-like layer to the surfage<( L) in the

even though the species have a relatively low vapor pressureadsorbed statd~{g. 2b). Therefore, the equation describing

Immediately after the electrical discharge, the surface has athe hydrophobic recovery is simply

high surface energy, so that the species are likely to remain 5

adsorbed on the electrically discharge surface during aging %45 — Ds%1 9)

at normal atmospheric condition. However, we observed pre- ot 922

viously [22] that aging in a high vacuum condition results where g5 is concentration of LMW species adsorbed on

in a slow hydrophobic recovery presumably due to evapora- the silica-like layer, ands represents the diffusivity of the

tion of the species. The LMW species diffuse to the surface LMW species (cr/s) through the above layer.

(z = L) through the pores of the silica-like layer, accompa-  The concentration of LMW species at= L may be de-

nied by the adsorption on every local position in the pores. termined by the amount of LMW species adsorbed at the

The adsorption is assumed to be much faster than the diffu-interface of the silica layerz(= 0) and the diffusivity of

sion so that a local equilibrium exists everywhere inside the the species. Experimental data show that hydrophobic re-

pores. In Eq(7b), the concentration of LMW species at the covery becomes faster with increasing discharge intensity.
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However, even though the initial concentration of LMW Table 1
species increases with increasing discharge intensity, the hy-The initial contact anglegi¢) and the final contact anglegs}) of PDMS
drophobic recovery eventually reaches a maximum value in S3mP'es

spite of further increase in discharge intensity. There may Sample Discharge Gap fo o
be a critical concentration of LMW species beyond which it (PC) (mm) 0) ©)
has no further effect on hydrophobic recovery, as excessiveExtracted 4%%%—‘1%%00 é’f5 28 9%34
LMW species (_jo not to contribute to the surface restructur- | o\ 2700010000 04 0 895
ing of the oxidized PDMS elastomers, presumably, due to g_ppus 7000-11000 0.4 @3 89.0

the maximum adsorption capacity of the silica-like layer. If a
Freundlich isotherm is taken as an example of nonlinear ad-
sorption, then we obtain the concentration of LMW species
atz = L by numerically solving Eq(9) with the following
initial and boundary conditions:

@ For the model simulation, the initial contact ange= 0 is used.

5. Resultsand discussion

Fig. 3 shows the hydrophobic recovery of the three dif-
ferent samples: an extracted PDMS, an M-PDMS, and an

G a5 O =—aqis/L -2+ gis, (103) F-PDMS, which are subjected to a severe discharge of 4000—

BC1: ¢s(0,1) = ACiB, (10b) 11000 pC for 1 h in a point-to-plane configuration at 50%
dgs(L, 1) humidity. The extracted sample and M-PDMS exhibit a sim-

BC 2: P =0. (10c) ilar hydrophobic recovery after exposure to an electrical

discharge of 4000-10000 pC. At this severe discharge con-
gis is concentration of LMW species trapped in the silica- dition, the LMW species are produced in quantities that is
like layer after electrical discharge fgm®). sufficient to cause full hydrophobic recovdB0] of the ox-

The adsorbed amount of the LMW specigg0, r) can idized PDMS. These LMW species may be produced in situ
be calculated from the initial concentratiah produced in by the siloxane bond rearrangement occurring via a tran-
the zone B during electrical discharge using an adsorption sition state[45-49] and the degradation products may be
isotherm (Eq(10b)). Similarly to the pore diffusion model, ~comprised of similar sized cyclic siloxane fluifBl].
the concentration of the LMW species adsorbed at the in-  For the F-PDMS sample, hydrophobic recovery is much
terface of the silica-like layer at= 0 is assumed to remain  faster than that of the extracted and M-PDMS samples. The
constant while the diffusion of the species proceeds throughangle-resolved XPS indicates that the fluorine concentration
the inorganic silica layer to the surface in an adsorbed state.on the surface of the F-PDMS elastomerif.5% before
As is the case with pore diffusion model, the numerical com- discharge, but the concentration markedly increases to 21%
putation of Eq.(9) together with an adsorption equation @about 2 h after exposure to a discharge of 7000-12000 pC
(Eq. (2)) yield the concentratiorq,qp in Eq. (8) as a func- for 30 min. Eyen when the sample is exposed to a lower (_jis—
tion of aging time at = L. Subsequent steps used for the charge intensity of 300-700 pC for 30 min, the concentration

estimation of the fractional recovery of hydrophobicity are ©Of fluorine in the oxidized surface increases considerably
similar in the two approaches. compared to that of the F-PDMS sample before discharge

(Table 3. The XPS resultsHig. 4) show the absence of the
fluorinated carbon species on the surface before discharge,
but its presence (e.g., the appearance of the peak at 293—
294 eV region is indicative of the GFgroups) on the surface

A method of lines (MOL) solutiorj42,43] to Egs.(6)— after discharge due to the diffusion of the in situ produced
(10) is programmed in Fortran. The constants of the Fre- L Mw species by which the oxidized PDMS elastomers re-
undlich isotherm (A, B) are assigned as the values that cover their hydrophobicity. The fluorine-containing species
give best correlations with experimental data. The thick- may be produced by the cleavage of the Si—C bond of 3,3,3-
ness (140 A) of the inorganic silica-like layer was calcu- trifluoropropylmethylsiloxane fluid (MW= 950) present in
lated from the attenuation of photoelectron induced in XPS the polymer network, further degradation of which could
analysis[44] of the oxidized elastomer surfaces. The con- result in the formation of 1,1-difluoropropene and cyclic
tact angles at = 0 andr = oo of the samples are also given PDMS fluids[46-50] In particular, the 1,1-difluoropropene
in Table 1 With the given initial and boundary conditions, (MW = 76) has a molecular weight which is lower than
the numerical computations of the governing equati@)s that of hexamethylcyclotrisiloxanég, MW = 222) and oc-
and (9)were carried out using a finite difference approxi- tamethylcyclotetrasiloxanely, MW = 296) and may thus
mation. The thickness of the silica-like layeriis and the have a higher diffusivity tham, (n > 3). It is plausible that
uniform spatial grid on 31 points for € z < L is used. the surface restructuring of the F-PDMS elastomer could be
Ordinary differential equations with respect to timat the accelerated by the diffusion of very low molecular weight
uniform spatial grid are then solved with the given diffusiv- fluorine-containing species such as 1,1-difluoropropene to
ity and initial concentration of the LMW species. the oxidized surface of the elastomer.

4.2. Numerical solution
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Fig. 3. The effect of preexisting fluids on hydrophobic recovery of the PDMS elastomers. Discharge experiments were performed at 50% humidity in the
point-to-plane configuration. Exposure time is 1 h, and the gap between a sample and the electrode tip is@ Emtma¢ted, 4000—10000 paRj M-PDMS
(MW = 950), 7000-10000 pC; anad| F-PDMS (MW= 950), 7000-11000 pC.

25000
Table 2
Atomic compositions (%) of the F-PDMS samples taken at a different take-
off angle 2 h after electrical discharge 20000
Discharge Atom Take-off angle
15 90 2 15000 7 7000-12000 p
=
Virgin Cis 46.6 457 e
Q i
Sip, 291 291 10000
O, 239 249 300-700 pCj\
F1s 0.4 0.3 5000
300-700 pC G, 430 411 Virgin F-PDMS
Sizp, 193 202 0 T T T
O1y 206 206 280 285 290 295 300
Fis 171 18l Binding Energy (eV)
7000-12000 pC & 380 382
Sipp, 19.1 17.8 Fig. 4. CIs XPS spectra of F-PDMS samples before and after electrical
O1; 225 224 discharge. The XPS analysis was performed &tt@Re-off angle.
F1s 204 216

5.1. Diffusivity of LMW species

Before discharge, the advancing contact angles of the
extracted PDMS, M-PDMS, and F-PDMS are 10703, 5.1.1. Porediffusion model
and 93, respectively. However, the recovered samples show  The simulation results obtained from a pore diffusion
almost the same advancing contact angle’Y9@hich is model, based on the parameters summarizedaiple 3
somewhat lower than those of the samples before dischargeare plotted inFig. 5. With the given set of model para-
(Table 1. The in situ produced LMW species covering the meters, the initial concentratiorC() and pore diffusivity
oxidized surface of the PDMS elastomers may behave dif- (Dp) of the in situ produced LMW species can be extracted
ferently than the siloxane chains crosslinked in a network. upon comparing computational results with experimental
Furthermore, the surfaces of the recovered samples are notlata Table 4. The simulation result indicates that the pore
the same as those of the PDMS elastomers before dischargéliffusion model with the Freundlich isotherm fits the exper-
in terms of chemical composition and physical structure. The imental data quite well throughout the whole aging time,
free movement of the in situ produced LMW species cover- giving a pore diffusivity Op) of 2.0-4.0 x 1016 cn?/s for
ing the oxidized surface may also affect the contact anglesthe extracted and M-PDMS samples. Therefore, when the
of the recovered samples. extracted sample and M-PDMS sample suffer degradations
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prediction.

Table 3
Parameters used in the model simulation

Value

q=ACE (g/cm’)
A =10000,B =25

Parameter

Freundlich isotherm

Density of the silica layerp 1 (g/cmd)
Porosity of the silica layegp 0.17
Thickness of the silica layef, 140 (A)

ples (Table 4. This result is consistent with the fact that the
F-PDMS shows a faster hydrophobic recovery than the ex-
tracted and the M-PDMS.

5.1.2. Homogeneous solid diffusion model

In the homogeneous solid diffusion model, the same Fre-
undlich adsorption equatiofigble 3 is used to calculate the
amount of LMW species adsorbed on the silica-like layer at
the interface { = 0). The simulation results with the model

during the severe electrical discharges, the LMW species areparameters are shown irable 5 Based on the simulation

produced in situ that may be comprised of silicone fluids
having comparable molecular weights. The pore diffusivity
Dp (2.0-40 x 1076 cn?/s) of the in situ produced LMW
species obtained for extracted and M-PDMS is very much
lower than the average diffusivity 8x 10~8 cm?/s) of sil-
icone fluids in the PDMS elastomer network obtained via
absorption experimenf24—-27] This difference is expected
considering that the inorganic silica-like layer offers a much
greater resistance to the diffusion of LMW silicone fluid
than would a PDMS polymer network. For the F-PDMS
sample, the computed pore diffusivity of LMW species is
5.0x 10~1® cm?/s, which is roughly one order of magnitude

larger than those of the extracted and the M-PDMS sam-

results summarized ifig. 6, the surface diffusivity Ds)

of the LMW species is estimated to be aboud-3B0 x
1018 cné/s for the extracted and M-PDMS exposed to a
discharge intensity of 4000-10000 pC, which is consider-
ably smaller than the diffusivityl§p,) 2.0-4.0x 10-16 cm?/s
obtained from the pore diffusion model. This is consistent
with the studies in packed-bed columj@$], in which the
modeling of the breakthrough curves requires a lower sur-
face diffusivity Ds than pore diffusivityDp. As seen in the
pore diffusion model, the surface diffusivit®s of the F-
PDMS sample is also about one order of magnitude larger
than those of the two samples at the similar discharge inten-
sity.

Table 4

The diffusivity and initial concentration of in situ produced LMW species computed by the pore diffusion model

Sample Adsorption Discharge Ci gm Cis Dp

type (pC) (gem®) (g/crm®) (g/cm®) (cm?/s)

Extracted Freundlich 100-400 .an87 01 0.010 40x 10716
4000-10000 o1 o1 0.014 40x 10716

M-PMDS 7000-10000 01 01 0018 20x 10716

F-PDMS 7000-11000 .01 01 0.018 50x 10715
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Fig. 6. Homogeneous solid diffusion model with the Freundlich isothed¥). Experimental data for the extracted sample, 4000—10000B)CXperimental
data for the M-PDMS sample (M\& 950), 7000-10000 pC; and] experimental data for the F-PDMS sample (MW050), 7000-11000 pC; and (—)
theoretical model prediction.

Table 5

The diffusivity and initial concentration of in situ produced LMW species computed by the homogeneous solid diffusion model

Sample Adsorption Discharge Cj gm Jis Ds

type (pC) (gem?®) (g/cm®) (g/cm®) (cn?/s)

Extracted Freundlich 100-400 (D86 01 0.010 30x 10718
4000-10000 o1 01 0.012 30x10718

M-PMDS 7000-10000 01 01 0.018 20x 10718

F-PDMS 7000-11000 01 01 0.018 40x 10717

When a Langmuir isotherm is used instead of a Fre- atlesser quantities. Since the in situ produced LMW species
undlich isotherm, both the diffusion models yield similar are the major cause for hydrophobic recovery, the partial hy-
values of diffusivity and initial concentration as those ob- drophobic recovery is most likely caused by a low initial
tained from the Freundlich isotherm. However, the homo- concentration of the LMW species. In order to demonstrate
geneous solid diffusion model with a Langmuir isotherm  the effect of initial concentration of LMW species on the hy-
shows a pronounced discrepancy with the experimental datagrophobic recovery, an extracted sample was exposed to a
in the early aging time period if we assume that no LMW gy glectrical discharge intensity of 100-400 pC for 1 h. Af-
species e_X|st in the S|!|ca—l|k.e Iayer right after'electrlcal dis- ter the discharge ceased, the oxidized sample recovered its
chgrge_ﬁg. 7)- The “induction time” showq in the early __hydrophobicity more slowly than the extracted sample ex-
aging “.”_“e s_uggests that some LMW_ Species already exlstposed to a severe discharge intensity of 4000-10000 pC for
in the S|Ilca-_I|ke layer ng_ht after electrlc.al dlsgharge so that 1 h at the same humidity (50%). Additionally, the extracted
the expression (Eq10a) improves the simulation result. i . .

sample exposed to the low electrical discharge did not fully
5.2. Initial concentration recover its hydrophobicit0].
With the given set of model parametersTiable 3 the

The hydrophobic recovery of electrically discharged Pore diffusion model combined with the Freundlichisotherm
PDMS elastomers is significantly influenced by electrical Yields an initial concentration of LMW species of78x
discharge intensity and environmental humidity, particularly 10~3 g/cn® in zone B at an electrical discharge intensity of
showing a partial hydrophobic recovery at low electrical 100-400 pC, whereas LMW species of 0y/cm? is ini-
discharge intensit{B0]. As electrical discharge intensity be- tially produced at an electrical discharge intensity of 4000—
comes milder, it is expected that LMW species be produced 10000 pC Table 4. It should be noted that these values
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Fig. 7. Homogeneous solid diffusion model with a Langmuir isotherm in which an expressjgr=00maxK L Ci/(1+ K| C;) with Omax= 0.1 (g/cm3) and
K| =20000 (cn'“?/g) was used for the model simulatiod) Experimental data for the extracted sample exposed to 4000-10000 pC. Surface diffdgivity
is 3.7 x 10718 cm?/s for bothgs(z, 0) = 0 andgs(z, 0) = —0.012/L - z + 0.012.
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Fig. 8. Pore diffusion model with the Freundlich isotherm—the effect of the initial concentradenEgperimental data for the extracted sample, 100-400
pC; (M) experimental data for the extracted sample, 4000-10000 pC; and (—) theoretical model prediction.

of diffusivity were estimated by taking the thickness of the 6. Summary

silica-like layer as 140 A, which is obtained from XPS analy-

sis. Electrical discharge intensity as well as atmospheric con-  Silicone elastomers exposed to electrical discharge show
ditions could affect this thickness somewhat, which should the unique characteristic of recovering their hydrophobic-
affect the diffusion time and, thus, the recovery kinetics. Nu- ity via diffusion of in situ produced LMW species through
merical simulationg51] show that the partial hydrophobic  a porous silica-like layer to the surface. A diffusion model
recovery is, however, more strongly influenced by the lower can be used to calculate the diffusivities of free silicone
initial concentrationfig. 8) of LMW species than the thick-  fluids diffusing into a silicone elastomer using a sorption
ness of the silica-like layer. experiment, but the diffusion model alone is not satisfac-
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tory to explain the hydrophobic recovery of electrically dis- [14] S.H. Kim, E.A. Cherney, R. Hackam, IEEE Trans. Power Delivery 5
charged silicone elastomers. The diffusion model accompa-  (1990) 1491-1500.
nied by an adsorption process can be applied in predicting[1°] (31-5)(39-5“1;2‘3';"1’\3-7?“3“ R.L. Brown, IEEE Trans. Power Delivery 10
the hydrophobic recovery of PDMS elastomers exposed to (1995) i . .

. . . . . [16] H. Homma, T. Kuroyagi, K. Izumi, C.L. Mirley, J. Ronzello, S.A.
partial electrical discharge. The pore diffusion model re-

) . | . Boggs, IEEE Trans. Diel. Electr. Insul. 6 (1999) 370-375.
sults in a very gOOd correlation with the experlmental data, [17] J.G. Wankowicz, S.M. Gubanski, W.D. Lampe, |IEEE Trans. Diel.

yielding an estimate of.2-40 x 1016 cn?/s for the pore Electr. Insul. 1 (1994) 604-614.
diffusivity (Dp) of the extracted and M-PDMS. The simi- [18] AE. Vlast6s, S.M. Gubanski, IEEE Trans. Power Delivery 6 (1991)
lar diffusivity for the two samples offers further evidence 888-900.

that the hydrophobic recovery is dominated by the diffusion [19] P. Blackmore, D. Birtwhistle, IEEE Trans. Diel. Electr. Insul. 4 (1997)

of in situ produced LMW species to the oxidized surface. 210-217. -

The E-PDMS sample shows a faster recovery than the ex_[20] H. Zhang, R. Hackam, in: Conference Record of the 1998 IEEE In-
P _y . . ternational Symposium on Electrical Insulation, Virginia, USA, 1998,

tracted and M-PDMS samples due to the higher diffusiv- pp. 355-359.

ity (5.0 x 10715 cnm?/s) of LMW species produced in situ  [21] J. Kim, M.K. Chaudhury, M.J. Owen, IEEE Trans. Diel. Electr. Insul. 6

during electrical discharges as a result of chain scission of  (1999) 695-702.

3’3'3-triﬂuoropropy|methy|si|0xane fluid (M\Aﬁ 950) pre- [22] J. Kim, M.K. Chaudhury, M.J. Owen, J. Colloid Interface Sci. 226

existing in the polymer. The homogeneous solid diffusion 03 83;)02231(1‘232 Hellebuveh. M. Hedenavist. Polvm. Ena. Sci. 36

model also predicts well the hydrophobic recovery of PDMS 23] U.W. Geade, A. Hellebuych, M. Hedenqvist, Polym. Eng. Sci

. . (1996) 2077-2082.
elastomers throughout the whole range of discharge Inten'[24] R.S. Gorur, in: C.T. Leondes (Ed.), Control and Dynamic System, vol.

sity, and the surface diffusivityl§s) obtained from the model 44, Academic Press, 1991, p. 131.
is roughly two orders of magnitude smaller than the pore [25] AN. Gent, R.H. Tobias, J. Polym. Sci. B Polym. Phys. 20 (1982)
diffusivity (Dp). In addition, both the models could be ap- 2317-2327.

plicable to studying the effect of the initial concentration of [26] S.L. Rice, AF. Diaz, J.C. Minor, P.A. Perry, Rubber Chem. Tech-
LMW species on the hydrophobic recovery of electrically ”7 Eo'ém_(dlgis)ElgMA'_ioé' . C o5 (1984) 21820
discharged PDMS elastomers—particularly explaining par- [27] L- Garrido. J.E. Mark, Polym. Commun. 25 (1984) 218-220.

tial hvdrophobi £l disch int it [28] A.B.D. Cassie, Discuss. Faraday Soc. 3 (1948) 11-16.
lal hydrophobic recovery at low discharge intensity. [29] Dow Corning Corporation Materials Information.
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Sci. 244 (2001) 200-207.
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