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Abstract

The loss and recovery of the surface hydrophobicity are important phenomena when high-
voltage insulators, with a shed material composed of polydimethylsiloxane (PDMS), are used.
The loss of hydrophobicity is mostly due to the oxidative crosslinking which takes place on the
PDMS surface during exposure to electrical discharges, e. g. corona discharges. The crosslinking
reaction leads to the formation of an oxygen-enriched, silica-like layer, which is brittle and hence
prone to cracking, either spontaneously or upon mechanical deformation. Repetitive cracking
leads to the propagation of cracks into the core of the material, which is believed to deteriorate
the insulator’s performance and reduce its service-life. Hence, an approach to make PDMS more
resistant to the build-up of the silica-like layer is beneficial for the performance of PDMS in high
voltage insulators.

In this work the effect of antioxidative stabilizers on the corona- and air-plasma-induced
surface oxidation of PDMS is studied. Three commercial stabilizers, a hindered phenol (Irganox®
1076), a hindered amine light stabilizer (Tinuvin® 770) and a bifunctional stabilizer with chain-
breaking hindered phenol and secondary amine and hydroperoxide-decomposing sulfide moieties
(Irganox® 565), have been used. Surface oxidation was achieved by exposure of a model
crosslinked PDMS to an air plasma or a corona discharge, and the surface characteristics of the
exposed samples were assessed by contact angle measurements, X-ray photoelectron
spectroscopy, optical and scanning electron microscopy, and surface profilometry before and after
uniaxial stretching.

A reliable rapid method for the assessment of stabilizer concentration in PDMS was
established. PDMS samples containing known stabilizer concentrations of a phenolic antioxidant
(Irganox® 1010) and a hindered amine stabilizer (Tinuvin® 144) were prepared. It was shown
that the stabilizer concentration in PDMS could be determined by high performance liquid
chromatography (HPLC) of the microwave assisted solvent extracts (MAE) of stabilized PDMS
samples using acetone (a non-swelling solvent). This method was employed to measure the
stabilizer concentration in PDMS samples exposed to air  plasma and corona discharges. The
stabilizer concentration in PDMS was varied by using dilute swelling solutions (0.005 wt% to 0.2
wt%) of the stabilizers in hexane. Samples stabilized with Irganox 565 showed stabilizer
precipitation on the surface after swelling in solutions with a stabilizer concentration greater than
0.05 wt%. Samples containing Irganox 1076 and Tinuvin 770 showed no surface precipitation
except after swelling in a solution of 0.2 wt% stabilizer concentration.

The air plasma and corona exposure time required for the formation of the silica-like surface
layer increased, essentially, in a linear fashion with increasing stabilizer concentration. Tinuvin
770 showed the strongest overall protecting effect during, as well air plasma as corona exposures,
whereas Irganox 565 showed the strongest protecting effect per mass fraction stabilizer during air
plasma exposures. Irganox 1076 was of moderate efficiency. The results suggest that efficient
protection towards discharge-induced surface oxidation is achieved with hindered amine
stabilizers or with stabilizers combining chain-breaking and hydroperoxide-decomposing
functions.

The diffusion of the stabilizers Irganox 1010 and Tinuvin 144 from PDMS to water at elevated
temperatures (75 °C and 95 °C for Irganox 1010 and 95 °C for Tinuvin 144) was studied. For
Irganox 1010 the diffusion constant (D), according to Fick’s second law for uni-dimensional
penetrant diffusion was assessed to 3.1 10-9 cm2 s-1 at 95 °C and to 5.46 10-10 cm2 s-1 at 75 °C.
An estimate for the activation energy for the diffusion of Irganox 1010 to the surrounding media
was obtained (Ea=93 kJ mol-1), on the basis of the diffusion data. For Tinuvin 144, no diffusion
constant could be calculated due to poor separation of the stabilizer peak from the impurities in
the extract when using the HPLC method developed earlier.



Sammanfattning

Polydimetylsiloxane (PDMS) används sedan 1970-talet som elisolationsmaterial i
kompositbaserade högspänningsisolatorer för användning utomhus. Materialets hydrofobicitet
bidrar till att öka isolatorns överslagspotential, vilket är önskvärt ur elisolationsynvinkel.
Ythydrofobiciteten kan dock förloras, om materialet utsätts för elektriska urladdningar, speciellt i
närvaro av syre. Även om denna hydrofobicitetsförlust är tillfällig hydrofobiciteten återhämtas
med tid i vila  är den icke önskvärd. Förlusten av ythydrofobicitet beror till stor del på den
oxidativa tvärbindningsreaktion som äger rum på isolatorns yta under urladdningsförloppet. Som
följd bildas ett ytskikt som är sprött till sin karaktär, och således kan spricka. Repetitiv sprickning
leder till sprickpropagering in i materialet, vilket anses vara skadligt för isolatorn. Mot den
bakgrunden är det tydligt att en ökning av den kritiska exponeringstiden till bildandet av ett
sprickbart ytskikt förbättrar isolatorns egenskaper och förlänger dess livslängd.

I detta arbete undersöktes effekten av tre kommersiella stabilisatorer: Irganox® 1076 (en
antioxidant av typen hindrad fenol), Tinuvin® 770 (en hindrad aminisk ljusstabilisator), och
Irganox® 565 (en bifunktionell antioxidant som innehåller flera antioxidativa funktionalisteter)
på den typ av ytoxidation som induceras av corona- samt luftplasmaurladdningar.
Rumstemperaturvulkaniserande polydimetylsiloxan användes som modellmaterial. Ändringar av
ytkaraktäristika, på grund av exponering till corona eller luftplasma, studerades med goniometri
(kontaktvinkelmätning), ljusmikroskopi, svepelektronsmikroskopi, röntgenfotoelektrons-
spektroskopi och profilometri.

För att snabbt kunna bestämma antioxidanthalten i ett silikonmaterial utvecklades en metodik
bestående av mikrovågsextraktion (MAE) av stabiliserad PDMS med aceton, följt av
högtrycksvätskekromatografi (HPLC) av extratet. För detta ändamål tillverkades
polydimetylsiloxan innehållande en serie kända koncentrationer av två stabilisatorer: Irganox
1010® och Tinuvin® 144. Denna metod visade sig fungera tillfredställande för den fenoliska
antioxidanten Irganox 1010. Dock var metodens osäkerhet stor när halten av den aminiska
stabilisatorn Tinuvin 144 i PDMS skulle bestämmas. Denna metod användes sedan för att
bestämma stabilisatorhalten av de tre förstnämnda stabilisatorerna sedan dessa hade svällts in i
PDMS genom utspädda lösningar (0.005 vikt% till 0.2 vikt%) av respektive stabilisator i n-hexan.
Det visades att lösligheten av Irganox 565 i PDMS var lägre än lösligheten av var och en av
Irganox 1076 och Tinuvin 770. Antioxidantutfällning på ytan observerades om koncentrationen
av Irganox 565 i svällningslösningen översteg 0.05 vikt%. För Irganox 1076 och Tinuvin 770,
observerades antioxidantfällning på materialytan endast efter svällning i den mest koncentrerade
svällningslösningen (0.2 vikt%).

Den kritiska exponeringstiden för bildande av det spröda ytskiktet visade sig öka, i stort sett,
linjärt med stabilisatorkoncentrtationen i PDMS både för corona- och för luftplasmaurladdningar.
Den kritiska exponeringstiden förlängdes mest med Tinuvin 770 samtidigt som Irganox 565
visade sig vara den mest effektiva antioxidanten per massfraktion löst antioxidant i PDMS under
luftplasmaexponeringar. Irganox 1076 var den minst effektiva antioxidanten i denna studie.

Diffusionen av antioxidanterna Irganox 1010 och Tinuvin 144 från PDMS till vatten vid höga
temperaturer (75 °C och 95 °C för Irganox 1010 samt 75 °C för Tinuvin 144) undersöktes.
Diffusionskonstanten för Irganox 1010 beräknades, enligt Ficks andra lag om endimensionell
diffusion, till 3.1 10 -9 cm2 s- 1  vid 95°C och till 5.5 10-10 cm2 s-1 vid 75°C. Ett
uppskattningsvärde för aktiveringsenergin (Ea) för diffusion av Irganox 1010 från PDMS till
vatten beräknades utifrån diffusionsdata till 93 kJ mol-1. Någon diffusionskonstant kunde inte
beräknas i fallet av PDMS stabiliserad med Tinuvin 144, på grund av MAE-HPLC-metodens
otillräcklighet för denna stabilisator.
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1. Prologue

1.1 Purpose of the study

The use of silicone rubber based on polydimethylsiloxane (PDMS) as the shed material in

high voltage outdoor composite insulators has been increasing ever since their

introduction to the market in the 1960’s. The major advantage of PDMS, compared to

traditional ceramic insulator housings, is the low surface tension of the material, which

makes it hydrophobic (water repellent).

During service life, PDMS is exposed to UV light, ozone, corona and plasma discharges,

which in presence of oxygen lead to the oxidation of the material. Oxidation of PDMS

results in the transformation of the surface from a hydrophobic to a hydrophilic state.

This hydrophilic transformation is partly due to the crosslinking reaction which takes

place at the surface of PDMS, leading to the build-up of a surface layer which is denser

and more rigid than the virgin material. Furthermore the average number of oxygen

atoms bonded to each silicon atom exceeds two which is that of virgin PDMS. This

surface layer is prone to crack spontaneously or upon stretching. The cracking of the

surface layer causes, in a long-term perspective, degradation of the insulator. Hence, a

means to counteract the surface oxidation of PDMS is beneficial for the performance of

PDMS in high voltage outdoor insulators.

The purpose of this work is to gain information about the effect of stabilizers on the

surface oxidation of PDMS when the material is exposed to air plasma and corona

discharges. Finding suitable stabilizers which extend the period to the formation of the

silica-like layer at the surface of PDMS exposed to air plasma and corona is valuable for

designing and developing new materials for high voltage insulator housings. Another

objective of this work is to establish a reliable method for controlling and determining the

stabilizer content in PDMS.

It is of great importance that a minimum stabilizer content remains in the polymer during

the service-life. Hence, it is relevant to study the durability of the stabilizers in the

polymer under various conditions. Although not the main goal, the migration of the

stabilizers to the surrounding media will be briefly addressed in this work.
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1.2 Disposition of the thesis

Chapter 2 starts with an introduction to the properties of polydimethylsiloxane (PDMS)

generally, and specifically when the polymer is used in high-voltage insulation. The main

focus has been on the behavior of the material when exposed to electrical discharges. The

chapter continues with a general introduction to the field of polymer oxidation and the

mechanisms of antioxidative stabilization. A brief summary of the methods most

frequently used for the determination of stabilizer concentration in polymers is also

accounted for. Chapter 2 ends with a short background to the phenomenon of stabilizer

migration from the polymer to the surrounding media. The ambition has been to give an

introduction which can help the reader understand, as well, the aims, as the results of this

work.

Chapter 3 describes the experimental procedure utilized to perform this study.

The results achieved throughout this study are reported and discussed in Chapters 4-8.

The separation of the results in different parts is meant to mirror the different stages of

the progress of the work.

Finally, in Chapter 9, the thesis is summarized by the most important conclusions which

were made on the basis of the results obtained in this study.
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2. Introduction

During the last decades polymers have been increasingly used in outdoor high voltage

insulators.1,2 The core of these insulators is manufactured from a load-bearing polymer

composite material and the housing is made of a rubber material such as silicone rubber.3

The material mostly used in these silicone rubber insulator housings is crosslinked

polydimethylsiloxane (PDMS). The advantages of PDMS insulators include low weight,

good thermal stability, good weatherability and most of all a water-repellent surface.4,5

The surface hydrophobicity of PDMS prevents the formation of a continuous water band

on the surface, hence increasing the flashover voltage of the insulator.6 This leads to

improved insulator performance even in extreme environments. Silicon-based insulators

have been reported to show superior performance compared to glass, porcelain and

EPDM (ethylene-propylene-diene monomer) insulators under natural and artificial

tropical conditions.7-9 Even a coating of silicone rubber was shown to improve the

performance of ceramic insulators.10 However, the surface hydrophobicity can be

temporarily lost after exposure to electrical discharges (dry band arcing, corona and

plasma).1,11-16 Also, heavy deposition of non-hydrophobic pollutants on the surface

causes temporary loss of water-repellency.17,18 The surface hydrophobicity is recovered

with time if the driving force for the change (electrical discharges, pollution, extreme

climate) is removed.

This chapter starts with an introduction to the production and the general properties of

PDMS. The effect of surface oxidation and the concept of the loss and recovery of the

surface hydrophobicity are treated in sections 2.3-2.4. The main mechanisms of polymer

oxidation and antioxidative stabilization of polymers are briefly in sections 2.5-2.6.

Finally, the techniques used for the determination of stabilizer concentration in polymers

and the gradual depletion of stabilizers from polymers due to their diffusion from the

polymer to the surrounding media are described in sections 2.7-2.8 of this chapter.

2.1 Production of PDMS

2.1.1 Production of the PDMS precursor

Silicon is the second most abundant element in the earth’s crust. It is mostly found as

silicates in rocks and as silica in sand. These minerals are treated with chloride to produce

silicon tetrachloride, which is purified and reduced to powdered silicon (Eq. 2.1).19

SiCl  +  2H   Si +  4HCl4 2 → (2.1)
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The powdered silicon is reacted with methylchloride under proper conditions to produce

dimethyldichlorosilane (Eq. 2.2).

6CH Cl +  3Si  (CH ) SiCl  +  CH SiCl  +  (CH ) SiCl3
560 K, Cu

3 2 2 3 3 3 3 → (2.2)

Oligomeric dimethylsiloxane is produced from the hydrolysis of dimethyl-dichlorosilane

followed by a condensation reaction (Eq. 2.3):

(CH ) SiCl   (CH ) SiO  +  HO (CH ) SiO H3 2 2
H O

3 2 c 3 2 l
2 → [ ] [ ] (2.3)

This reaction yields a mixture of cyclic (c) and linear (l) dimethylsiloxane oligomers
which are used to produce high molar mass polydimethylsiloxane.20

2.1.2 Production of crosslinked PDMS

Crosslinked polydimethylsiloxane can be manufactured by two techniques: room-

temperature vulcanization (RTV) or high-temperature vulcanization (HTV). In the latter

case the polymerization is initiated by the decomposition of a free radical initiator

(usually an organic peroxide) at temperatures over 100 °C. The free radical abstracts a

hydrogen atom from the dimethylsiloxane chain which leads to the formation of chain

free radicals. Recombination of chain radicals leads to network formation. Due to the

nature of free radical bulk polymerization it is difficult to have control over the crosslink

density of HTV silicone rubbers.

Room-temperature vulcanization takes place by either a polycondensation reaction

between silanol moieties or an addition reaction between a siloxane, containing vinyl

groups, and a siloxane crosslinking agent with Si-H functional groups. The main

limitation of the polycondensation reaction is the difficulty to obtain higher-molecular-

weight PDMS21.  The hydrosilation reaction is summarized in Eq. 2.4:

≡ ≡  → ≡ ≡SiH +  H C = CHSi   SiCH CH Si2
Organic Pt

2 2  (2.4)

One of the advantages of hydrosilation reaction is that it provides polymer networks with

a narrow crosslink density distribution14. Although the reaction can be carried out at

ambient temperature, elevated temperatures are employed to decrease the reaction time.21
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2.2 General properties of PDMS

PDMS is composed of an inorganic backbone of alternating silicone and oxygen atoms.

Two methyl groups are attached to each silicone atom of the backbone chain. The

repeating unit of PDMS is shown in Fig. 2.1.

Si O

CH3

CH3

[ ]
n

Fig. 2.1 The repeating unit of PDMS

The structural characteristics of PDMS are important for its properties. The hydrophobic

character of PDMS is due to the close packing of the methyl groups, which under normal

conditions point outward from the surface and provide the polymer with a hydrophobic

skin. The low intermolecular force between the methyl groups accounts for the low

surface free energy of PDMS (16-24 mN m-1).22 However, the energy barrier for torsion

about the main chain bonds of PDMS is low (4 kJ mol-1) compared to that of other

polymers, e. g. polyethylene (15 kJ mol-1).23 The high segmental mobility of PDMS

facilitates the transformation between hydrophobic and hydrophilic states depending on

the predominant surrounding. The polar nature of the backbone (Pauling electronegativity

difference: 1.7),24 in which the silicon atom is positively polarized, makes PDMS

susceptible to hydrolysis. Furthermore, the methyl groups are also polarized by the

positive polarization of the silicon atom in PDMS, making them more resistant toward

thermal and oxidative degradation compared to polyolefins. However, the excellent

thermal stability of PDMS is mainly due to the high dissociation energy of the siloxane

bond (445 kJ mol-1).22 At ambient temperature PDMS is well above the glass transition

temperature (-127 °C) which accounts for the high segmental mobility and gas

permeability25. Although PDMS is a crystallizable polymer the crystallinity is of little

practical importance in normal applications due to the low equilibrium melting point (-54

°C).14

2.3 Surface oxidation of PDMS

The surface of PDMS is oxidized when it is exposed to corona and plasma discharges or

to dry band arcing in presence of oxygen. The oxidation is manifested in the change of
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the elemental composition of the surface of aged silicone rubber. X-ray photoelectron

spectroscopy (XPS) performed on PDMS exposed to dry band arcing, corona and plasma

treatment and energized salt fog tests showed that the elemental ratio of oxygen to carbon

(O/C) at the surface is increased compared to that of virgin PDMS.5,11-15,17,26-29

Furthermore, XPS curve resolution of the chemical shift of silicon showed the existence

of SiO3 and SiO4 at the surface of the exposed PDMS samples.12,14,16,17,24,26,27,30 The

change of the elemental composition is due to several reactions taking place at the surface

during the exposure.

Kim et al.31 reported that exposure of PDMS to dry band arcing causes:

• chain scission and interchange of bonds or chains,

• hydrolysis of siloxane bonds and hydrocarbon groups, and

• oxidation of hydrocarbon groups and crosslinking of siloxane bonds.

Si O
CH3

CH3

O Si O

.CH2

CH3

.Si O

Si O

HOOH2C

CH3

Si O

CH3

CH3

Si O

OH

UV

UV -CH2O

Si O

OH
Condensation

Si O

O

Si O
O

CH3CH3

CH3

CH3

CH3

O2
O

O

O O

O O

Si O

.CH2

CH3

O
.Si O
CH3

O Si C
H2O

H3C Si CH3
O

O

O

O

.Si O
CH3

O

2 + +

+

(2)

(3)

(4)

(5)

+

+

Si O

.CH2

CH3

O2 Si CH2
O

H3C
O

CH2 Si CH3
O

O

.H
.CH3

.OH

(1)

2

.Si O
CH3

O UV
O2

Si O
OOH

CH3

O
-.OH

Si O
O.

CH3

O

.Si O
CH3

O

Si O

O

Si O
O

CH3CH3

O (6)

Scheme 2.1 The reactions involved in the discharge-induced oxidation of PDMS

Hillborg and Gedde5 reviewed the reactions involved in the oxidation and crosslinking of

PDMS. They suggested a number of reaction routes leading to the formation of hydroxyl
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and silanol groups and crosslinking through methylene and oxygen bridges. Some of the

reaction which may take place in a high-energy field, e. g. in a corona or plasma field, are

shown in Scheme 2.1. It should be pointed out that long-wave UV light (λ=300-400 nm)

is not absorbed by silicone rubbers and hence not a source of degradation.32 Hence,

PDMS is very stable towards the UV-light reaching the surface of the Earth, although a

higher extent of chain scission has been reported to the insulator area directly exposed to

sun-light.33 However, high-energy UV-light is generated together with other reactive

species (ions, electrons and free radicals34) in a corona or a plasma discharge. UV

radiation is representing the source of energy needed to initiate the reactions by forming

free radicals (Scheme 2.1, reaction 1). These radicals may recombine and form linkages

of one or two methylene groups (Scheme 2.1 reactions 2-3). In presence of water

formation of silanol groups is facilitated by direct hydrolysis of the siloxane bond.35

However, silanol groups may be formed through other reaction routes as was suggested

by Delman et al.36 (Scheme 2.1 reaction 4). Condensation of silanol groups results in the

crosslinking of PDMS through silanol bridges (Scheme 2.1 reaction 5) if there exists a

driving force for the evaporation of water vapor, e. g. heat from dry band arcing.31

Bonding through siloxane linkages occurs through the interaction of excited oxygen with

a silicone radical (Scheme 2.1 reaction 6).36 Regardless of the mechanism through which

crosslinking takes place (Scheme 2.1 reactions 2-3, 5-6), the overall net effect is an

increase in the oxygen concentration at the surface of PDMS. Hence, after exposure to

corona and plasma a more inorganic regime is observed at the surface of PDMS.

Formation of 
glassy layer

Discharge
Formation of 
the first crack

Discharge

Vitrification of 
crack surface

Formation of 
the second crack

Discharge Vitrification of 
crack surface

Scheme 2.2 Crack propagation resulting from exposure to electrical discharges
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The crosslinking which occurs at the surface of PDMS leads to the formation of a surface

layer. This surface layer is, unlike the virgin PDMS, brittle and hence can crack

spontaneously or after mechanical deformation. This surface layer is referred to as the

glassy or the silica-like layer in the literature.  It was suggested that the density of the

silica-like surface layer is higher compared to that of virgin PDMS.13 Scanning electron

microscopy (SEM) has been used to show cracks at the surface of PDMS specimens

exposed to plasma.37,38 Owen and coworkers estimated the thickness of the silica-like

layers to ~10 nm through XPS analysis of the oxidized surface, while the depth of the

cracks was assessed to 300-500 nm by SEM.37,38 Research results reported by Hillborg

and coworkers showed that the surface of PDMS exposed to corona and plasma cracked

spontaneously as well as after controlled stretching of the specimens.12-14,30 Neutron

reflectometry was used to assess the thickness of the oxidized surface layer to 130-160

nm depending on the oxygen plasma exposure time.13 Furthermore, it was found that the

thickness of the brittle layer decreased with increasing plasma exposure time.13 They

suggested that the decrease of the thickness of the silica-like layer was due to the

densification of the layer. The considerable difference in the crack depth and the

thickness of the silica-like layer suggests that extended exposure to plasma and corona

discharges causes the propagation of the cracks from the surface into the underlying

silicone material, i. e. that new cracks are initiated within the older ones. The propagation

of cracks will however come to an end once a critical crack depth has been reached which

protects the underlying material from further oxidation. The suggested mechanism of

crack propagation is summarized in Scheme 2.2.

It was deduced that the “time to the formation of critical layer depth” was: (b/a)τ where a

is the crack depth, b the critical crack depth and τ the incubation time required to initiate

a crack at the surface of PDMS. It can be seen that by increasing the incubation time to

the crack initiation the time to the formation of critical layer depth of PDMS can be

enhanced.14

2.4 Loss and recovery of surface hydrophobicity

The original hydrophobicity of PDMS was lost when the material was exposed to corona

and plasma discharges, and saltfog tests.1,4,11-15,17,18,27,28,30,39-42 This transition was due to

hydrolysis of siloxane bonds and methyl groups of PDMS, and to the crosslinking

reaction occurring at the surface which results in an increased elemental ratio of oxygen.

Contact angle measurements have been used extensively to assess the decrease in the
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surface hydrophobicity of PDMS. Several researchers noted a dramatic decrease in both

advancing and receding contact angles at the surface of PDMS after exposure to corona

and plasma discharges and saltfog test.1,4,11-15,17,18,27-30,39-42

The loss of surface hydrophobicity is, however, temporary. The process whereby the

hydrophobicity of PDMS is regenerated is referred to as the “hydrophobic recovery”. The

hydrophobic recovery of PDMS occurs when the source of oxidation, e. g. plasma

exposure, is removed and the material is let to rest. Owen et al. suggested six possible

mechanisms to be involved in the hydrophobic recovery process:43

• Reorientation of polar groups at the surface into the bulk.

• Condensation of silanol groups at the surface.

• External contamination of the surface.

• Changes in surface roughness.

• Loss of volatile oxygen-rich species to the atmosphere.

• Migration of low molar mass species from the bulk to the surface.

There is broad agreement among researchers that the migration of low molar mass PDMS

species from the bulk to the surface is the dominant mechanism for the hydrophobic

recovery of PDMS.1,14,17,18,27,44 Low molar mass PDMS species originate from reactant

residues or can be formed through chain scission reaction. Furthermore, low molar mass

PDMS oils can be added to a formulation in order to supply a deposit of the migrating

species. Gedde et al.45 determined the activation energy for the diffusion of oligomers and

low molar mass PDMS from sorption data to 6-7 kJ mol-1 for cyclic oligomers with 4 and

5 repeating units and 16 kJ mol-1 for PDMS with M n  between 1000 and 40000 g mol-1.

Morra et al.2 9  determined the activation energy for hydrophobic recovery of plasma

exposed PDMS samples to 48 kJ mol-1, which is significantly higher than the value for

the bulk diffusion of silicone oligomers in silicone rubber. These results indicate that the

migration of low molar mass PDMS species to the surface is greatly impeded when the

material is subjected to surface oxidation. Hillborg et al.11 found that mechanical

deformation of the surface of corona exposed PDMS accelerates the rate of hydrophobic

recovery. Kim et al.27 reported that the recovery time decreased considerably when the

source of dry band arcing was removed from the salt-fog tests. In the same study, the

surface content of elemental oxygen was observed to increase as a result of the dry band

arcing. These results indicate that the silica-like surface layer, formed through surface

oxidation of PDMS, acts as a barrier to the migration of the low molar mass PDMS
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species to the surface. The cracking up of this rigid surface layer, however, facilitates the

migration of these species.

It is apparent from the accumulated research that the discharge-induced surface oxidation

and the subsequent formation of the silica-like surface layer is deteriorating to the

electrical insulation performance of PDMS. The main emphasis of this work is to study

the efficiency of antioxidative stabilizers in suppressing this surface oxidation of PDMS.

2.5 Oxidation of polymers

The theory of the oxidation process of polymers is based on the basic autooxidation

scheme (BAS) developed in the 1940’s to describe the oxidation of low molecular

hydrocarbons.46-48 This scheme has later been modified to describe polymer’s oxidative

degradation49-52. The theory was developed on the basis of homogeneous liquid systems.

Hence, for the oxidation of solid polymers other parameters, such as the restricted

mobility of the reactive free radicals, must be considered.53,54 The general oxidation

process goes through three steps: initiation, propagation and termination (Eqs. 2.5-

2.12).55

Initiation Polymer R• (2.5)

ROOH RO• + •OH (2.6)

2 ROOH RO• + RO2• + H2O (2.7)

Propagation R• + O2 RO2• (2.8)

RO2• + RH ROOH + R• (2.9)

Termination R• + R• Non-reactive products (2.10)

RO2• + R• Non-reactive products (2.11)

RO2• + RO2• Non-reactive products (2.12)

A comparison reveals the similarity between these reactions and the reactions presented

in Scheme 2.1 for the oxidation of PDMS.

2.6 Antioxidative stabilization of polymers

Antioxidative stabilizers are frequently used in concentrations from ~0.1 to ~2% with

respect to the polymer weight  to counteract the oxidation of polymers during

processing and to prolong the service life of the final product.56 Economically, however,
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they do not constitute such a small part of the total polymer market. Antioxidants

accounted for 60% of the total polyolefin market in 1999.57

Antioxidants are divided into two main groups depending on the mechanism by which

they interfere with the oxidation process. The first group, primary antioxidants, also

called chain-breaking antioxidants, deactivate the oxidation process by scavenging free

(mainly peroxide) radicals. Phenolic and hindered amine stabilizers are examples of

primary antioxidants. The other group, secondary antioxidants, react with hydroperoxides

decomposing them into more stable compounds such as alcohols. Organophosphorus and

organosulfur compounds are examples of peroxide decomposers.58

2.6.1 Hindered phenol antioxidants

Antioxidants based on a hindered phenol structure are most widely used in the

stabilization of polymers.56 Pospisil59 reported that phenolic antioxidant can interact with

a variety of free radicals by donating their phenolic hydrogen. According to Zweifel,56 the

key reaction in the stabilization of polyolefins by phenolic antioxidants is the transfer of

the phenol hydrogen from the antioxidant to a peroxy radical. This reaction prevents the

abstraction of the hydrogen from a polymer chain which would result in the formation of

another radical. Furthermore, the phenoxyl radical is stabilized by a resonance

mechanism leading to the formation of quinoidal compounds, which are important in the

further stabilization of the polymer. Some of the reaction products of hindered phenols

are more efficient in stabilizing the oxidative degradation process of polymers than the

original molecule60. Scheme 2.3 summarizes some of the reactions involved in the

stabilization of polymers by phenolic antioxidants.

2.6.2 Hindered amine light stabilizers HALS

Hindered amine light stabilizers (HALS) constitute another important group of

stabilizers. These compounds are based on a 2,2,6,6-tetramethylpiperidine structure.

These compounds have been successfully used to counteract the thermal and photo

oxidative degradation of polymers.56,60 Upon reaction with peroxides and peroxide

radicals the amine moiety is transformed into a nitroxyl radical which is very efficient in

reacting with alkyl radicals,56 leading to the formation of hydroxyl amine ethers (NOR).

The nitroxyl radical is regenerated upon the reaction of NOR with a peroxy radical.

Furthermore, if enough energy is supplied, a disproportion reaction occurs which results
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in the formation of a hydroxylamine and an unsaturated polymer chain.56,60 The

efficiency of HALS is to a great extent due to their ability of scavenging degradative

species while supplying reaction products which are active in the protection of the

polymer.61,62 The reaction paths involved in the stabilization mechanisms of HALS are

shown in Scheme 2.4.

2.6.3 Organosulfur compounds

Organosulfur compounds such as sulfides and dithiopropionates are well known

hydroperoxide decomposers.5 6  These compounds react stoichiometrically with

hydroperoxides to decompose hydroperoxides to their alcohol counterparts. The reactions

of organosulfur compounds with hydroperoxides are relatively slow. Because of this they

are used for the extension of the lifetimes of polyolefins intended for use at elevated

temperatures.56 The reaction of a dithiopropionate with hydroperoxides is shown in

Scheme 2.5.

Sulfur substituents are commonly used in bifunctional stabilizers, compounds which

contain different antioxidative functionalities. Bifunctional stabilizers containing

phenolic moieties as well as sulfur substituents combine the chain breaking abilities of

the former with the peroxide decomposing properties of the latter in one compound.63 An

example of these antioxidants, Irganox 565, was used in this work (See section 3.1.2).
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O

CH2 CH2 S[ ]
2

ROH+
O

O

Scheme 2.5 The reactions of a dithiopropionate with hydroperoxides

2.7 Determination of stabilizer concentration in polymers

The quantification of stabilizer content is of great importance for the evaluation of the

stabilizer action in a polymer. Some of the most common methods for the assessment of

the stabilizer concentration include spectroscopy64, measurement of oxidative induction
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time (OIT)65,66 and chromatography67,68. In this work, however, only spectroscopic and

chromatographic methods have been utilized for the quantification of stabilizer

concentration in PDMS (See section 3.2).

The analysis of the concentration of stabilizers in polymers often requires the separation

of stabilizers from the polymer matrix, especially if the analysis is performed by

chromatographic methods.69 The extraction and quantification of additives, such as

antioxidants, continues to be a very important procedure in polymer formulation.70 Today

several extraction methods are available to the polymer research and industry. Among

these are Soxhlet extraction, microwave-assisted extraction (MAE), sonication,

supercritical fluid extraction (SFE) and solid phase microextraction (SPME). In this

work, however, only Soxhlet and microwave-assisted extraction have been employed.

Soxhlet extraction is the most conventional method for extracting additives from a solid

phase.71 This method consists of a repeated distillation process and the solid phase is

extracted repeatedly at the boiling point of the solvent. While researchers have generally

reported good efficiencies of the Soxhlet method, there is as well an agreement about its

shortcomings.60,69,71-74 The drawbacks of the Soxhlet extraction method include the long

extraction times involved (6 to 48 h)73 and the consumption and large volumes of

frequently toxic solvents. Heekman et al.75 also found that the analytes were degraded

during the Soxhlet extraction of marine hydrocarbon compounds. Vandenburg et al.73

reported that even after long extraction times the recovery of additives may not be

complete. However, in many studies Soxhlet extraction is used as a reference method for

the complete extraction of the additives in order to evaluate other extraction methods.71-

73,76

MAE is a novel method for the extraction of organic compounds from solid samples

which recently has gained popularity.76 In this method sample and solvent are placed in a

closed vessel and heated with microwave energy above the boiling point of the solvent.

Since the vessel can be pressurized it is possible to extract at temperatures higher than the

boiling point of the solvent.73 Camacho et al.68 used MAE to extract antioxidants from

polyolefins. They reported that higher temperatures and use of a solvent which swells the

polymer matrix leads to shortened extraction times and improved recoveries of the

antioxidants. Researchers have reported additive recoveries comparable with or better

than those obtained with the Soxhlet extraction method.71-73,76 Simultaneous extraction
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with up to 12 samples can be performed by MAE which leads to an improved sample

throughput compared to conventional Soxhlet extraction.73

2.8 Migration of stabilizers

Generally, a polymer compound is composed of the polymer material on one hand and a

number of additives on the other.77 These additives include fillers, colorants and

antioxidants to name a few. It is important for the properties of the final polymer product

that these additives remain in the polymer during its service life. However, it is inevitable

that a fraction of the additives is lost with time due to the diffusion of the additives to the

surrounding media. Since the properties of the polymer material depend, to a great extent,

on the additives in use, it is important to study the diffusion of the additives in the

polymer in order to be able to predict the service life of the final product.78 It is generally

recognized that the antioxidant depletion, due to the consumption and the migration of

the antioxidant, is responsible for the thermal oxidation in a polymer79,80.

Extensive research has been dedicated to study the mechanisms of small molecule

diffusion in and through polymers and there are a number of handbooks written on the

subject.81-83 Antioxidant migration from the polymer to the surrounding media has been

and continues to be an active area of research, especially in the case of polyolefins.

Failure of polyethylene pipes in hot water applications has been reviewed by Gedde and

coworkers84. It was observed that the so called stage III failure brittle fracture due to

thermal oxidation of the polymer occurred near the inner-wall of the pipes where the

antioxidant concentration was low and loss of antioxidant was rapid due to diffusion of

the antioxidant to the hot water. Lazare and Billingham78 named the solubility and the

diffusion rate of the antioxidant in the polymer, and the crystallinity of the polymer

material as the most important parameters for the stability of an additive in a polymer

material. They discovered that the diffusion of a UV-stabilizer was much faster through a

continuous amorphous phase than when the amorphous phase was disrupted by

impenetrable crystalline regions.

Even though the main focus of this work was to assess the effect of a few antioxidative

stabilizers on the discharge-induced oxidation of PDMS, the diffusion of a phenolic

antioxidant (Irganox 1010) and a hindered amine stabilizer (Tinuvin 144) were briefly

addressed in order to obtain a rough estimate for the diffusion rate of the stabilizers in

PDMS.
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3. Experimental

3.1 Materials

3.1.1 Polydimethylsiloxane

Crosslinked polydimethylsiloxane (PDMS) was prepared by a three component system. A

vinyldimethyl terminated PDMS ( M    -
w g mol= 11000 1) was mixed with a crosslinker

(30-35%) methylhydro-(65-70%) dimethylsiloxane copolymer ( M  =    -
w g mol2100 1).

The hydride moieties react with the vinyl groups to create a well-defined network

structure. The stoichiometric ratio of hydride groups to vinyl groups was 1.5:1 in order to

minimize the amount of residual unreacted chain ends in the network. The vulcanization

reaction was catalyzed by a platinum divinyltetramethyldisiloxane complex at a

concentration of 35 ppm. The polydimethylsiloxane resin, the crosslinker and the

platinum catalyst were purchased from United Chemicals Technologies Inc., USA and

used as received.

The reactants were mixed at room temperature, using manual stirring. The curing reaction

was at first performed at room temperature over-night (Paper I) which gave a PDMS

material with a thickness of approximately 3 mm. For the rest of this work  (Papers II-IV)

the curing reaction was performed at an elevated temperature under pressure in order to

have better control of the material thickness as well as improved time efficiency. In this

procedure, the reactants were pressed into a plaque of 2 mm thickness in a Pasadena

Hydraulics Inc. 0230 H (Paper II) or in a Schwabenthan Polystat 400S press (Papers III

and IV), at 135˚C under a pressure of 20 bar during 15 minutes. The cured films were cut

into discs 30 mm in diameter for further analysis. Where stabilizers were to be swollen

into the PDMS (See section 3.1.2) the discs were first Soxhlet extracted in n-hexane to

remove unreacted PDMS species and catalyst residues and then allowed to shrink to their

original size.

3.1.2 Incorporation of stabilizers in PDMS

In a preliminary study (Paper I) the effect of three stabilizers, Irganox® 1076, Tinuvin®

770 and Irganox® 565, on the air-plasma-induced surface oxidation of PDMS was

investigated. The chemical structure of the stabilizers is shown in Appendix 1. PDMS

discs were swollen in a 0.2% wt.% solutions of the stabilizers in hexane during 24 hours.

Hexane was used as a vehicle for transporting stabilizers into the bulk of the network, as

it swells PDMS. Upon drying, hexane evaporated, and the discs shrank to their original
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size, leaving stabilizer in the dry PDMS discs. After the swelling period, the discs were

withdrawn from the solutions and allowed to dry slowly in order to avoid mechanical

damage of the disks. All samples showed precipitation of stabilizer on the surface. The

precipitated stabilizer on the surface of PDMS was removed by acetone prior to

performing further analysis. Determination of stabilizer concentration was not performed

on these samples, and hence the actual stabilizer concentration in PDMS specimens was

not known.  In this work these samples are referred to as I1076, T770 and I565.

For the studies of the effect of stabilizer concentration on the air plasma and corona-

induced surface oxidation of PDMS (Papers II and IV), the stabilizer concentration in

PDMS was varied through varying the stabilizer concentration in the swelling solutions.

Stabilizers were swollen into the PDMS discs by using 0.005, 0.01, 0.05 and 0.1 wt.%

solutions of each stabilizer in n-hexane during 24 h. The swelling/deswelling process was

the same as described above. The samples were named by the abbreviated name of the

stabilizer and a suffix from 1 to 4 corresponding to the concentration of the stabilizer in

the swelling solutions, 1 being the lowest and 4 the highest concentration. For example,

I1076-3 denotes the PDMS discs swollen in a 0.05 wt.% solution of Irganox 1076 in n-

hexane. The only samples that showed any precipitation of stabilizer on the surface of the

discs were I565-3 and I565-4. In those cases the surfaces of the discs were washed

quickly with acetone prior to performing the further analysis.

For the assessment of a reliable method for the determination of the stabilizer

concentration in PDMS and for the study of the diffusion of the stabilizers from PDMS in

deionized water at elevated temperatures, PDMS containing a known stabilizer

concentration had to be prepared (Paper III). PDMS materials were prepared containing

0.01, 0.02, 0.05, 0.1 and 0.2 wt.% of each of the stabilizers Irganox® 1010 and Tinuvin®

144 (Appendix 1). The stabilizers were dissolved in a small volume of chloroform and

they were then added to the PDMS resin. The mixture was manually stirred to achieve a

uniform distribution of the stabilizer and was placed in an oven at 80 °C overnight for

evaporation of the chloroform. After cooling to ambient temperature, the crosslinker and

the platinum catalyst were added to the mixture and the curing reaction was carried out in

the procedure described earlier.

All the stabilizers used in this work were supplied by Ciba Specialty Chemicals Inc. and

used as received.
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3.2 Determination of stabilizer concentration in PDMS

3.2.1 Soxhlet extraction of stabilizers

Four PDMS disks of each stabilizer type and concentration were weighed and Soxhlet

extracted in hexane for 24 h. The extracts were collected and the solvent was removed by

evaporation at ambient temperature (Paper II) or in vacuum (Papers III and IV). The

precipitates were diluted with 20, 30 or 40 ml of hexane (Paper II) or chloroform (Papers

III and IV) depending on the stabilizer concentration in the PDMS. The solutions were

filtered through a 0.45 µl PTFE filter purchased from Scantec Lab. The filtrates were then

analyzed to assess the stabilizer concentration.

3.2.2 Microwave extraction of stabilizers

In a preliminary study of the stabilizer concentration determination (Paper II) one PDMS

disc of each stabilizer and each stabilizer concentration was weighted and extracted in

chloroform using a CEM MES-1000 microwave. The microwave oven was operated at

700 W power with a maximum pressure of 1.4 MPa. The temperature program consisted

of several segments: (1) heating from 20°C to 60°C at 8°C min-1; (2) constant

temperature (60°C) during 10 min; (3) Heating from 60°C to 80°C at 4°C min-1, (4)

constant temperature (80°C) during 50 min. This extraction method is referred to as the

extraction program P0 in this work. The extract was collected and allowed to evaporate at

ambient temperature. The precipitate was diluted with 10 ml of hexane and then filtered

through a 0.45 µl PTFE filter. One PDMS disc with no stabilizer was also extracted by

the same procedure to prepare a reference solution.

It was realized that the microwave-assisted extraction method had to be optimized for the

extraction of the stabilizers from PDMS. Samples containing known concentrations of the

stabilizers Irganox 1010 and Tinuvin 144 were extracted with a series of different

extraction programs (Table 3.1). The samples were heated from 20°C to the final

extraction temperature at 5°C min-1 and then held at this temperature for 30 min. Five

MAE programs (Table 3.1) were used to find the most effective extraction conditions.

For each stabilizer type and concentration, two samples were extracted with the same

MAE program.

The extracts were collected and weighed to determine the solvent loss. The extracts

obtained after treatment with chloroform were filtered through a 0.45 µl PTFE filter

before the analysis. The acetone extracts were dried under vacuum and the residue was
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diluted with 10 or 20 ml chloroform depending on the actual stabilizer concentration. The

solutions were filtered through a 0.45 µl PTFE filter before the analysis.

Table 3.1 MAE programs used for the extraction of stabilizers

Program Solvent Solvent volume
[ml]

Extraction temperature
[°C]

P1 Chloroform 20 90
P2 Chloroform 30 90
P3 Acetone 20 70
P4 Acetone 30 70
P5 Acetone 30 90

Once the most efficient extraction method was evaluated, it was used to assess the

stabilizer concentration in PDMS samples with the stabilizer swollen into them (See

section 5.2.3).

3.2.3 UV-VIS spectroscopy of the extracts

Standard solutions of each stabilizer in hexane (Paper II) or chloroform (Papers III and

IV) were prepared in the adequate concentration range. The lowest concentration of each

stabilizer was used to obtain an UV-Vis spectrum using a WPA UV-Vis

spectrophotometer version 1.6, after the instrument had been referenced with pure

solvent. A reliable peak was chosen for each stabilizer. This peak was used to study the

variation in the concentration of each stabilizer. The chosen peaks for the three stabilizers

were 273 nm (Irganox 1076), 209 nm (Tinuvin 770), 322 nm (Irganox 565) and 280 nm

(Irganox 1010 and Tinuvin 144). A calibration curve was established for each stabilizer

using the standard solutions.

To study the concentration of the extracts obtained by Soxhlet and microwave extraction,

the instrument was referenced with the proper reference solution, whereafter the

absorbance of the chosen peak was measured. Using the calibration curve of each

stabilizer the actual concentration of the stabilizer was calculated.

3.2.4 High performance liquid chromatography (HPLC)

Liquid chromatography was carried out in a Hewlett Packard Chromatograph, HPLC

1090, equipped with a binary pump system, an M490 variable wavelength UV detector, a

Waters Model 990 diode array detector (DAD) and a WISP autosampler. The column

used for the separation of the analytes was a Supelcosil, 5µm, 4.5×150 mm, LC-Si
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column provided with a precolumn, operated at 40°C. Both the UV detector (recording at

both 280 and 310 nm) and the DAD were used for the analysis. The flow rate of the

mobile phase was 1.0 ml min-1 and HPLC grade chloroform was used as mobile phase in

the all cases except that of of Tinuvin 144, where an HPLC grade THF was used.

3.3 Stabilizer migration to water

PDMS samples containing a nominal stabilizer concentration of 0.2 wt.% were exposed

to deionized water at 75 °C (Irganox ® 1010) and 95 °C (Irganox ® 1010 and Tinuvin ®

144). Ten samples of each stabilizer were placed in a 1 l glass container, which was filled

with deionized water and kept in a Memmert oven. Deionized water preheated to the

experiment temperature was added to the container at regular intervals to compensate for

the loss of water due to evaporation. Samples were analyzed after 7, 14, 21, 28, 42, and

63 days of water exposure at 95°C. In the case of PMDS with Irganox 1010 aged at 75

°C, the samples were analyzed after 7, 14, 28 and 42 days of water exposure. The

samples were dried for at least 24 h at 23°C in a desiccator before the solvent extraction

of the stabilizer. The remaining stabilizer in the exposed specimens was determined on

two samples per exposure time that were extracted according to MAE method P4 (PDMS

with Iragnox 1010) and method P3 (PDMS with Tinuvin 144).

3.4 Surface oxidation techniques

3.4.1 Air plasma exposure

Surface oxidation was achieved by exposing the samples to air plasma, using a V 15-G

microwave frequency reactor from Plasma-Finish GmbH. Ultra pure air (pressure: 27-28

Pa) was used as reaction gas. The gas flow rate was 8.3 ×10-7 m3 s-1. The plasma power

was set to 100 W. The plasma dose was varied by changing the exposure time. The

dimensions of the plasma chamber are 25x25x25 cm3. The samples were all placed 19 cm

vertically from the plasma generator on the center of a supporting plate.

3.4.2 Corona exposure

Specimens were exposed to a corona discharge in dry air at normal pressure and

temperature (23°C) using a set-up designed by Hillborg and Gedde11. The applied 50 Hz

AC voltage was 20 kVpeak between the 87 mm (diameter) electrode with 31 needles and

the ground plate. The distance between the tips of the needles and the ground plate was
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40-42 mm. The integrated corona charge transfer power was 2.6 W. The specimens used

were cut from 30 mm diameter plates to a size of 5 ×12 mm.

3.5 Characterization of the discharge-induced oxidation of PDMS

3.5.1 Contact angle measurements

One unstabilized sample and one sample of I1076, T770 and I565 respectively were

exposed to air plasma during 120, 180, 240 and 360 seconds. In order to study the effect

of deformation on the contact angle recovery of the surface one duplicate of each sample,

was deformed after exposure to air plasma. The PDMS discs were bended along the

curvature of a glass tube to give an elongation of approximately 10% at the surface of the

discs. Contact angles measurements using deionized water were started directly after, and

were continued till 1000 hours after the exposure to air plasma.

The recovery of the surface hydrophobicity after exposure to plasma exposure was

studied using a Ramé-Hart goniometer by the sessile drop technique described by

Hillborg and Gedde5. The liquid used for contact angle measurements was deionized

water. The advancing and receding contact angles of water on the samples were measured

as a function of time after plasma exposure. Both deformed and undeformed samples

were studied. On each measurement occasion, the contact angles of five water droplets

were measured giving rise to 10 advancing and 10 receding contact angle values. Thus,

each data point represents the mean value of these ten values.

3.5.2 Study of surface cracking: optical microscopy (OM)

The study of crack behavior on the surface and controlled elongation of the PDMS

samples were performed using an extensiometer, described in a paper by Hillborg et al.30.

Rectangular plates of the samples containing each stabilizer and each stabilizer

concentration were cut and fitted into the head of the extensiometer. The dimensions of

these plates were approximately 5x12 mm. The sample, assembled in the extensiometer,

was then placed in the plasma reactor and exposed to air plasma for a period of time.

Samples for exposure to corona were placed on a glass plate and were fitted into the

extensiometer after the exposure. After exposure to air plasma or a corona discharge, the

samples were stretched 10% and then locked into position. The extensiometer head was

then dismounted and placed in a Leitz Ortholux II POL-BK optical microscope which

was used to assess the surface cracking of the specimen. The air plasma and corona

exposure time was gradually increased until cracks were detected at 10% elongation. The
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analysis was performed three times for each sample in order to minimize the random

error of the experiment. The times reported to the onset of cracking have an accuracy of ±

10 seconds for air plasma and ± 0.5 h for corona-exposed samples.

3.5.3 Scanning electron microscopy (SEM)

The width and shape of the surface cracks in the specimens containing Irganox 1076 were

measured in a Jeol JSM-5400 scanning electron microscope. The samples were coated

with 10 nm Au/Pd (60%/40%) using a Desk II sputter coater (Denton Vacuum) operated

at 45 mA in three 10-second cycles before examination in the scanning electron

microscope. Stretched plates were sputtered and scanned while locked in the strained

position in the extensometer head.

3.5.4 X-ray photoelectron spectroscopy (XPS)

The elemental composition of the surface was assessed by XPS, using an AXIS-HS

spectrometer from Kratos Analytical. The monochromatic AlKα radiation used was

operated at 15 kV and 300 W. The pressure in the chamber was between 5 and 10 µPa.

Survey spectra were recorded at a 80 eV pass energy. The spectra were referenced to the

O1s-line (binding energy = 532 eV). A low-energy electron flow gun was used to

neutralise sample charging. Prior to XPS analysis, the samples were Soxhlet extracted in

boiling n-hexane and subsequently dried, in order to remove low molar mass PDMS

species.

3.5.5 Surface profilometry

The surface roughness of the samples, as well as the crack pattern, was examined using a

surface profilometer (NewView 5000 from Zygo, with a MetroPro computer program

version 7.2.0).

3.5.6 Differential Scanning Calorimetry (DSC)

Thermal analysis was performed on a Mettler-Toledo Differential Scanning Calorimeter,

model DSC 820. The analysis was performed in an oxygen atmosphere with a gas flow of

80 ml min-1. The instrument was calibrated with highly pure indium. Approximately 12

mg of each sample was weighed in 100 µl aluminum pans. The pans were sealed and

pierced with three holes to allow the penetration of oxygen. Samples were heated from

25°C at a heating rate of 10°C min-1 to 550°C. The oxidation temperature (Tox) was



3. Experimental

23

determined as the temperature at which an exothermic process was initiated. The

oxidation temperature is defined as the intersection of the extrapolated scanning base line

and the tangent at a point on the curve that deviates 2 mW (mg)-1 from the scanning base

line.
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4. Effect of the stabilizers on the surface oxidation of PDMS

4.1 Loss and recovery of hydrophobicity

Fig. 4.1 shows the recovery of the advancing contact angle (θa) of water on specimens

exposed to 240 s of air plasma. The decrease in the contact angle values (θa ≈ 120° before

exposure to air plasma) for all samples show that the air plasma exposure caused the loss

of surface hydrophobicity. I1076 and T770 show somewhat larger contact angles directly

after exposure to air plasma. The recovery rates of T770 and I565 were lower than that of

the sample containing no stabilizer. The difference between I1076 and the sample without

stabilizer was not however very large. Furthermore it can be seen that T770 showed the

smallest change in contact angle throughout the recovery measurement time, whereas

I1076, I565 and the unstabilized sample showed a pronounced step change in the contact

angle at some point during the hydrophobic recovery time.
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Fig. 4.1 Hydrophobic recovery of PDMS after 240 s of air plasma exposure.
No antioxidant ( ); I1076 ( ); T770 ( ); I565 ( ).

Since the main long-term mechanism of hydrophobic recovery is related to the diffusion

of oligomeric and low molar mass PDMS species to the surface, the possible build-up of

a silica-like layer can influence the hydrophobic recovery rate. A number of researchers

found that the cracking of the brittle, silica-like surface which is formed during exposure

to electrical discharges increases the rate of hydrophobic recovery.14,30,37,38 Hillborg et

al.13 suggested that the jumps observed in the contact angles, similar to those shown in

Fig. 4.1, may be related to the cracking of the brittle surface layer which occurs

spontaneously some time after its formation. Fig. 4.2 shows profilograms of a PDMS

sample with no stabilizer before (Fig. 4.2a) and after (Fig. 4.2b) a relatively long

exposure to air plasma. It was observed that spontaneous cracks with random direction
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were formed on the surface after extensive air plasma exposure (Fig. 4.2b). Furthermore,

the walls and the base of the cracks showed a surface roughness comparable to that of the

oxidized surface, suggesting the cracks were formed during the air plasma exposure,

rather than after. No delayed cracking was observed in cases where no cracks were

detected directly after the exposure to air plasma.

Fig. 4.2 The surface profilograms of (a) an unexposed PDMS sample and (b)
a sample exposed to 600 s air plasma.

The effect of the surface deformation on the hydrophobic recovery of the specimens

exposed to air plasma is shown in Fig. 4.3. The hydrophobic recovery of a deformed and

an undeformed PDMS sample with no stabilizer is displayed in Fig. 4.3a. The difference

in recovery rate is illustrated as an area between the two curves. Figs. 4.3b and 4.3c show

this area difference for advancing and receding contact angles respectively at different

exposure times.  It is apparent that the hydrophobic recovery of the deformed specimens

was faster than the recovery of those which were not deformed. The difference in the

hydrophobic recovery rate between deformed and undeformed specimens can be

interpreted as a measure of the extent of cracking on the surface. The more severe the

cracking, the faster is the recovery rate, especially in the initial stage. The surface

cracking itself increases with increasing oxidation of the surface. Hence, a large

difference in recovery rate between deformed and undeformed specimens indicates

considerable surface cracking. It can be seen that for both advancing and receding contact

angles, the largest difference was observed for specimens with no stabilizer (Fig. 4.3b

and 4.3c). The unstabilized samples were more prone to cracking than those containing

stabilizer. The result of the I1076 sample with an air plasma exposure time of 120 s is not

consistent with this interpretation. The reason for this deviation is not clear but may be

due experimental error. Unstabilized samples showed an increasing difference in area at

short plasma exposure times up to 180 s. The area difference remained fairly constant for

exposure times greater than 180 s, indicating that cracking and hence surface oxidation
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has reached a maximum value. T770 showed the smallest differences, even with negative

values, indicating that no substantial surface cracking occurred.
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Fig 4.3 Comparison of the hydrophobic recovery rates of deformed and
undeformed specimens. (a) Hydrophobic recovery rates of deformed and
undeformed PDMS samples with no antioxidant content after exposure to 180 s
air plasma. The difference beween the areas under the graphs is representative
for the difference in the hydrophobic recovery rates between deformed and
undeformed samples. (b) Area difference for different specimens, using the
advancing contact angle. (c) Area difference for different specimens, using the
receding contact angle. ( ) No antioxidant; ( ) I1076; ( ) T770; ( ) I565.

4.2 Effect of electrical discharges on the surface elemental composition: XPS

The effect of stabilizers on the elemental ratio of carbon to oxygen (C/O) at the surface,

as a function of air plasma exposure time, is shown in Fig. 4.4a. In absence of stabilizer,

the elemental C/O ratio decreased rapidly with increasing plasma exposure time and

reached a steady state value of 0.6-0.7. The surface became increasingly oxidized until it

reached a state of almost maximum oxidation and further oxidation proceeded only

slowly. For the case of the stabilized samples the results were slightly more complex. The

effect of stabilizers on the elemental C/O ratio is illustrated in Fig. 4.4b, where the curve
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of I565 is taken as a representative example. It can be seen that the process can be

roughly divided into three periods.
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Fig 4.4 (a) The effect of antioxidants on the surface elemental ratio of carbon
to oxygen assessed by XPS. No antioxidant ( ); I1076 ( ); T770 ( ); I565
( ). (b) The surface elemental C/O ratio of I565. Period I: Initial state of
oxidation. Period II: Oxidation period, concentration of elemental oxygen is
rapidly increased. Period III: Steady state period, small variation in the
elemental C/O ratio.

The elemental C/O ratio in period I was essentially unchanged and was very close to the

values of unexposed PDMS (C/O=2). The ratio decreased gradually during period II,

which can be compared to the first decreasing period for the samples with no stabilizer.

During this second period, the surface was gradually more oxidized until the third stage

of the process was reached. During period III prolonged plasma exposure did not result in

any significant change in the surface elemental ratio.

The existence of an incubation period (Fig. 4.4b, period I) for the samples containing

stabilizer shows that the stabilizers are effective in suppressing the surface oxidation of

PDMS. The final surface elemental C/O ratio is higher in samples containing stabilizers

than in the ones without. Samples of T770 showed the most efficient overall results

whereas I1076 and I565 were comparable in effectiveness, with the latter being slightly

more efficient in maintaining a higher C/O final ratio, as well as a longer initial period

(period I). Pospisil59 reported poor photostabilizing efficiency for phenolic antioxidants,

but the efficiency was improved with phenolic antioxidants containing sulphide moieties.

HALS are on the other hand extremely efficient in reducing light-induced oxidation of

polymers56. This is in accord with results found by XPS measurement. Furthermore, these
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results indicate that UV radation is a major component of plasma discharges as was

suggested by other researchers5,34.

These results show clearly that the use of stabilizers affects the discharge-induced surface

oxidation of PDMS. Hence, the next step was to find a reliable method for the variation

and the determination of stabilizer concentration in PDMS and ultimately to study the

effect of stabilizer concentration on the discharge-induced (both corona and air plasma)

surface oxidation of PDMS.
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5. Assessment of the stabilizer concentration in PDMS

5.1 A first step towards the determination of stabilizer concentration in PDMS

It is necessary, in order to perform a meaningful evaluation of the effect of stabilizers on

the oxidation of PDMS, to quantify the amount of the stabilizer in the polymer. Swelling

solutions of different stabilizer concentrations were employed to vary the stabilizer

concentration in PDMS. Fig. 5.1 shows the linear calibration curves for the standard

solutions of each one of the stabilizers, Irganox 1076, Tinuvin 770 and Irganox 565 with

hexane as the solvent. The calibration, performed by UV-Vis spectroscopy, was based on

the absorbance of a selected peak in the UV-Vis region. Standard solutions of the

stabilizers were used in the adequate concentration range. The coefficients of

determination (r2) of the straight lines were 0.99 or higher for the standard solutions of

the three stabilizers.
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Fig 5.1 UV absorbance as a function of stabilizer concentration in standard
solutions with hexane as the solvent: Irganox 1076 ( ), Tinuvin 770 ( ) and
Irganox 565 ( ).

Fig. 5.2a shows the concentration of the stabilizers in PDMS discs as a function of the

stabilizer concentration in the swelling solutions, when the stabilizers were extracted

from the polymer using MAE program P0, and analyzed by UV-Vis spectroscopy. The

concentration of Irganox 1076 and Tinuvin 770 in PDMS was proportional to the

concentration of the stabilizers in the swelling solutions: slope coefficient = 1.65, r2 =

0.99 (Irganox 1076); slope coefficient = 1.96, r2= 0.99 (Tinuvin 770). The solubility of

Irganox 565 in PDMS was low and showed saturation at ~0.04 wt.% (Fig. 5.2a). The

I565-4 discs showed deposition of stabilizer on the surface whereas the I565-3 discs

showed no precipitation on the surface directly after deswelling. With time, however,
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blooming was observed at the surface of these samples suggesting that they were in a

supersaturated state directly after deswelling.
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Fig. 5.2 Stabilizer concentration in PDMS calculated from (a) microwave
assisted extracts; (b) Soxhlet extracts of  Irganox 1076 ( ),Tinuvin 770 ( )  and
Irganox 565 ( ).

Fig. 5.2b shows the concentration of the stabilizers in PDMS discs determined by Soxhlet

extraction, followed by UV-Vis spectroscopy of the extracts, as a function of the

stabilizer concentration in the swelling solutions. The measured concentrations of the

stabilizers were higher than for those obtained by MAE, especially in the cases of Irganox

1076 and Tinuvin 770. The scatter in the concentration data for the samples which were

Soxhlet extracted were higher than for those obtained by MAE (Fig. 5.2). This is also

obvious from the lower coefficient of determination for the stabilizer concentration data

obtained from the Soxhlet extracts: r2=0.98, slope coefficient=3.38 (Irganox 1076);

r2=0.89, slope coefficient=2.69 (Tinuvin 770). The extraction solvent used (chloroform)

swells PDMS, with an average fractional sorption of chloroform in PDMS of 5.2 g

CHCl3 (g PDMS)-1. When calculating the stabilizer concentration in PDMS from the

stabilizer concentration in the MAE extract, it was assumed that the stabilizer

concentration in the MAE extract was the same as in the swollen PDMS after the

extraction. However, the credibility of this assumption was not confirmed at this stage of

the study. The concentrations of Irganox 565 in PDMS assessed by Soxhlet extraction

and MAE were, however, similar. The difference in the results obtained by the two

extraction techniques can be explained by the affinity of Irganox 1076 and Tinuvin 770

for PDMS. During the deswelling process no surface depositing of stabilizers was

observed for these two stabilizers. The lower affinity of Irganox 565 for PDMS is

obvious from the data displayed in Fig. 5.2 and from the fact that blooming was observed
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in these samples. It has been pointed out by Vandenburg et al.73 that whereas MAE has a

very high reproducibility, the reproducibility of Soxhlet extraction is lower, even though

the extraction of additives using this method may be very efficient. In summary, these

results show that:

• the stabilizer concentration in PDMS could be varied by using swelling solutions

of different stabilizer concentration, and

•  that a reliable method must be developed to measure the true stabilizer

concentration in PDMS.

The next step was to develop a methodology for the determination of the stabilizer

concentration in PDMS.

5.2  A rapid MAE method for assessment of stabilizer concentration in PDMS

The work towards the establishment of a rapid method for the assessment of stabilizer

concentration in PDMS was performed by using PDMS samples containing known

concentrations of the stabilizers Irganox 1010, and Tinuvin 144. These stabilizers were

chosen because of their similarities to the stabilizers used to counteract the discharge-

induced oxidation of PDMS. Tinuvin 144 was chosen particularly because it has an

aromatic chromophore group which absorbs light in the UV region.

5.2.1 Phenolic antioxidants: Irganox 1010

Fig. 5.3 shows the UV-Vis spectrum of Irganox 1010 dissolved in chloroform, where the

stabilizer exhibited an absorption peak at 280 nm. A linear relationship was obtained

between the 280 nm absorbance peak and the stabilizer concentration.
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Fig. 5.3 Calibration curve of Irganox 1010 measured as the height of the UV
absorption peak at 280 nm as a function of the concentration of the stabilizer
in chloroform. The coefficient of determination (r2) is 0.996.
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The results of the analysis of the Soxhlet extracts of PDMS samples containing Irganox

1010 are displayed in Fig. 5.4. The fact that the UV-Vis spectrum of the Soxhlet extracts

(Fig. 5.4a) was not identical to those of the standard solutions showed the presence of

other species in the extracts. The HPLC chromatogram of the Soxhlet extract (Figs. 5.4b

and 5.4c) was in accordance with those of the standard solutions; the peak that appeared

at 6.8-7.5 min corresponded to the retention of the stabilizer. The similarity of the two

chromatograms indicates that the contaminant hinted at in Fig. 5.4a was not retained in

the column but passed through together with the mobile phase. The recovered stabilizer

concentration was assessed by HPLC and UV-Vis spectroscopy of the extract as a

function of the nominal stabilizer concentration (Fig. 5.4a). It was found that the UV-Vis

recovery curve had an intercept at 0.06 whereas the HPLC recovery line passed through

the origin (Table 5.1, Fig. 5.4a). The non-zero intercept for the UV-Vis spectroscopy data

suggests that impurities were present in the extracts. The absence of any residual

absorption at zero concentration and the high selectivity of the HPLC method for Irganox

1010 suggest that it is a more reliable method for the assessment of the stabilizer

concentration. The HPLC assessed recovery was 81% compared to the value of 73%

obtained by UV-Vis spectroscopy. The difference between the nominal and the measured

stabilizer concentration is probably due to loss of stabilizer during material preparation.
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Fig. 5.4 Soxhlet extraction of PDMS with Irganox 1010: (a) assessment of
the recovery of Irganox 1010 by UV-Vis spectroscopy ( ) and HPLC ( ),
(b) HPLC chromatogram of a standard solution of Irganox 1010 in
chloroform, UV detector trace at 280 nm and (c) HPLC chromatogram of a
standard solution of Irganox 1010 in chloroform, UV detector trace at 310
nm.
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Table 5.1 Recovery of Irgonox 1010 from PDMS by UV-Vis spectroscopy

Extraction
method

Recovery equationa r2  b Recovery
[%]

MAE P1 Cr n0 5156 0 0096= × +. .C 0.991 52
MAE P2 Cr n0 5726 0 0104= × +. .C 0.990 57
MAE P3 Cr n0 6 0 0131= × +. .758 C 0.993 68
MAE P4 Cr n0 7 0 0165= × +. .609 C 0.993 76
MAE P5 Cr n0 6 0 0165= × +. .911 C 0.990 69
Soxhlet Cr n0 7 0 0565= × +. .313 C 0.978 73

a Cr = concentration of stabiliser (wt.%) in polymer calculated from recovered amount of antioxidant; Cn=
nominal concentration of stabiliser (wt.%) in polymer.
b Coefficient of determination.

The UV-Vis spectrum of MAE extracts showed the same 280 nm absorption as the

standard solutions and also a broad peak at ~300-350 nm indicating that the extract

contained other species absorbing in the UV-Vis region (Fig. 5.5a). The HPLC

chromatograms of MAE extracts showed no deviation from those of the Soxhlet extracts

and the standard solutions of Irganox 1010. Figs. 5.5a and 5.5b show the recovery of the

stabilizer from PDMS samples assessed by UV-Vis spectroscopy and HPLC respectively.

The average degree of recovery of the stabilizer based on the data in Figs 5.5a and 5.54b

are presented in Tables 5.1 and 5.2.
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Fig. 5.5 MAE recoveries of Irganox 1010: (a) assessment of the recovery of
stabilizer by UV-Vis spectroscopy and (b) HPLC: P1 ( ), P2 ( ), P3 ( ), P4
( ) and P5 ( ).
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Table 5.2 Recovery of Irganox 1010 from PDMS by HPLC

Extraction
method

Recovery equationa r2  b Recovery
[%]

Normalized recovery
[%] c

MAE P1 Cr n0 5515= ×. C 0.978 55 68
MAE P2 Cr n0 6= ×. 081 C 0.992 61 75
MAE P3 Cr n0= ×.7156 C 0.996 72 89
MAE P4 Cr n0 7 20= ×. 4 C 0.994 74 91
MAE P5 Cr n0= ×.7123 C 0.999 71 88
Soxhlet Cr n0= ×.8143 C 0.957 81 100

a Cr = concentration of stabilizer (wt.%) in polymer calculated from recovered amount of antioxidant; Cn=
nominal concentration of stabilizer (wt.%) in polymer.
b Coefficient of determination.
c Recovery of stabilizer normalized with the recovery obtained by Soxhlet extraction.

The stabilizer recovery was in all cases higher with HPLC than with UV-Vis

spectroscopy. Hence, the higher selectivity of HPLC for Irganox 1010 makes it the

method of choice. The lowest recovery, 55% was obtained with MAE program P1 and

the highest, 74% with MAE program P4 (Table 3). The order of recovery of Irganox 1010

from PDMS samples was determined to be P1 <P2 <P3 <P5 <P4 with both UV-Vis

spectroscopy and HPLC. To eliminate possible sources of error, the MAE concentrations

were calculated based on the stabilizer concentration in the free solvent phase. The low

recovery of MAE programs using chloroform as solvent is due to the high sorption of

chloroform in PDMS. The extensive solvent uptake reduced the amount of the stabilizer

in the free solvent phase and the measured recovery of the stabilizer in the subsequent

analysis. The low uptake of acetone in PDMS together with the high solubility of the

stabilizer in acetone are the reasons for the high recoveries obtained when using methods

P3-P5 (Tables 5.1 and 5.2). The recoveries obtained after MAE were normalized with

respect to that after Soxhlet extraction since the latter method is believed to achieve

complete extraction of the stabilizer. Method P4 was the most effective MAE program

for extraction of Irganox 1010, giving a normalized recovery of 91%. A higher extraction

temperature did not result in higher recovery (Table 5.2).

5.2.2 Hindered amine stabilizers: Tinuvin 144

Fig. 5.6 shows the UV-Vis spectrum of the stabilizer in chloroform with a prominent

absorption peak at 280 nm. In this case also, the absorbance at 280 nm is proportional to

the stabilizer concentration in the solution.
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Fig 5.6 Calibration curve of Tinuvin 144 measured as the height of the UV
absorption peak at 280 nm as a function of the concentration of the stabilizer
in chloroform. The coefficient of determination (r2) is 0.999.

Table 5.3 Recovery of Tinuvin 144 from PDMS by UV-Vis spectroscopy

Extraction
method

Recovery equationa r2  b Recovery
[%]

MAE P1 Cr n0 6 0 0189= × +. .946 C 0.998 69
MAE P2 Cr n0 7 0 0206= × +. .803 C 0.998 78
MAE P3 Cr n0 0 0239= × +. .8324 C 0.999 83
MAE P4 Cr n0 0 0288= × +. .8031 C 0.999 80
Soxhlet Cr n 0 1= × +1 1131 457. .C 0.994 111

a C r = concentration of stabilizer (wt.%) in polymer calculated from recovered amount of
antioxidant; Cn= nominal concentration of stabilizer (wt.%) in polymer.
b Coefficient of determination.

The UV-Vis spectrum of a MAE extract is shown in Fig. 5.7a. The peak at 280 nm, also

observed in the standard solutions, confirmed that the stabilizer was present in the extract.

The MAE recoveries of Tinuvin 144 are comparable to those of Irganox 1010. The

highest recovery was achieved by MAE program P3; again due to the low acetone uptake

in PDMS. More alarming are the non-zero intercepts of the data shown in Fig. 5.7a and

Table 5.3. The intercepts are higher than for the extracts from samples stabilized with

Irganox 1010. This is due to the low UV-Vis absorption of Tinuvin 144 and to the

presence of other UV-absorbing species in the extracts. The UV-Vis recovery of Soxhlet

extracts of this stabilizer was found to be 111%, which again indicates that other

interfering species were present in the extracts (Fig. 5.7b, Table 5.3).
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Fig. 5.7 MAE and Soxhlet recoveries of Tinuvin 144: (a) assessment of the
MAE recovery of Tinuvin 144 by UV-Vis spectroscopy and (b) assessment
of the Soxhlet recovery of Tinuvin 144 by UV-Vis spectroscopy: P1 ( ), P2
( ), P3 ( ) and P4 ( ).

Fig. 5.8 shows HPLC chromatograms of the extracts of different PDMS samples

containing Tinuvin 144. The chromatograms contained one or two overlapping peaks,

showing the lack of separation between the different analytes present. Chromatogram a

(Fig. 5.8) showed a split peak for a diluted standard solution in chloroform. The more

concentrated standard solutions showed no splitting, i.e. the peak was “clean”. The

splitting at low stabilizer concentrations of Tinuvin 144 was believed to be due to

impurities. The peaks of HPLC chromatograms of Soxhlet extracts were broader,

suggesting the presence of more than one analyte in the solution (chromatograms c and d

in Fig. 5.8). The retention time was centered at 2.1 min, which is the same as was

obtained for the standard solutions, which suggests that the stabilizer was the dominating

analyte in the extract. It may be concluded that the HPLC method used was not adequate

for the determination of Tinuvin 144 concentration in PDMS. However, it is believed that

the use of a HPLC-column designed for this type of stabilizers (hindered amine

stabilizers) should lead to improved results regarding the concentration determination of

hindered amine stabilizers in PDMS.
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Fig. 5.8 HPLC chromatograms of extracts/solutions of Tinuvin 144 samples:
(a) standard solution (80 ppm stabilizer), UV detector trace at 280 nm; (b)
standard solution (80 ppm stabilizer), UV detector trace at 310 nm;  (c) MAE
(P2) extract, UV detector trace at 280 nm; (d) MAE (P2) extract, UV detector
trace at 310 nm;

5.2.3. Concentration determination of stabilizers swollen into PDMS

The stabilizer concentration in PDMS determined by HPLC on MAE extracts is plotted

as a function of stabilizer concentration in the swelling solutions in Fig. 5.9. The slope

coefficients were 1.17 for Irganox 1076 (coefficient of determination r2=0.992) and 1.07

for Irganox 565 (r2=0.998). The solvent uptake in PDMS was 2.63±0.02 g n-hexane.g

PDMS-1. The concentration of these antioxidants in the swollen PDMS was thus

considerably lower than that in the free solution. Samples I565-3 and I565-4 showed

stabilizer precipitation on the specimen surface after storage at room temperature. This

behavior was observed earlier in this work (Section 5.1, Fig. 5.2). For these samples, the

stabilizer concentration was also measured after removal of the precipitated stabilizer

with acetone (Fig. 5.10). The saturation concentration of Irganox 565 in PDMS was

~0.05 wt.% at room temperature. Tinuvin 770 was shown, earlier in this work, to have a

solubility in PDMS similar to that of Irganox 1076. Hence, for samples containing



5. Assessment of the stabilizer concentration in PDMS

38

Tinuvin 770, concentration values of the swelling solutions were used to assess its effect

on the oxidation characteristics.

0

0.03

0.06

0.09

0.12

0.15

0 0.02 0.04 0.06 0.08 0.1 0.12

C
sP

D
M

S
 [

w
t%

]

C
sS

 [wt%]

Fig. 5.9 Stabilizer concentration in PDMS (C sPDMS) as a function of the
stabilizer concentration in the swelling solutions (CsS): Irganox 1076 ( );
Irganox 565 ( ).
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Fig. 5.10 Concentration of Irganox 565 in PDMS (CsPDMS) as a function of
the stabilizer concentration in the swelling solutions (CsS) after removal of
the excess stabilizer precipitated on the PDMS surface.
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6. Effect of stabilizer concentration on the oxidation of PDMS

6.1 The onset of surface cracks: microscopic methods

The effect of the stabilizer concentration on the surface oxidation of PDMS was studied

as the air plasma or corona exposure time required to the onset of cracks at 10% strain.

Samples exposed to small doses of air plasma or corona showed no surface cracking at

10% strain. At a certain critical exposure time (τcrit), corresponding to a critical exposure

dose, cracks appeared at the exposed surface. The cracks were oriented perpendicular to

the uniaxial 10% strain and the length of the cracks was less than the width of the

specimen (Fig 6.1a). Longer exposure to air plasma or corona led to further extension of

the perpendicular cracks until they spanned the full width of the specimen (Fig 6.1b).

Fig. 6.1 Surface cracks: photomicrographs of (a) I565-4 exposed to 6 h
corona, 10% strain; (b) unstabilized PDMS exposed to 2.5 h corona, 10%
strain; and scanning electron micrographs of (c) I1076-2 exposed to 210 s air
plasma, 10% strain; (d) 1076-2 exposed to 180 s air plasma, 10% strain.

The character of the surface cracks on the majority of the samples was similar for air

plasma and corona exposures (Fig. 6.1b and 6.1c). The general scheme with a threshold

dose for the formation of a brittle surface is indeed similar for both corona and air-plasma

exposure. It is also obvious that the formation of the silica-like layer is a gradual process

and that specimens exposed to a subcritical dose, i.e. exposure times slightly shorter than

τcrit, may show cracks after stretching more than 10%. However, the use of 10% strain

criterion provides a reasonably accurate determination of the onset time for the formation
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of a brittle silica-like layer. The spacing between two consecutive cracks were of the

order of 10 µm and the width of crack was ~1 µm (Figs. 6.1c and 6.1d).

On exposure to corona discharges, samples T770-3 and T770-4 showed a very peculiar

behavior different from that of the other samples. Already after a short exposure, the

surface of these samples developed a worm-like pattern (Fig. 6.2a, the cracks are visible

at the top of the picture). After 2.5 h of corona exposure, short cracks were formed on

stretching to 10% strain (Fig. 6.2b). These cracks were very different from the general

crack pattern found in the other specimens. These ‘peculiar’ cracks never extended to

span the full width of the specimen. When the surface was scratched, the worm-like

surface layer flaked-off (delaminated) from the bulk material (Fig. 6.2b). The same

procedure on other specimens exposed to a corona discharge resulted in a different

surface pattern; the surface texture showed clearly that no delamination occurred on

scratching (Fig. 6.2c).

Fig. 6.2 Photomicrographs showing: (a) the surface pattern of a sample of
T770-4 exposed to 2.5 h corona; (b) the same sample after partial removal of
the surface by scratching; (c) a strained (10%) sample of unstabilized PDMS
after exposure to 3 h corona. The surface was scratched.

The cracks present in the worm-like surface layer did not extend down into the layer from

which the surface layer delaminated. It is important to point out that the worm-like
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surface pattern and the ‘peculiar’ cracks were not present in T770-3 and T770-4 exposed

to air plasma. We have currently no reliable explanation to the anomalous behavior

(wormlike surface texture and ‘peculiar’ cracks) of T770-3 and T770-4 in corona. It may

be that the thin surface layer becomes enriched in Tinuvin 770. The more energetic air

plasma may sweep away the stabilizer-enriched surface layer and expose the surface

beneath whereas the corona discharge is not sufficiently intense to remove the surface

layer.

6.2 The effect of stabilizer concentration on the critical exposure time

The critical exposure time, (τcrit), to the onset of cracks at 10% stretching, increased in a

linear fashion with the stabilizer concentration in PDMS for both air plasma and corona

exposures. Fig. 6.3 shows the dependence of τcrit on the stabilizer concentration in PDMS,

for samples exposed to air plasma.

The data for the critical exposure time to the onset of cracking was obtained when the

insecurity in the value of stabilizer concentration in PDMS was large (Paper II). These

concentrations were established later with much greater precision (Paper IV), and were

used for the evaluation of the dependence of τcrit on the stabilizer concentration.

The linear increase in τcrit with increasing stabilizer content suggests that chemical

consumption of the stabilizers during plasma exposure is constant up to a point where the

stabilizer system is depleted and the unprotected polymer starts to oxidize. The following

general formula describes the experimental data (Eq. 6.1):

τ τcrit crit S= + ⋅0 0K c (6.1)

where τ crit
0  is the critical air plasma exposure time for pure PDMS, K is the slope and cS

0

is the concentration of stabilizer in PDMS before plasma exposure. The efficiency of the

stabilizers can be characterized by their K values. Irganox 565: K = 8.0 103 s (wt%

stabilizer)-1, r2=0.77; Tinuvin 770: K = 6.3 103 s (wt% stabilizer)-1, r2=0.98; Irganox

1076: K = 1.1 103 s (wt% stabilizer)-1, r2=0.98. The efficiency of Irganox 565 judged by

its high K value is limited by its low solubility (~0.05 wt.%) in PDMS; the highest τcrit is

560 s. Tinuvin 770 with a significantly higher solubility in PDMS displayed the highest

overall τcrit, 730 s. Irganox 1076 showed only a very modest protective effect in

comparison with the other stabilizers.
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Fig. 6.3 Air plasma exposure time (τcrit) for the onset of cracking at 10%
strain as a function of concentration of stabilizer in PDMS (CsPDMS): Irganox
1076 ( ); Tinuvin 770 ( ); Irganox 565 ( ).
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Fig. 6.4 Corona exposure time (τcrit) for the onset of cracking at 10% strain as
a function of concentration of stabilizer in PDMS (CsPDMS): Irganox 1076
( ); Tinuvin 770 ( ); Irganox 565 ( ).
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The dependence of the critical corona exposure time to the onset of cracking on the

stabilizer concentration in PDMS is displayed in Fig. 6.4, where an essentially linear

relationship can be observed. Once more, the efficiency of a stabilizer is characterized by

the slope coefficient, K: Irganox 1076: K=16.8 h (wt.% stabilizer)–1; r2=0.97; Irganox

565: K=44.8 h (wt.% stabilizer)–1; r2=0.99; Tinuvin 770: K=70.8 h (wt.% stabilizer)–1;

r2=0.91. The values reported for Irganox 565 include data for supersaturated systems.

These values were severely offset when the excess stabilizer was removed from the

surface of the PDMS samples; τcrit was lowered to 2.5 h. The increase in τcrit of the

stabilized samples with reference to unstabilized PDMS obtained for corona-exposed

samples followed the same general scheme as that observed for air-plasma exposed

samples.

6.3 The effect of stabilizer concentration on the surface elemental composition after

exposure to air plasma and corona discharges: XPS

The atomic surface compositions of a series of samples exposed to air plasma are shown

in Table 6.1. Samples exposed to 30 s air plasma exhibited essentially no surface

oxidation and their elemental composition came, with one exception, close to the

theoretical elemental composition of PDMS: C: 50 at.%; Si: 25 at.%; O: 25 at.%. The

minor deviation of these samples from the theoretical composition was in the same range

as that reported earlier on unexposed PDMS13. One of the short-term exposed samples,

T770-4 (~0.1 wt.% Tinuvin 770), showed a lower Si content (15.4 at.%) and a lower O/C

ratio, suggesting enrichment of stabilizer in the surface, which is believed to be due to

bonding of the transformation products of the stabilizer to the surface of PDMS.

Table 6.1 Elemental composition of the surface layer after exposure to air plasma: XPS

Sample texposure (s) C (at.%) Si (at.%) O (at.%) O/C

Unstabilized 30 49.9 22.3 27.8 0.56
I1076-1 30 53.9 23.1 23.0 0.43
T770-1 30 53.7 23.7 22.6 0.42
I1076-4 30 49.7 22.1 28.2 0.56
T770-4 30 60.6 15.4 24.0 0.36

Unstabilized 360 38.7 24.3 37.1 0.96
I1076-1 360 36.2 26.2 37.7 1.04
T770-1 360 37.4 23.4 39.2 1.05
I1076-4 360 38.7 24.2 37.0 0.96
T770-4 360 56.5 17.2 26.3 0.47
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The longer plasma exposure (360 s) led to oxidation of four out of the five studied

samples, the sample T770-4 being the exception. The O/C ratio increased from 0.50±0.08

in the short-term exposed samples to 1.00±0.05. The Si content remained unchanged. It is

important to note that the four samples showed surface cracking after being stretched to

10% strain. The sample T770-4 showed essentially no oxidation (O/C = 0.47) and no

surface cracking on extension to 10% strain.

The atomic compositions of the surfaces of a series of samples exposed to corona

discharges are shown in Table 6.2. Unstabilized PDMS showed already after 1 h of

corona exposure a significantly higher O/C ratio than the theoretical value for an

unexposed sample (0.5). This demonstrates the occurrence of early surface oxidation in

unstabilized PDMS. The O/C ratios of the samples containing the lowest concentration of

Irganox 1076 and Tinuvin 770 exposed to 1 h corona indicated surface oxidation to a

lower degree than that of unstabilized PDMS treated with the same corona dose. After 4 h

of corona exposure, the O/C ratio of samples I1076-1 and T770-1 was essentially the

same as that of the unstabilized sample. Only the samples with maximum stabilizer

concentration (I1076-4 and T770-4) showed an O/C ratio at the surface close to the

theoretical value for unexposed PDMS after 4 h of corona exposure. This confirms the

efficiency of these stabilizers towards corona-induced surface oxidation.

Table 6.2 Elemental composition of the surface layer after exposure to corona: XPS

Sample texposure (h) C (at.%) Si (at.%) O (at.%) O/C

Unstabilized 1 42.3 23.9 33.8 0.80
I1076-1 1 45.4 23.1 31.4 0.69
T770-1 1 48.8 20.4 30.8 0.63
I1076-4 1 53.4 19.1 27.5 0.51
T770-4 1 54.0 17.8 28.2 0.52

Unstabilized 4 42.7 22.5 34.8 0.81
I1076-1 4 40.5 24.2 35.3 0.87
T770-1 4 42.2 22.1 35.7 0.84
I1076-4 4 53.7 23.5 22.8 0.42
T770-4 4 51.8 22.5 25.7 0.50
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6.4 The effect of stabilizer concentration on the thermal oxidation of PDMS

The efficiency of the stabilizers to protect the polymers towards thermal oxidation was

assessed by measuring the temperature for the onset of oxidation (Tox) during a constant

heating rate experiment in oxygen. The stabilizer consumption at high temperatures is

believed to follow zero-order kinetics with a rate constant obeying the Arrhenius law (Eq.

6.2):66
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where t is time, k0 is a constant, ∆E is the activation energy, R is the gas constant and T is

the temperature. In a dynamic experiment, at constant heating rate (dT/dt), the following

equation holds (Eq. 6.3):85
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where Tox is the temperature for the onset of oxidation of a sample with an initial

stabilizer concentration cS
0 , and T0 is the temperature for the onset of oxidation of

unstabilized polymer. Eq. (3) was fitted to the experimental Tox - cS
0  data (Fig. 6.5). The

integral can only be solved numerically.
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Fig. 6.5 Temperature for the onset of oxidation (Tox) as a function of
stabilizer content in PDMS: Irganox 1076 ( ), Tinuvin 770 ( ) and Irganox
565 ( ).
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The agreement between experimental and fitted data was acceptable for the systems

containing Irganox 565 (Fig. 6.5). The activation energy was equal to 150±30 kJ mol-1.

The systems containing Tinuvin 770 exhibited a very sharp curvature (i.e. a highly

negative second derivative) in the Tox- cS
0  diagram, which indicates a very high activation

energy. However, it was difficult to obtain a good fit over the whole composition range

for these data; and the energy was not quantified. The systems containing Irganox 1076

showed a linear relationship between Tox and cS
0  which is impossible to describe with Eq.

(6.3).

A very simple ranking of the efficiency of the stabilizers to provide protection against

thermal oxidation can be made on the basis of the data presented in Fig. 6.5. Tinuvin 770

is most effective followed by Irganox 565. Irganox 1076 is the least effective stabilizer in

protecting PDMS from thermal oxidation.
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7. Stabilizer migration to water

7.1 Irganox 1010

Method P4 was used to study the changes in Irganox 1010 concentration in PDMS on

exposure to deionized water at 75 °C and 95 °C. The UV-Vis spectrum of the MAE

extract of a sample exposed for 21 days in deionized water at 95 °C contained an

additional absorption peak at ~310 nm (Fig. 7.1a). The HPLC chromatogram showed an

additional peak at 8.8 min of retention time, with UV absorbance at both 280 nm and 310

nm, which was absent in the chromatograms of the standard solutions and of the extracts

of the unexposed samples (Figs. 7.1b and 7.1c). No significant decrease in Irganox 1010

concentration was observed with UV-Vis spectroscopy (Fig. 7.1d). HPLC measurement

of the same extracts showed a monotonic decrease in stabilizer concentration with

increasing exposure time (Fig. 7.1d). It may thus be concluded that the presence of

contaminants in the extracts interfered with the UV-Vis absorption spectrum of the

stabilizer. The absorption of contaminants at the selected wavelength (280 nm) drowned

the effects of changes in stabilizer concentration. These problems were not present in the

HPLC method.

The migration of stabilizer from PDMS to the surrounding water was analyzed in terms

of Fick’s second law for uni-dimensional penetrant diffusion, assuming constant

diffusivity over the limited penetrant concentration range involved in each step (Eq.

7.1)86:
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where C∞ is the stabilizer concentration in PDMS at infinite time, C t the stabilizer

concentration at time t, D the diffusion coefficient and L the disc half thickness. The

diffusion constants at the two experimental temperatures were calculated using a Matlab

program: D= 3.1×10-9 cm2s-1; SSD=0.0523 (95°C); D= 5.46×10-10 cm2s-1; SSD=0.0343

(75°C). These diffusivities correspond to an activation energy of 93 kJ mol-1.
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Fig. 7.1 Samples containing Irganox 1010 exposed to water at 95°C: (a) UV-
Vis absorbance of a MAE extract, (b) HPLC chromatogram of a MAE
extract; UV detector trace at 280 nm, (c) HPLC chromatogram of a MAE
extract; UV detector trace at 310 nm and (d) The stabilizer concentration in
polymer as a function of the square root of the exposure time at 95°C: ( )
UV-Vis spectroscopy; ( ) HPLC; and at 75°C: ( ) HPLC.

7.2 Tinuvin 144

Method P3 was used to study the changes in Tinuvin144 concentration in PDMS on

exposure to deionized water at 95 °C. The HPLC chromatogram (e and f in Fig. 5.8) of

one of the extracts of the samples exposed to deionized water at 95 °C are shown in Fig.

7.2. It was observed that the peak was much broader than those of the extracts of the

virgin sample and of the standard solution. The peak height at a retention time of 2.1 min

was lower than that of the virgin PDMS samples, suggesting that a significant part of the

stabilizer had migrated to the surrounding medium. However, a more exact assessment of

the diffusion characteristics could not be established due to the poor selectivity of the

HPLC for this stabilizer.
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Fig. 7.2 MAE extract from PDMS sample exposed to deionized water at
95 °C: (a) UV detector trace at 280 nm; (b) UV detector trace at 310 nm.
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8. Summary

The results presented in this work clearly show the efficiency of stabilized PDMS in

resisting discharge-induced surface oxidation. The apparent equality of the protective

efficiencies of the stabilizers towards air plasma and towards a corona discharge is an

important finding which requires an understanding of the processes involved during the

oxidation/antioxidation process. The values of the stabilizer concentrations included in

this study were used to calculate the volume of polymer matrix associated with each

stabilizer molecule. The radius of the sphere (r) surrounding each stabilizer molecule

varied between ~5 nm and ~12 nm depending on stabilizer concentration. The diffusivity

of Irganox 1010 in PDMS was determined at 75 and 95°C (Section 7) and these data were

used to calculate the diffusivity at 23°C: D=2.5×10-12 cm2 s-1. This value is, however,

only a rough estimate of the diffusivities of the stabilizers used in this study. On the other

hand, the molar mass of Irganox 1010 is larger than of those of Irganox 1076, Irganox

565 and Tinuvin 770 and the stabilizer diffusivity used in the calculations may be taken

as a minimum estimate. The real diffusivities are probably larger. The average time (t)

required to move the stabilizer molecule from the centre to the periphery of the sphere

was calculated from the Einstein equation (Eq. 8.1):

r
Dt2

6
=   (8.1)

The calculated times were in the range from 0.5 s (high concentration of stabilizer) to 6 s

(lowest concentration). These values can be taken as maximum values in view of the

‘minimum’ estimate of the diffusivity used in the calculation. The protective radius of the

stabilizer is thus maintained by diffusion within seconds, i.e. a short time period

considering the time scales involved in both the air plasma and corona experiments. The

longer exposure times involved in the corona experiments than those used in the air

plasma experiments may have other effects. Oxygen diffusion from the surrounding

atmosphere (with a much higher partial pressure of oxygen) is one possibly important

different feature unique to corona, and this may be the reason why samples stabilized

with Irganox 565 were discolored only after corona exposure and why the same

specimens exposed to plasma kept their color. Stabilizer migration and phase separation

are other slow processes that would be absent during the minute-long air plasma exposure

but which may occur during the hour-long corona treatment. The inherent differences

between air plasma and corona exposures may lead to different oxidation mechanisms, as

was suggested by the anomalous behavior of the samples T770-3 and T770-4, even
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though in most cases the final result is the oxidation of the PDMS surface and the build-

up of a brittle, silica-like layer. This work has shown the promising features of the use of

stabilizers for increasing the oxidative resistivity of silicone rubber during exposure to

electrical discharges. Further development of the existing and finding new antioxidants

tailored for this application is an area for future research.
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9. Conclusions

A rapid method for the determination of stabilizer concentration in polydimethylsiloxane

was established. The stabilizer concentration of samples containing known concentrations

of the phenolic antioxidant, Irganox® 1010, was determined by high performance liquid

chromatography (HPLC) of the microwave-assisted solvent extracts (MAE) of the

samples using acetone as solvent. This method showed to be inadequate for determining

the stabilizer concentration of the hindered amine stabilizer, Tinuvin® 144. However, it

was believed that the method could be improved for by using a chromatography column

designed sepcifically for this type of stabilizers. It was shown that the concentration of

the stabilizers Irganox® 1076, Tinuvin® 770 and Irganox® 565 in crosslinked

polydimethylsiloxane could be varied by using dilute swelling solutions of varying

concentrations of the stabilizers with n-hexane as solvent. The MAE-HPLC method was

utilized, with sufficient accuracy, for the concentration determination of the stabilizers

Irganox 1076, and Irganox 565 which were swollen into the PDMS material. For the

hindered amine stabilizer, Tinuvin 770, approximate values of stabilizer concentration

were used, after the stabilizer was swelled into PDMS, due to the short-comings of the

MAE-HPLC method regarding hindered amine stabilizers. It was found that the solubility

of Irganox 565 in polydimethylsiloxane was inferior to that of Irganox 1076 and Tinuvin

770.

The effect of the stabilizers, Irganox® 1076 (a hindered phenol antioxidant), Tinuvin®

770 (a hindered amine stabilizer) and Irganox® 565 (a bifunctional antioxidant with

chain-breaking hindered phenol and secondary amine and hydroperoxide-decomposing

sulfide moieties), on the corona- and the air-plasma-induced oxidation of crosslinked

polydimethylsiloxane was studied. The contact angle recovery of deformed stabilized

PDMS samples was slower than that of an unstabilized sample, at the same air plasma

exposure doses, suggesting that the formation of a silica-like layer required higher

exposure times in stabilized PDMS. X-ray photoelectron spectroscopy showed that the

extent of the oxidative crosslinking at the surface, expressed in the carbon to oxygen

ratio, decreased when stabilizers were used.

The critical exposure time to the onset of surface cracking at 10% strain was assessed by

optical and scanning electron microscopy. The critical exposure time for the onset of the

surface cracking increased, essentially, in a linear fashion with the stabilizer

concentration in PDMS for both corona and air plasma exposures. The linear increase of
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the critical exposure time, for both corona and air plasma, with stabilizer content suggests

that the consumption of stabilizer is constant in time. The most efficient stabilizer,

Tinuvin 770, increased the incubation exposure time for the formation of a brittle silica-

like layer by a factor of 5 for air plasma exposures and a factor of 9 for corona exposures,

with reference to the incubation exposure time of unstabilized crosslinked

polydimethylsiloxane. Also, Irganox 565 showed high antioxidative characteristics

during the corona- and the air-plasma-induced oxidation of PDMS. The critical

incubation time was increased by a factor of 4 for air plasma and 6 for corona exposures,

at maximum stabilizer concentration. However, the drawback of this stabilizer was its

low solubility in PDMS (~0.05 wt%). The results indicate that efficient protection

towards the discharge-induced oxidation is achieved with hindered amine stabilizers or

with stabilizers combining chain-breaking and hydroperoxide-decomposing functions.

Tinuvin 770 and Irganox 565 also protected polydimethylsiloxane towards thermal

oxidation at elevated temperatures. The mono-functional hindered phenol (Irganox 1076)

was of moderate efficiency both in the discharge-induced and in the thermal oxidation of

polydimethylsiloxane.

The diffusion of the stabilizers Irganox 1010 and Tinuvin 144 from PDMS to water at

elevated temperatures (75 °C and 95 °C) was studied. For Irganox 1010 the diffusion

constant (D), according to Fick’s second law for uni-dimensional penetrant diffusion, was

assessed to 3.1 10-9 cm2 s-1 at 95 °C and to 5.46 10-10 cm2 s-1 at 75 °C. An estimate for

the activation energy for the diffusion of Irganox 1010 to the surrounding media was

obtained (Ea=93 kJ mol-1), on the basis of the diffusion data. For Tinuvin 144, no

diffusion constant could be calculated due to poor separation of the stabilizer peak from

the impurities in the extract when using the MAE-HPLC method.
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Appendix 1

The chemical structures of the stabilizers used in this study

Stabilizer name Chemical structure
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N

N
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O

O NH
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