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Abstract

Polydimethylsiloxanes with different crosslink densities were exposed to corona discharges or GHz air plasma and studied by contact
angle measurements, X-ray photoelectron spectroscopy, optical microscopy, scanning electron microscopy and atomic force microscopy.
The degree of surface oxidation increased with increasing exposure time with a limiting depth of 100—150 nm. Surface oxidation was faster
in more highly crosslinked polymers. Within the oxidised layer, a brittle, microporous silica-like layer with a minimum organic silicone
content of 40% gradually developed with increasing exposure time. The strain at which the silica-like layer cracked decreased with
increasing dose of corona or air plasma. The hydrophobic recovery following the corona/air plasma exposure occurred at a slow rate by
diffusion of oligomers through the microporous but uncracked silica-like layer or at a much higher rate by transport of oligomers through
cracks in the silica-like layer. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicone rubber based on polydimethylsiloxane (PDMS)
is replacing porcelain and glass in high-voltage outdoor
insulators due to its low density, vandalism resistance and
water-repellent surface properties. Silicone rubber generally
exhibits a better electrical performance during severe
service conditions than glass and porcelain [1,2] and other
rubber compounds, e.g. EPDM [3,4]. Similar observations
have been made in laboratory tests [5,6]. The advantage of
PDMS is its low surface energy — 16-21 mN m ', the
precise value depending on the molar mass [7] — which
means that it has a water-repellent surface that prevents
extensive wetting of the insulation. This prevents leakage
currents from developing across the surface. Under certain
conditions, i.e. heavy rain, salt fog or severe pollution, elec-
trical discharges may occur at the surface and lead to a loss
of hydrophobicity. After a relatively short period of time
with no discharge activity, typically ranging from a few
hours to a few days, the hydrophobicity is regained. This
is referred to as hydrophobic recovery. The hydrophobic
recovery of PDMS has been attributed to a reorientation
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of methyl and hydroxyl groups by conformational changes
[8,9], condensation of silanol groups [8] and the diffusion of
low molar mass PDMS species to the surface [9—14]. The
low molar mass PDMS species are degradation products
formed at elevated temperatures [15—19] or during exposure
to electrical discharges [9]. They may also be present in the
rubber as residues from the polymerisation process or as
added processing agents. The low molar mass PDMS embeds
pollutants present on the surface on the silicone rubber
surfaces and this enhances the surface hydrophobicity [3].
Electrical discharges by corona or air plasma initiate a
range of chemical reactions in PDMS. Both chain scission
and crosslinking occur, the latter leading to the formation of
a silica-like surface layer [9,12—14,20-23]. The silica-like
layer may under some conditions retard the hydrophobic
recovery [13,14,21]. Fracture of the silica layer, caused by
internal stresses or by external mechanical stresses,
accelerates the hydrophobic recovery [13,14,21], suggesting
that a surface-tension-driven migration of low molar mass
species occurs through the surface cracks [12—-14,22]. X-ray
photoelectron spectroscopy (XPS) showed that the topmost
layer in a specimen with recovered hydrophobicity was very
similar to that of the unexposed material, whereas the layer
beneath remained oxidised [9,14,20]. According to neutron
reflectometry, the smooth oxidised surface layer was
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130-160 nm thick [22]. The oxidised layer contained a
mixture of the unoxidised polymer and silicon bonded
to three or four oxygen atoms [22].

This paper presents data for a range of well-defined
PDMS networks, differing only in crosslink density,
exposed to a corona discharge or air plasma. The loss and
recovery of hydrophobicity was assessed by contact angle
measurements and was related to chemical and morpholo-
gical changes of the surface as revealed by XPS, optical
microscopy, atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Both corona and air plasma
treatments led to a loss of hydrophobicity. The degree of
surface oxidation increased with increasing dose and the
rate of oxidation was higher in the densely crosslinked
polymers. As a result, a vitrified, silica-like surface layer
with low surface roughness gradually grew and finally
approached the thickness of the oxidised layer. The thick-
ness of the silica-like layer ranged between 10 and 100 nm.
It was shown that the thickness and the fracture properties of
the silica-like layer largely controlled the rate of hydro-
phobic recovery.

2. Experimental
2.1. Preparation of crosslinked polydimethylsiloxanes

Vinyldimethyl-terminated PDMSs were crosslinked in
a hydrosilylation reaction, using a (30-35%) methyl-
hydro-(65-70%) dimethylsiloxane copolymer with M,, =
2100 g mol ! as crosslinker. The ratio of hydride to vinyl
groups was 2:1 in order to achieve fully a crosslinked
network structure [24]. A platinum divinyltetramethyl disi-
loxane complex was used as a catalyst at a concentration of
30 ppm. The chemicals were purchased from United
Chemical Technologies, USA, and were used as received.
The molar mass distribution of the vinyldimethyl-termi-
nated PDMS was assessed by size exclusion chroma-
tography, using CHCl; as solvent. PDMS standards,
purchased from Polymer Source, Canada, were used for
calibration. Sheets of crosslinked PDMS with a thickness
of 1 mm and a diameter of 210 mm were prepared in a
Schwabenthan Polystat 400S compression moulding
machine at 135°C and 6 MPa pressure for 15 min. Post-
curing was performed in an oven at 120°C for 12 h. Speci-
mens with a diameter of 30 mm were cut from the moulded
sheets. Low molar mass species were removed from the
specimen by Soxhlet extraction during 72 h, using hexane
(boiling point = 68°C) as solvent. The specimens were
slowly dried in air, further dried in a vacuum-oven and
kept in desiccators. The number average molar mass of
the chain segments between the crosslinks (M,) of the
PDMS networks are assumed to be equal to number average
molar mass (M,) of the particular vinyldimethyl-terminated
PDMS used. The codes used for the different PDMS
networks are as follows: PO.7, MC = 700gm01_1; P8,

M. =7500gmol '; P12, M.,=11600gmol '; P17,
M. = 16500 gmol '; P38, M, =38300gmol '. The
polydispersity (M,/M,) of the vinyldimethyl-terminated
PDMSs were 1.1 (P0.7), 1.5 (P8), 1.6 (P12), 1.9 (P17) and
1.5 (P38).

2.2. Density measurements

The densities of the PDMS materials were determined at
23°C in a density gradient column prepared from ethanol
and water according to ASTM D1505-68. Four specimens
of each material were used for the measurements.

2.3. Mechanical testing

An Instron 5566 equipped with a non-contact video
extensiometer was used to determine the Young’s modulus
of the different materials. The measurements were
performed according to ISO 1184-1983(E) at 22 * 2°C
and 40 = 10% RH. Dumb-bell-shaped specimens were
punched out from the films using a punch die (ISO 37,
type 2). Six specimens of each material were tested.

2.4. Corona discharges

Specimens were subjected to corona discharges in dry air
(<2% RH) at normal pressure using a set-up described by
Hillborg and Gedde [14]. The applied 50 Hz AC voltage
was 20 kV . between the 87 mm diameter electrode
containing 31 needles and the ground plate. The distance
between the tips of the needles and the ground plate elec-
trode was 40—42 mm. The integrated corona charge transfer
was 2.6 W. The ground plate rotated at 8 rpm in order to
obtain a uniform surface exposure.

2.5. Air plasma

Specimens were subjected to air plasma in a V15-G
microwave frequency reactor from Plasma-Finish GmbH,
Germany. The exposures were performed at 27.0 Pa in
ultra-pure air (20% 0,/80% N,; AGA, Sweden) at a gas
flow of 8.3x 10" m*s™". The frequency was 2.45 GHz
and the power was 100 W.

2.6. Contact angle measurements

Dynamic contact angle measurements were made using a
Ramé Hart goniometer by the sessile drop technique [25].
Deionized water (Millipore, resistivity = 18.4 M{) cm) was
used. Each data point presented in this paper is based on 10
contact angle measurements at five different positions on the
specimen. Advancing and receding contact angles were
measured with the needle remaining in the water droplet.
The specimens were kept on glass plates (120 mm in
diameter and 3 mm thick) during the corona/air plasma
exposures and the subsequent contact angle measurements
to avoid possible cracking of the oxidised surfaces. The
temperature dependence of the hydrophobic recovery was
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assessed by ageing the exposed specimens at 22 * 2,
60 =2, 90 £2 and 114 = 2°C. The specimens were kept
in separate glass containers in the oven in order to avoid
contamination.

2.7. X-ray photoelectron spectroscopy

Before the XPS analysis, the specimens were Soxhlet
extracted in CHCI; for 3 h in order to remove low molar
mass siloxanes formed during exposure to the corona/air
plasma, and subsequently degassed in vacuum. The XPS
spectra were obtained using an AXIS-HS spectrometer
from Kratos Analytical. The monochromatic AIK, radiation
used was operated at 15 kV and 300 W. The pressure in the
sample chamber was between 5 and 10 pPa. Survey spectra
were recorded at a 80 eV pass energy and the high resolu-
tion spectra of the Si 2p peak at 20 eV pass energy. The
spectra were referenced to the Ols-line (binding
energy = 532.0 eV). A low-energy electron flow gun was
used to neutralise sample charging. The high resolution
spectra of the Si 2p peaks were resolved into three compo-
nents according to Alexander et al. [26]: Si bound to two
oxygen at 102.1 eV, Si bound to three oxygen at 102.8 eV
and Si bound to four oxygen (SiO,) at 103.4 eV. The peak
positions were kept with an accuracy of =0.1 eV and both
the width parameters and the amplitudes of the three Gaus-
sian peaks were adjusted in fitting the model to the experi-
mental data. The full width at half maximum was kept
below 1.5 eV. The accuracy of the fits has been estimated
to be =5% [26].

All the materials with different crosslink densities
exposed to corona were analysed by XPS, whereas a number
of representative specimens were analysed after exposure to
air plasma. The effect of exposure time was studied for
material P8. The influence of crosslink density was studied
on specimens exposed to 120 s air plasma.

2.8. Optical microscopy

The fracture characteristics of the oxidised surface layers
was assessed at 22 * 2°C using a tensile testing machine
mounted on a Leitz Ortholux POL BK II optical microscope.
The size of the specimens were 6 = 0.5 mm X 10 = 0.5 mm.
A small prestrain was applied to assure that the specimen
was aligned properly, which induced an uncertainty of about
0.5% strain (¢ = d/l,, where d is the displacement and [, the
initial length of specimen) in the measured values. The
strain was increased stepwise by 2% strain increments
after an initial strain step of 1%. The elongation rate was
50 = 10 wum s~ ' in each strain step. The time interval
between the steps was 4 min. During this period, the frag-
mentation lengths were determined in the microscope using
a micrometer scale for calibration. Each reported data point
is an average value for five different locations on the specimen.

2.9. Atomic force microscopy

A Nanoscope IIIA Multimode atomic force microscope
was used to assess the surface topography. The scan rate was
1.5 Hz. The surface roughness was assessed using a scanning
sizeof 1 £0.2 umX 1= 0.2 pm.

2.10. Scanning electron microscopy

A JEOL JSM-5400 scanning electron microscope operat-
ing at 10 kV acceleration voltage was used to assess surface
cracking. The specimens were coated with Au/Pd (60/40)
before examination, using a Desk II from Denton Vacuum,
operating at 45 mA for 10 s. The specimens were kept in
vacuum for at least 1 h before the sputtering and then imme-
diately examined in the microscope to avoid cracking of the
sputtered layer due to the release of residual dissolved gases
from the bulk when the surface was hit by the electron beam
in the scanning electron microscope.

3. Results
3.1. Network structure and stress—strain properties

Fig. 1 shows that the Young’s modulus is proportional to
the crosslink denksity (p/M.), as is expected from rubber
elasticity theory [27]. The materials show a substantial
change in Young’s modulus ranging from 0.5 to 5 MPa.

The variation in density with increasing crosslink density
is non-linear (Fig. 1). The densest network (P0.7) showed a
significantly higher density (982.4 kg m™) than the other
materials with lower crosslink density (969.5-972.2 kg m ).

3.2. Contact angle data

3.2.1. Hydrophobic recovery at 22°C
After exposure to 0.5 h corona, all the specimens exhibited
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Fig. 1. Young’s modulus (E) as a function of crosslink density (p/M,, where
p is the density and M, the number average molar mass of the chains
between the crosslinks), and the density (p) as a function of M..
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Fig. 2. Advancing (6,) and receding (6,) contact angles of PDMS networks as a function of the recovery time at 22°C after corona exposure for 0.5 h corona (a)
and (b) and 1 h (c) and (d) for the following materials: P0.7 (O), P8 (@), P12 (A), P17 (A) and P38 (0J). The dotted lines indicate the range of the advancing and
receding contact angles for the unexposed specimens. The error bars indicate 90% confidence intervals.

advancing (6,) and receding (6;) contact angles lower than
25° (Fig. 2a and b). The contact angles after 1 h corona were
even lower, <10° (Fig. 2c and d). The unexposed specimens
showed contact angles between 100 and 105° (#,) and
between 75 and 80° (6,). The recovery process continued
over a very long period of time at 22°C, typically a few
thousand hours. A general trend observed for specimens
exposed to corona and plasma was that full recovery of 6,
was slower than that of 6, (Figs. 2 and 3). This has been
reported earlier by Morra et al. [8] and Hillborg and Gedde
[14]. The hysteresis, i.e. the difference between advancing
and receding contact angles was only 2—-5° directly after the
corona exposures and it increased gradually with recovery
time to ~10° The small hysteresis in freshly exposed
samples is well known [14] and it reflects the low segmental
mobility of the molecules in the oxidised (silica-like) top
layer.

The hydrophobic recovery was insensitive to the cross-
link density for the specimens exposed to 0.5 h corona
(Fig. 2a and b). The variation in contact angle between
the different materials was within two standard deviations.
For the specimens exposed to 1 h corona, the recovery rate
increased with increasing crosslink density (Fig. 2c and d).
Material P38 required more than 8000 h to recover fully.

The recovery data of specimens exposed to 3 h corona
resembled the rates obtained for the specimens exposed to
1 h corona. The hydrophobic recovery rates increased with
increasing crosslink density. The scatter in the contact angle
data was larger after the 3 h corona exposure; the initial
values ranged from 2 to 19° and the recovery curves were
more irregular than for the specimens exposed to 0.5 or 1 h
corona.

The hydrophobic recovery of specimens exposed to air
plasma showed no systematic dependence on material
crosslink density (Fig. 3a—f). The contact angles were 35—
45° (0,) and 30-35° (0,) immediately after 30 s air plasma
exposure and less than 20° immediately after 120 and 180 s
air plasma exposure. The times to reach the hydro-
phobicity of the unexposed materials were shorter for
the specimens exposed to air plasma than for the speci-
mens exposed to corona. The times to recover the
receding contact angles decreased from 300—1000 h after
30 s air plasma to 100-500 h after 180 s air plasma. The
scatter in recovery times increased progressively with
increasing dose of air plasma. The hysteresis (0, — 0,)
was 2-5° directly after exposure to the air plasma and it
increased gradually with increasing recovery time to reach a
final value of 25°.
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Fig. 3. Advancing (8,) and receding (6,) contact angles of PDMS networks as a function of the recovery time at 22°C after air plasma exposure for 30 s (a) and
(b), 120 s (c) and (d) and 180 s (e) and (f) for the following materials: P0.7 (O), P8 (@), P12 (A), P17 (A) and P38 (0J). The error bars indicate 90% confidence

intervals.

3.2.2. Temperature dependence of the hydrophobic recovery

The Arrhenius diagrams shown in Fig. 4a and b were
obtained by plotting the logarithm of the reciprocal of the
time to reach 6, = 70° versus the reciprocal of the tempera-
ture. The recovery rate data for a series of materials exposed
to 1 h corona are shown in Fig. 4a and they all obey the
Arrhenius law. The slopes, which are proportional to the
activation energies, are almost the same for the different
materials; the curves being mainly only parallel shifted

along the y-axis. The specimens that were deformed to
15% strain showed an upward jump by 1-2 orders of magni-
tude. The advancing contact angle data showed a similar
temperature dependence but these are not shown. The
hydrophobic recovery of all the specimens exposed to
corona showed an Arrhenius-type temperature dependence;
Table 1 presents the activation energies. The activation
energy ranged between 30 and 60 kJ mol ~' with an average
of 42 kJ mol "' and a standard deviation of 10 kJ mol ' The
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Fig. 4. (a) The logarithm of the reciprocal of the time to reach a receding
contact angle of 70° after 1 h corona plotted against the reciprocal of the
absolute temperature for the following materials: P0.7 (O), P7 (@), P12 (A),
P17 (A) and P12 deformed to 15% strain (V). The error bars indicate 90%
confidence intervals. (b) The logarithm of the reciprocal of the time to reach
areceding contact angle of 70° plotted against the reciprocal of the absolute
temperature after 120 s air plasma for P12. The error bars indicate 90%
confidence intervals.

Table 1
Activation energy of hydrophobic recovery after exposure to corona (based
on the recovery time to reach 6, = 70°)

Material Corona exposure time

0.5h lh 3h
P0.7 53 53 30
P8 37 44 (37)* 53
P12 43 60 (46)* 31
P17 33 37 (30)* 53
P38 35 - -°

* Based on the recovery time to reach .= 70° after applying a 15%
strain; value within parentheses.
® Recovery to 6, = 70° was not attained within the experimental time.

activation energy was independent of crosslink density
(averages including all corona exposure times: P0.7,
43kImol'; P8, 45kImol”'; P12, 41kImol '; P17,
41 kJ mol™'; P38, 35kJ mol_l) and corona exposure time
(average * standard deviation =40 *= 8 kJ mol ! (0.5 h);
49 + 10 kJ mol ' (1 h); 42 + 13 kJ mol ' (3 h)). The speci-
mens deformed to 15% strain showed similar activation
energies, average *+ standard deviation = 38 + 8 kJ mol .

The specimens exposed to air plasma showed a very
pronounced deviation from the Arrhenius law. All the data
conformed to the curve form shown in Fig. 4b with a steep
slope at low temperatures — the slope corresponded to an
activation energy of ~ 100—-200 kJ mol "' — and a flat line
at the higher temperatures with a slope corresponding to a
very low activation energy (<10 kJ mol ").

3.3. X-ray photoelectron spectroscopy

The elemental composition of the 8—10 nm top layer was
assessed by XPS and the data are presented in Tables 2—4.
The elemental composition of an unexposed PDMS was
522 at.% C, 23.6 at.% Si and 24.1 at.% O which is close
to the theoretical elemental composition of the repeating
unit of the polymer: 50 (C), 25 (Si) and 25 (O) at.%.

The carbon content decreased, whereas the oxygen
content increased with increasing dose of corona/air plasma.
The silicon content remained essentially constant between
24 and 28 at.%. The elemental composition is presented in
Tables 2 and 4 as the ratio of the atomic concentration of
carbon to that of oxygen (C/O). The unexposed materials
showed C/O ratios close to 2.2. The corona exposures led to
a gradual decrease in the C/O ratio with increasing exposure
time (Table 2). It is also evident from the data presented in
Table 3 that the C/O ratio decreased with increasing cross-
link density at any given corona exposure time. Similar data
were obtained for the specimens exposed to air plasma.

Further information about the structure of the top layer
was obtained by resolving the Si 2p peak into three peaks
according to the method developed by Alexander et al. [26].
The 102.1 eV peak is associated with Si bound to two
oxygen atoms (unoxidised PDMS), the 102.8 eV peak is
associated with Si bound to three oxygen atoms (partially
oxidised PDMS), and the 103.4 eV peak is associated with
Si bound to four oxygen atoms (SiO,). All samples showed a

Table 2
Atomic C/O ratio of surface layer from XPS data after exposure to corona
or air plasma

Material Corona 120 s air plasma
0.5h 1h 3h

P0.7 0.87 0.83 0.41 0.48

P8 1.20 1.08 0.79 0.82

P12 1.46 1.11 0.90 0.92

P17 1.69 1.32 1.01 1.08

P38 1.56 1.48 1.04 1.17
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Table 3
Results of curve resolution of Si 2p peak for the materials studied after
corona exposure

Material ~ Corona exposure  Intensity (%) of Si 2p peaks
time (h)
102.1eV  102.8eV  103.4eV
P0.7 0.5 36 30 34
P0.7 1 41 23 36
P0.7 3 38 18 44
P8 0.5 59 19 22
P8 1 47 31 22
P8 3 39 27 35
P12 0.5 56 32 12
P12 1 52 27 20
P12 3 49 19 32
P17 0.5 69 20 11
P17 1 69 15 16
P17 3 58 12 30
P38 0.5 73 17 11
P38 1 67 20 14
P38 3 46 25 29

similar trend in the changes in surface structure with
increasing corona exposure time (Table 3), the SiO, content
increased and the fraction of unoxidised PDMS decreased.
The minimum content of unoxidised PDMS was 36 at.%
and the maximum obtained SiO, content was 44 at.%. The
content of partially oxidised PDMS (102.8 eV peak) showed
in some cases a decrease with increasing corona dose (P0.7,
P12 and P17), whereas in other cases, it increased (P8 and
P38). The SiO, content increased with increasing crosslink
density at any given corona dose. Material P0.7 became
heavily oxidised already after 0.5 h of corona exposure.
The content of unoxidised PDMS remained essentially
constant on further extension of the corona exposure time.
The further oxidation proceeded in this case by transforma-
tion of partially oxidised PDMS to SiO,.

The oxidation induced by the air plasma proceeded at a
much higher rate than that induced by corona. Already after
10 s air plasma exposure of P8, the C/O ratio decreased from
2.16 to 1.30 (Table 4), which was comparable to 0.5 h
corona exposure (C/O ratio = 1.20). Curve resolution of

Table 4
Atomic C/O ratio and results of curve resolution of the Si 2p peak of the
surface layer of material P8 from XPS data after exposure to air plasma

Plasma exposure C/O Intensity (%) of Si 2p peaks

time (s)
102.1 eV 102.8 eV 103.4 eV
10 1.30 75 17 7
30 1.28 70 16 14
120 0.82 57 24 19
180 0.70 45 12 43
360 0.65 42 23 35
720 0.60 40 22 38

the Si 2p peak showed that 25% of the PDMS had trans-
formed into an oxidised state, consisting mainly of partially
oxidised PDMS. The total amount of oxidised silicon
increased with increasing exposure time, reaching a value
of 60%, mainly consisting of SiO, (38%). This was com-
parable to the SiO, content after 3 h corona for this parti-
cular material. Longer exposures to air plasma (>180 s) led
to no further change in the surface composition, which
remained essentially constant at C/O = 0.65 = 0.05 (Table
4). The C/O ratio was also calculated from the data obtained
from the curve resolution of the Si 2p peaks and these
calculated values were generally lower than the values of
the C/O ratios obtained from the survey spectra. The dis-
crepancy may be explained by the fact that not all oxygen
atoms are directly bonded to Si; some oxygen atoms are
bonded to carbon atoms.

3.4. Fracture behaviour of surface layer

The mechanical properties of the silica-like layer were
assessed in tensile tests, and the onset of cracking and the
subsequent fragmentation process were determined as a
function of strain. Specimens based on material P0.7 were
not included in these studies because of their extreme
brittleness even before exposure to corona or air plasma
(fracture strain < 2%). The fracture patterns appeared as
sharply defined cracks oriented perpendicular to the direc-
tion of the applied stress (Fig. 5). SEM and optical micro-
scopy confirmed that these parallel cracks only appeared in
strained specimens.

SEM of undeformed specimens exposed to 0.5-3h
corona revealed only a few surface cracks. Such cracks
were initiated by sharp edges or at particles present on the
surfaces. Specimens cut after corona/plasma exposure and
subsequently sputtered, showed extensive surface cracking
[22]. The overall picture is that specimens exposed to large
doses of corona showed more extensive spontaneous cracking.

The surface crack pattern was characterised by the frag-
mentation length (L), defined as the distance between two
adjacent parallel cracks. Cracks with random orientation,
often initiated from defects or edges were not considered
in the statistical analysis of the crack pattern. The frag-
mentation length data are presented in Fig. 6. Dotted lines
indicate that not all the tested specimens exhibited parallel
surface cracks, whereas continuous lines indicate frag-
mentation of all the tested specimens.

The strain for the onset of surface cracking increased with
decreasing corona exposure time and decreasing crosslink
density (Fig. 6a—c). Another trend in the data is the decrease
in L with increasing overall strain until an almost constant
value of L (4—10 wm) was established at high strains. After
0.5 h corona, only a fraction of the specimens showed frag-
mentation (dotted lines in Fig. 6a) and the material with the
lowest crosslink density (P38) showed no fragmentation.
Specimens exposed to 1 h corona showed curves that were
essentially shifted along the strain axis depending on their
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Fig. 5. Scanning electron micrograph of a strained (45% strain) P38 specimen after 180 s air plasma. The arrow indicates the direction of the applied uniaxial
stress. Surface cracks are perpendicular to and buckling of the surface layer is parallel to the direction of the applied stress.

particular crosslink density, the material with the highest
crosslink density being shifted to the lowest strains
(Fig. 6b). Further exposure to corona (3 h) led to a frag-
mentation length—strain relationship almost independent
of the crosslink density (Fig. 6¢).

Specimens exposed to air plasma showed the same basic
pattern as the specimens exposed to corona: the strain for
the onset of cracking increased with decreasing dose of
corona and decreasing crosslink density. The specimens
exposed to 30s air plasma showed no surface cracks,
whereas some of the specimens exposed to 120s (P17
and P38, onset of fragmentation >10%) and all the
specimens exposed to 180 s air plasma exhibited frag-
mentation. The fragmentation length showed a strain depen-
dence similar to that of specimens exposed to corona (viz.
Fig. 6a—d).

At higher strains, regular buckling of the surface parallel
to the direction of stress was observed (Fig. 5). The buckling
process was reversible, i.e. the buckling disappeared when
the uniaxial stress was released.

3.5. Atomic force microscopy

Further details about the fragmentation pattern and
surface roughness of one of the networks (P8) was obtained
by AFM of specimens uniaxially deformed after exposure to
corona or air plasma. After being temporarily subjected to
15 or 20% strain, the specimens were investigated using
AFM. Long and almost parallel cracks oriented perpendicu-
lar to the direction of the applied stress were observed in the
deformed (15% strain) specimens exposed to 1 and 3 h
corona (Fig. 7a—c). Many fibrils with a diameter of approxi-

mately 10 nm bridged the crack in the specimens exposed to
1 h corona. The depth of the cracks in the deformed speci-
men exposed to 1 h corona was greater than 30 nm; the base
of the crack was not however detectable. The cracks in the
specimen exposed to 3 h corona exhibited sharper edges and
only a few bridging fibrils (Fig. 7c). The crack base was
detectable and hence a more exact determination of the
crack depth was possible, yielding a crack depth of approxi-
mately 100 nm. The base of the crack appeared to be of the
same phase as the surface, indicating that the cracks did not
penetrate down to the fully unoxidised PDMS.

The transformation of the surface material from PDMS to
the oxidised forms induced by the exposure to corona/air
plasma leads to a substantial decrease in specific volume,
which in turn introduces tensile stresses in the oxidised
surface layers [22]. The stresses were relaxed by the
surface cracking resulting in ‘ridges’ with an elevation of
approximately 10 nm along the cracks. This characteristic
feature was found in specimens exposed to corona and air
plasma (Fig. 7d). The depth of the cracks formed after 120 s
air plasma was greater than 10 nm, and may certainly
be deeper because the base of the cracks was not detected
(Fig. 7d).

The surface roughness of the regions between the parallel
cracks was generally low (R, <1 nm) for all specimens.
The specimen exposed to 1 h corona showed a decrease in
R, from 0.97 to 0.16 nm after deformation to 15% strain.
However, the surface roughness of the uncracked regions in
the specimens exposed to 3 h corona (R, changed from 0.16
to 0.19 nm) or 120 s air plasma (R, changed from 0.31 to
0.51 nm) remained essentially unchanged after surface
cracking (15% strain).
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Fig. 6. Average fragmentation length (L) as a function of strain after exposure to: (a) 0.5 h corona, (b) 1 h corona; (c) 3 h corona; (d) 180 s air plasma for the
following materials: P8 (@), P12 (A), P17 (A) and P38 (OJ). The error bars indicate 90% confidence intervals.

4. Discussion

Fig. 8a and b shows the degree of surface oxidation by
XPS expressed in the C/O ratio (Tables 2 and 4) and the
percentage of unoxidised PDMS (Tables 3 and 4) as a func-
tion of dose (energy). The differences between the speci-
mens exposed to corona and air plasma were small, typically
of the order of two standard deviations of the obtained data.
It seems thus that the two treatments gave roughly the same
degree of surface oxidation for the same dose of exposure.
Hence, no further comparisons between the methods with
regard to dose will be made; the comparisons between the
methods will be made on the basis of the degree of surface
oxidation (C/O ratio).

XPS showed that the denser networks oxidised more
rapidly in both corona and air plasma (Tables 2—4). The
degree of oxidation, expressed by the C/O ratio and the
degree of conversion of PDMS to the oxidised forms,
increased with increasing crosslink density (Figs. 9 and
10). At low crosslink densities, the increase in oxidation
degree (or rate) is almost linear with crosslink density but
the rate becomes constant at higher degrees of crosslinking
(Figs. 9 and 10).

The question is whether the surface structure as it is
revealed in this particular analysis reflects the structure as

it is directly after exposure to corona/air plasma or whether
the surface layer is ‘contaminated’ by low molar mass
PDMS species migrating from the bulk to the surface. The
specimens were initially extracted to remove low molar
mass species. The specimens were extracted once more
and degassed in vacuum after the exposure to corona/air
plasma to remove low molar mass species. Hillborg et al.
[28] reported for identical PDMS materials that the main
decomposition products were small cyclic siloxanes and
that longer oligo(dimethyl siloxanes) were essentially
absent. These volatile cyclic molecules should largely be
absent from the specimen surface during the XPS analysis
in view of the low pressure in the XPS chamber. It is thus
believed that the structure revealed by XPS is relatively
similar to the structure that exists directly after corona or
air plasma exposure.

The C—C bonds are more sensitive towards oxidation
than silicon with substituted methyl groups [7] and hence
the denser networks with their more numerous crosslinks
are more readily oxidised. The silicon atom is electron-with-
drawing, resulting in polarisation of the methyl groups and
rendering the latter groups less susceptible to radical attack.

A second important finding revealed by XPS is that the
surface layer in all the samples, even in those extensively
exposed to corona or plasma, contained a large fraction of
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Fig. 7. Atomic force micrographs of P8 deformed after exposure to: (a) and (b) 1 h corona (15% strain); (c) 3 h corona (15% strain); (d) 120 s air plasma (20%

strain). The arrow indicates the direction of the applied uniaxial stress.

unoxidised silicone, i.e. silicon bonded to only two oxygen
atoms. The lowest concentration of unoxidised silicon
observed was 38 at.%. It is believed that only a small part
of the unoxidised silicon present in the surface layer is due
to migration of low molar mass species. Hence, there must
be a limiting factor of a physical and/or chemical nature that
prohibits oxidation over a certain limit. One possibility is
that the extensive crosslinking accompanying oxidation also
reduces the segmental mobility of the unoxidised species.
At some critical low value in segmental mobility, further

oxidation should be impossible. Grassie and Scott [29]
stated that polymers oxidise more rapidly above their
glass transition temperature than in the glassy state, pri-
marily due to the faster rate of diffusion of oxygen and to
the so-called cage effect (recombination of nearby radicals).
Dan and Guillet [30] showed that the quantum yield
(number of molecules reacting in a particular process
divided by the number of quanta absorbed by the system)
for chain scission induced by UV radiation showed a
pronounced jump at the glass transition temperature for a
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Fig. 8. (a) The carbon-to-oxygen ratio (C/O) of the surface layer determined
by XPS as a function of energy (time of exposure X power) for P8: corona
(@); air plasma (O). The error bars indicate the standard deviation. (b)
Amount of unoxidised PDMS, based on the curve resolution of the Si 2p
peak (102.1 eV) as a function of energy (time of exposure X power) for P8:
corona (@), air plasma (O). The error bars indicate an estimated accuracy of
5%.

range of fully amorphous polymers. An implication is that
the oxidised and unoxidised components must be mixed on
a fine (submicrometer) scale. If the oxidised and unoxidised
species formed separate, large domains (micrometers in
size), the segmental mobility of the molecules within the
unoxidised domains would be unaffected.

It is very difficult to assess the thickness of the silica-like
layer. This is mostly because the oxidised layer may consist
of several sub-layers or even of material exhibiting a smooth
change in the degree of oxidation. Neutron reflectometry
showed that the thickness of the oxidised layer in PDMS
exposed to oxygen plasma was of the order of 130—160 nm
and that the thickness did not increase with increasing
plasma dose [22]. In the few cases where the base of the
crack was readily visible by AFM (3 h corona, Fig. 7c), the
crack depth was of the order of 100 nm. It is clearly possible
that the cracks penetrate into the unoxidised bulk material.
However, AFM showed that the base of the crack was the
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Fig. 9. The carbon-to-oxygen ratio (C/O) of the surface layer determined by
XPS as a function of the crosslink density (p/M., where p is the density and
M, the number average molar mass of the chains between the crosslinks)
for specimens exposed to corona for 0.5h (@), 1 h (O) and 3 h (A).

same phase as the surface. In most cases, the base of the crack
was not detected and a lower limit for the crack depth could
only be determined. The depth of the cracks in specimens
exposed to air plasma seemed to be smaller (120 s: >10 nm)
than in specimens exposed to corona (1 h: >30nm; 3 h:
~100 nm). These findings can be generalised into a scheme.
The depth of oxidation is of the order of 100—150 nm and it
remains constant even after prolonged exposure. The silica-
like layer is thus a sub-layer of the oxidised layer. At some
critical level of crosslinking (degree of conversion to the
oxidised forms), vitrification occurs. The silica-like layer
thus grows in thickness with increasing corona exposure
but never beyond the thickness of the oxidised layer.

No absolute proof of microporosity in the silica-like layer
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Fig. 10. Degree of conversion of PDMS to oxidised forms — silicon

bonded to three oxygen atoms (weight factor = 0.5) and silicon bonded
to four oxygen atoms, SiO, (weight factor = 1) — of the surface layer by
XPS as a function of the crosslink density (o/M,, where p is the density and
M, the number average molar mass of the chains between the crosslinks)
for specimens exposed to corona for 0.5 h (@), 1 h (O) and 3 h (A).
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was obtained by AFM. However, in one case, P8 exposed to
1 h corona, the surface roughness (a possible sign of micro-
pores) of the regions between the cracks decreased when the
surface layer cracked. The release of the tensile stresses in
the surface possibly led to the closing of pores. Specimens
subjected to longer exposures to corona or air plasma showed,
however, no such jump in the surface roughness accompany-
ing surface cracking. It is possible that these more highly
oxidised surfaces possessed a more rigid pore structure.

Fig. 11 shows a summary of the fracture strain of the
different oxidised layers. The fracture strain increases, as
expected, with increasing C/O ratio. At the same degree
of oxidation (C/O), the strain for the onset of fragmentation
decreased with decreasing crosslink density. This was prob-
ably due to the increased difference in modulus between the
surface layer and the bulk. Surface cracking occurred at
much lower strains in the specimens exposed to corona
than in those exposed to air plasma and oxidised to the
same degree according to XPS. This difference in fracture
behaviour possibly reflects a thinner silica-like layer in the
air-plasma-exposed specimens [31]. The atomic force
micrographs also showed a substantial difference in the
fracture pattern; the specimens exposed to corona showed
cracks with a more brittle character with sharper edges and
fewer bridging fibrils than the specimens exposed to air
plasma (Fig. 7).

The ductile behaviour of the surface layers evident in the
tensile testing (Fig. 6a), in combination with the XPS data
(Tables 2 and 3) showing a relatively low content of the
oxidation products, suggests that the silica-like layer was
not fully developed in P8, P12, P17 or P38 after 0.5h
corona. The hydrophobic recovery curves (Fig. 2a and b)
were essentially the same for all the materials, suggesting
that the same mechanism, diffusion of the oligomers
through the uncracked oxidised layer, prevailed in all the
materials. Corona exposure for 1 h led to the formation of a
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Fig. 11. Fracture strain of the oxidised layers as a function of the carbon-to-
oxygen (C/O) ratio after exposure to corona: P8 (@); P12 (H); P17 (A); P38
(®) or air plasma: P8 (O); P17 (A); P38 ({). The dotted lines are added as
visual guides.

vitrified silica-like layer, particularly in the materials with
the denser networks (note that the degree of surface oxida-
tion increased with decreasing M, — Tables 2 and 3). The
strain for the onset of fragmentation increased with increas-
ing M. (Fig. 6b). Hence, the materials with the densest
networks were more oxidised and they had more developed
silica-like layers that cracked more readily. The hydropho-
bic recovery curves differed depending on the crosslink
density; materials with the lowest M, showing the fastest
recovery (Fig. 2b and c). It is suggested that the faster
hydrophobic recovery in the materials with the denser
networks was due to the transport of oligomers through
cracks/pores in the vitrified surface layer. These specimens
were not cracked by an applied stress (deformation).
Instead, they showed self-cracking, and this tendency was
more evident in the materials with lower M, that oxidised
more readily. The strong accelerating effect of cracking was
demonstrated by stretching a specimen to 15% strain, which
led to an increase in the recovery rate by 1-2 orders of
magnitude (Fig. 4a). Longer corona exposure (3 h) led to
further oxidation and an even more brittle silica-like layer
(fragmentation occurred at ~3% strain) that also exhibited
self-cracking. The trend in the hydrophobic recovery data
was very similar to that after 1 h corona.

The hydrophobic recovery of the specimens exposed to
air plasma was essentially independent of the crosslink
density (Fig. 3a—f), which was very different from the
behaviour of the specimens exposed to corona (Fig. 2a—
d). The oxidation rate as revealed by XPS increased in the
cases of both air plasma and corona with decreasing M,
(Table 3). The fragmentation length data shown in Fig. 6d
were similar for the different materials except for P38,
which required a larger strain to crack. More important is
the fact that the lowest strain required to cause frag-
mentation was >10% in the case of 120 s air plasma,
which was considerably higher than the ~5% which was
sufficient for the specimens exposed to 1 and 3 h corona.
Thus, the silica-like layer in the specimens exposed to air
plasma showed a higher fracture toughness than that in the
specimens exposed to corona which showed the same
degree of surface oxidation according to XPS. This differ-
ence in fracture toughness can be traced back to AFM data
which showed that the vitrified layer was thinner in the air-
plasma-exposed specimens than in corona-exposed speci-
mens with the same degree of surface oxidation as revealed
by XPS. It is thus suggested that self-cracking was a rare
event in the specimens exposed to air plasma for 30, 120 and
180 s and that the small differences in hydrophobic recovery
rate were due to the differences in degree of oxidation of the
uncracked silica-like layer.

The activation energies for hydrophobic recovery after
exposure to corona were very similar to those reported
previously, 35-54 kJ mol ! [14,32]. The activation energies
obtained were independent of the crosslink density and of
the corona exposure time (Table 1). It thus seem that the
activation energies are the same for recovery by migration
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of oligomers through the ‘mildly’ oxidised layer (corona
exposure time = 0.5h) and for recovery by transport of
oligomers through cracks/pores in the silica-like layer
(corona exposure time =1 and 3 h). The diffusing low
molar mass siloxanes which restore hydrophobicity consists
mainly of cyclic oligomers, ranging from 4 to 10 repeating
units [28]. The activation energies for diffusion of such
species in unoxidised silicone rubber has been determined
from sorption data [33]: 6-7kJ mol ™! for D, and Ds;
16kImol™! for PDMS with M, between 1000 and
40 000 g mol ", The higher activation energies obtained
for the hydrophobic recovery show that the denser oxidised
surface layer thus retards the transport of the oligomers. In
the case of a mild oxidation, when a vitrified layer is absent,
the recovery process also may involve reorientation of the
polar groups by conformational changes.

The specimens exposed to air plasma showed a
pronounced curvature in the Arrhenius diagram; a good
example is shown in Fig. 4b. It is proposed that the non-
Arrhenius behaviour is a characteristic feature of specimens
with a silica-like layer with little spontaneous cracking. The
following scheme provides a qualitative explanation of the
non-Arrhenius behaviour. The glassy, crack-free layer acts
an effective barrier for transport of oligomers at 22°C. Long
recovery times are then observed. If the glass transition of
this layer is between 22 and 60°C, the transformation from a
glassy to a rubbery state will increase the oligomer diffusion
rate significantly. Fast recovery rates are then observed.
This transition will also occur in cracked surfaces, but the
impact on the hydrophobic recovery rate will be less sig-
nificant due to the previous transport through the cracks to
the surface. The lower apparent activation energy of the
recovery at the higher temperatures is consistent with the
transport of oligomers through a semi-rubbery state.

5. Conclusions

PDMSs with different crosslink densities were exposed to
corona discharges or GHz air plasma. XPS showed that
surface oxidation was faster in more highly crosslinked
polymers. This finding can be explained by the higher
susceptibility to oxidation of the C—C bonds in the cross-
links than of the repeating unit of the polymer. Microscopy
confirmed the presence of a brittle, microporous silica-like
layer within the oxidised layer, with a minimum organic
silicone content of 40% according to XPS. An implication
of this finding is that the oxidised and unoxidised compo-
nents must be mixed on a fine (submicrometer) scale. The
unoxidised regions are shielded from further oxidation by
the surrounding oxidised (vitrified) phase, which acts as a
cage for active radicals. The thickness of the silica-like layer
increased with increasing corona exposure time reaching a
thickness of approximately 100 nm after 3 h corona, which
is of the same order of magnitude as the thickness of the
oxidised layer. Specimens exposed to air plasma developed

thinner silica-like layers than those exposed to corona with
the same degree of surface oxidation. The strain at which the
silica-like layer cracked decreased with increasing corona/
air plasma exposure time. The hydrophobic recovery
following the corona/air plasma exposure occurred at a
slow rate by diffusion of oligomers through the microporous
but uncracked silica-like layer or at a much higher rate by
transport of oligomers through cracks in the silica-like layer.
The hydrophobic recovery of specimens exposed to corona
exhibited an Arrhenius-temperature-dependence with acti-
vation energies near 40 kJ mol~' both for mildly oxidised
specimens without a glassy silica-like layer and for speci-
mens with a cracked silica-like layer. The hydrophobic
recovery of the specimens exposed to air plasma showed a
pronounced curvature in the Arrhenius diagram. It is
suggested that this behaviour is characteristic of specimens
with thin, uncracked silica-like layers; the steep slope in the
Arrhenius diagram at low temperatures reflects the glassy
state and the flatter part at high temperatures a more rubber-
like state.
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