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General Introduction







Introduction Générale

Les élastomeres ont de nombreuses applications diiésents secteurs de I'industrie
(automobile, batiment, électrique, électroménageen.yaison de leurs propriétés mécaniques
particuliéres. Ces matériaux sont le plus souvest éastoméres diéniques, des élastomeéres
thermoplastiques, mais également des polysiloxabes.matériau est reconnu comme un
élastomere s'il est souple (de faible rigidité)etnpérature ambiante, hautement déformable et
résiliant; il est susceptible de retrouver sa gédménitiale aprés les sollicitations répétées ou
non, en restituant I'énergie qui lui a été fourrim élastomeére est un polymére généralement
amorphe avec une température de transition vitrdugsse, de masse molaire élevée. Sa
température d'utilisation aprés réticulation et température de mise en ceuvre sont trés
supérieures a sa température de transition vitreBs& comportement a long terme en
conditions d’'usage est souvent un point critiqeolt étre systématiquement examiné avant la
mise sur le marché de tout matériau.

Différentes approches permettent d'établir desé@# d’évaluation du vieillissement du
matériau polymére. La premiere approche consistdéterminer I'évolution de critéres
macroscopiques tels que les propriétés mécaniglexsriques ou I'aspect. La seconde approche
envisage une étude a I'’échelle moléculaire powgrdéner I'évolution chimique des matériaux a
faible taux d’avancement et établir les causesidillissement. Ce type d’étude est largement
développé au sein du Laboratoire de PhotochimigéMaéire et Macromoléculaire et se base en
particulier sur des techniques analytiques telles j spectroscopie infra-rouge et I'analyse
thermique couplée a la thermoporosimétrie. Nottelétabordera ces deux approches afin de

comparer les évolutions chimiques et physiqueftistomeéres soumis a un vieillissement.

Dans le cas de I'application isolateur électrignev@atériaux composites, nous avons un
jonc central en époxy fortement chargé en fibresvelee et une enveloppe (ou ailette) en
élastomere qui va nous intéresser particulieren@atrevétement est soumis a des agressions
multiples quand il est en conditions d’'usage. Cgessions dépendent du climat et du site
d’installation (bord de mer, environnement pétragiue...).

Nous sommes intéressés a la compréhension de spodement a long terme afin d’améliorer
la stabilisation des formulations et de pouvoirisiides matériaux les plus pertinents. Quatre
formulations industrielles & base de polydimethyisine (PDMS) ou d’Ethylene Propylene

Diéne Monomere (EPDM) sont étudiées. Nous compat@wlution des propriétés des



différentes compositions afin de mettre en éviddfinfuence des constituants et celle de la
matrice polymere sur le vieillissement. La stadilibermique et photochimique reconnue des
polysiloxanes, souvent décrite dans la littératwenstitue un atout pour cette catégorie
d’élastomére. Cependant les formulations a bamesd exposées a des environnements séveres
se dégradent en quelques années et ne répondsnawplcahier des charges. Une étude plus
fondamentale sur les polysiloxanes non réticulés) ohargés est également proposée. Elle
permet de mieux appréhender le comportement ehissement des silicones par rapport aux

réactions de réticulation en particulier et d’éardes relations structure-propriétés.

En raison des agressions multiples que peut stiboldteur, nous avons envisagé
plusieurs vieillissements artificiels :

e photochimique

e thermique

e électrique

e brouillard salin

e vapeur acide (sulfurique ou nitrique)

e ozone

e plasma oxydant.
Ces vieillissements sont réalisés séparément dapsamier temps afin de connaitre les points
critigues pour chague matériau. Des essais ddisseinents combinés (I'un aprés l'autre) sont
finalement proposés dans le but de simuler une sitkpio représentative d’une dégradation en

milieu exterieur.

Différents outils analytiques sont retenus poututie. Dans le cas des élastoméres crus (non
chargés, non réticulés), les techniques sont igarsies :

e la spectroscopie infra-rouge en réflexion

e l|a densimétrie

e la photo-DSC (irradiation photochimique coupld&galyse thermique différentielle)

e la TG-IR (analyse thermogravimétrique couplé® spectroscopie infra-rouge)

e la chromatographie d’exclusion stérique
Les techniques utilisées pour les formulationcubdies sont :

e la spectroscopie infra-rouge en réflexion

e |la DSC-Thermoporosimétrie (analyse thermique rhfiéelle couplée avec la

thermoporosimétrie)



e la TG-IR (analyse thermogravimétrique coupldée spectroscopie infra-rouge)

e les mesures de dureté

e les mesures électriques

» la goniométrie et les mesures d’angles de contac

* les mesures de permeéabilité a la vapeur d’eau
Le vieillissement se traduit par une modificatidringsique resultant de réactions d’oxydation, de
réticulation et/ou des coupures de chaines. Il ieoiv d’avoir plusieurs analyses
complémentaires pour caractériser ces phénomeérgesspectroscopie infra-rouge apporte
classiguement une information sur le niveau d'oxipiaet la nature des produits formés.
L’analyse thermique (DSC) couplée a la thermopaonésiie est une technique récemment mise
en place au laboratoire. Elle permet de déternintzille et la distribution des mailles du réseau
polymere. Elle constitue une nouvelle approcheadéticulation des élastomeres.
Suite a cette étude nous pourrons retenir le neibatil pour caractériser rapidement la période
d’induction avant dégradation et la modificatiorurt® propriété. Cet outil devrait permettre

d’évaluer les performances de nouvelles formulation

Le travail présenté comprendra cing parties. Apaa®ir précisé les propriétés
spécifiqgues des élastomeres, nous rappellerons Wangartie bibliographique les principaux
résultats acquis dans les études de vieillissemenpolysiloxanes et d’EPDM. La deuxiéme
partie concernera les matériaux et techniques empatales, utilisés au cours de I'étude. Dans
la troisieme partie nous aborderons I'étude fonddede du vieillissement des polysiloxanes
non réticulés, non chargés (avec deux publications)quatrieme partie sera consacrée aux
élastomeres formulés silicone et EPDM (avec deudigations). Finalement nous décrirons
dans la cinquiéme partie une comparaison desisgsglhents artificiel et naturel susceptibles
d’intervenir sur nos matériaux en conditions d’weségne publication), puis I'étude de nouvelles

formulations stabilisées (une publication) et ureppsition de formulation améliorée.

Remarque: Le travail présenté entre dans le cadre d'urtrabrde recherche franco-indien
associant le LPMM (Clermont-Ferrand), le Nationdie@ical Laboratory division Polymer
(Pune) et la Société Sediver (Saint-Yorre). Pdmatient a cette thése réalisée au LPMM, deux
autres doctorants travaillent en Inde sur la sysghde nouveau agents de formulation dont
certains seront testés a la fin de ce travail.

Pour tenir compte de contraintes liées a ce typeotdrat de recherche géré par un organisme

franco-indien localisé a New Delhi (Centre Franndién pour la Promotion de la Recherche



Avancée, CEFIPRA), le manuscrit est rédigé en amglaL’introduction générale et la
conclusion générale, les introductions et conchssite chapitres 3, 4 et 5 sont rédigées dans les
deux langues. Le texte contient six publicationsnsiges ou acceptées. Ce type de présentation
entraine quelques répétitions au niveau de ladgitdphie et de la description des techniques
analytigues et nous nous en excusons auprés @wteBtar contre la défense orale de la thése se
fera en francais.

Le sujet a une finalité Recherche et Développemniesist focalisé sur le cas concret de deux
types d’élastomeres utilisés dans le domaine deldtion électrique moderne et a été réalisé en

étroite collaboration avec la société Sediver tas leaders mondial du domaine.



General Introduction

Elastomers have special mechanical properties ave found their way in different
industrial applications like automobiles, constimetand electronics. These materials can be
either dienic elastomers, thermoplastic elastoroengolysiloxanes. A material is termed as an
elastomer if it is flexible (has low rigidity) atrdient temperature and resilient. It should be
susceptible to recover its initial geometry aftgpaated stress by restoring the energy which was
provided to it initially. An elastomer is a gendyahmorphous polymer with a low glass
transition temperature, having high molecular weids processing and use temperature after
cross-linking are superior than its glass transitemperature. Their long term behaviour is not
well understood and should be systematically exathibefore using them for large scale
commercial applications.

Different approaches are used to study the agdimplgmeric materials. The first approach is
the determination of macroscopic criteria like rmesubal, or electrical properties. The second
approach considers the chemical evolution of maltedt molecular scale to establish the causes
of their degradation. This type of study is wellvelped in Laboratory of Photochemistry
Molecular and Macromolecular and is particularlgdi on infra red spectroscopy and thermal
analysis coupled with thermoporosimetry. We hawdube techniques described above to study

the physical and chemical evolution of aged materia

We have focused on composite electric insulatoenwtfor this study. These insulators
typically consists of a central rod made of epomg &ber glass enclosed in an envelope/housing
of elastomer which is the part we are interestestudying. The housing material is subjected to
multiple aggressive environments during its serlifee The aggressive environments depend on
the climate and the installation site (proximitytie coast or petrochemical environment).

This research deals with the study of long termaladr of these insulators, and will help in
improving the stability of the formulation and tbleoice of material for improving their service
life. Four industrial formulations having bases pmflydimethylsiloxane (PDMS) or ethylene
propylene diene are studied. We have compared thkiteon of properties of the different
components of the formulations, this helped ugienmiify the influence of the polymer matrix
and the different components on its ageing. Acewydp literature studies the polysiloxanes

have an advantage due to their photo and thermbilist. However, the formulations having a



silicone base when exposed to severe environmeatalitions degrade in a few years and no
longer possess the required initial properties.

We have carried out a fundamental study on undioksd polysiloxanes without fillers. It
helps us to better understand the ageing behak&ifiadnes compared to the cross-linking and

to study the structure property relationships.

Due to the multiple aggressive environments that ittsulators experienced we have

considered various artificial ageings:

* Photochemical

* Thermal

» Electrical ageing

» Salt-fog

» Acid vapour (sulphuric or nitric acid)

* Ozone

* Oxidizing plasma
These agings have been carried out separatelgllyniio understand the critical points for each
material. The tests of combined ageings (consezly)ilhave been proposed in the end, aiming

to simulate an exposure which can be representatiegterior degradation.

Different analytical techniques have been used tfus research. The following
techniques have been used for analyzing the curtrdss-linked, unfilled) elastomer:
* Infra-red reflexion spectroscopy
* Densimetry
* Photo-DSC (Photo-irradiation coupled with Differ@ht Scanning
Calorimetry)
* TGA-IR (Thermogravimetric analysis coupled withravred spectroscopy)
» Size exclusion chromatography
The techniques used for cross-linked formulatioes a
* Infra-red reflexion spectroscopy
» DSC- Thermoporosimetry (Differential Scanning Catwtry coupled with
thermoporosimetry)
* TGA-IR (Thermogravimetric analysis coupled withravred spectroscopy)

¢ Hardness measurements



» Electrical measurements

» Contact angle measurements

» Water vapour permeability
The ageing takes place by chemical modificationstr@ insulator resulting in oxidation
reactions, cross-linking and/or chain scissionis lappropriate to have many complementary
analysis for characterizing these phenonemons. ififra-red spectroscopy gives classical
information on the oxidation and the oxidation prots formed. The thermal analysis (DSC)
coupled with thermoporosimetry is a new techniqoe polymers. It gives the pore size
distribution of polymer network giving a new viewthe cross-linking of elastomers.
Due to this study we can rapidly characterize teaagal of induction before degradation and
modification of the properties. This tool can besdigo evaluate the performance of new

formulations.

The work presented here consists of 5 chapters. h&ke presented the literature
available on the study of ageing of polysiloxanel &PDM in the first chapter. The second
chapter consists of materials and experimentahigales used for our study. In the third chapter
the fundamental studies on the uncross-linked afilad polysiloxanes have been presented (it
has two publications). The fourth chapter conswdtghe studies done on the cross-linked
formulations (it has two publications). Finally tifi&h chapter consists of the comparison of
natural and artificial ageing (one publication)udies on new stabilized formulations (one

publication) and a proposed improved formulation.

Remarks. The work presented here is in the framework ofirado-French research contract
between LPMM (Clermont-Ferrand), Polymer DivisidriNational Chemical Laboratory (Pune)
and the company Sediver (Saint-Yorre). Simultankaiosthis thesis carried out in LPMM, two
doctoral students work worked in India on the sgsth of new stablizing agents, a few of which
are studied towards the end of this thesis.

Taking into account the constraints of this typeesfearch contract financed by the Indo
French Centre for the Promotion of Advanced Re$edFCPAR) the manuscript is written in
english (the general introduction and general agich is written in the 2 languages) and it
contains 6 papers submitted/ accepted for pubdicatDue to this type of format of the
manuscript there are some repetitions in the tieeastudy and the experimental techniques for
which be would like be to excused by the readens. defense of the dissertation will be done in

French.



The subject has an aim of Research and Developeméntocussed on concrete case of two
types of elastomers used in the field of modereteteinsulation and was carried out in close

collaboration with the company Sediver one of #eders in this field worldwide.
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1. General properties of Silicone

Silicone polymers are semi-inorganic materials Wwhace industrially very important due

to their outstanding chemical and physipabperties and have many diverse applications. The

silicon atom lies below carbon in the periodic &abtith similar electronic configuration

however, the larger atomic radius of silicon mattessilicon-silicon bond much less energetic.

Due to this reason silanes {33,:2) are much less stable than alkanes. The oppasttee for

silicon-oxygen bonds that are more stronger thamoreoxygen bonds. Polysiloxanes have

recurring Si-O linkages in the backbones. The matirthe free bond on the silicon is used to

classify them into two major families: oils andirsson the basis of structure and the physical

properties of the end products obtained.

Qils: The long linear macromolecules (fluid at room tenapure) where a Si-C bond is created,

are known as oils as they behave like vegetabigineral oils. Polydimethylsiloxane (PDMS) is

the most commonly used oil having a general formula

CH;

Si O

CHj3

The chemical reactivity of PDMS depends on thetieie of the end groups. If we use

Si(CHg); as end groups then a non reactive oil is obtaifi@dobtain a reactive oil, usually

silanol function is used as it is easiest to attach

Resins:When one or two Si-C bonds are replaced by Si-@dbahen a silicone resin is

obtained:

O

Si

CHs

O

CHs; C|)
|
Si (@) |Si—o——
|
CHs 0
nl Jr

The oxygen atoms in the skeletal backbone do ne¢ @y groups attached to them

hence polysiloxanes have a skeletal bond angle48fQ which is more open than the usual
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tetrahedral bond angle of 109.5°C. This also resaliow energy barrier for the rotation of the
silicon oxygen bond, which in turn gives polysiloeachains the ability to rearrange themselves
with a small amount of external energy. Polysilesrare highly permeable as compared to
other solid polymers due to these low barrier tdemwlar motion. There is a difference in bond
strengths, bond lengths and ionic nature for siliemd carbon compounds. The average bond
energies for silicon and carbon bonds are listeBaible 1. It is apparent that bonds of silicon to
oxygen, nitrogen and the halogens are stronger tti®corresponding bonds with carbon. The
silicon-oxygen bond is much stronger than the cantxoygen bond and is partially responsible
for the high thermal stability of polysiloxanes.uilag has estimated relative electro negativities
of silicon 1.8, carbon 2.5 and oxygen 3.5. Duehis,tthe partial ionic character of silicon-
oxygen bond is 30-51% while that of the carbon-@ty@s 20-22% resulting in the high Si-O
bond stability.

Bond Energy Bond Energy
KJ/mole
Si-Si 221 C-C 343
Si-C 326 C-Si 326
Si-O 443 C-O 356
Si-H 318 C-H 413
Si-N 335 C-N 304
Si-F 565 C-F 485
Si-Cl 381 C-CI 339
Si-Br 310 C-Br 285
Si-l 235 C-l 213

Table 1: Bond energies (KJ/mole)

1.1. Effect of substituent groups in polysiloxanes

The subsituent group bonded to the silicon atonthies most important factor for
determining the properties of the polysiloxaneseylttan have different types of groups
attached from single hydrogen atoms to all sizesaldlyl and polymeric functionalities.
Generally, if the silicon atom on the backbone sgnametrically functionalized, the dielectric
constants and the dipole moments of these maten@lsases. Similarly substituent properties

such as solubility, stability, polarity, surfaceeegy are transferred to resultant polysiloxanes if

14



larger or more substituents are present. Polydiplglbxane is the most commonly used
polysiloxane. Polydimethylsiloxanes have a low glaansition temperature (-123°C) due to the
segmental mobility, high free volume and low intetecular forces. The regular chain structure
makes PDMS a crystalline polymer and the absencartion carbon single bond increases their
overall stability. The substituent groups attachea the silicon atom also affect the
crystallization behaviour. Polydimethylsiloxane stallizes rapidly without super cooling at
—54°C, however, if the methyl groups are substititye a small number of bulky phenyl groups,
the regularity of the polymer molecule is intereghtand thus crystallization is retarded.
Polysiloxanes containing phenyl groups are the mesast commonly used polysiloxane. The
phenyl subsituents are more stable and resistamtittation than aliphatic substituents as their
bulky nature shields the polysiloxane backbone nobweely. As the phenyl content increases,
the mobility of the polysiloxane is degraded byristeffects as well as strong intermolecular
interactions resulting in higher glass transitiemperature. The use of higher alkyl silicones is
restricted due to the lack of thermal and oxidastadility which makes their properties less of
polysiloxane chains and more of hydrocarbons, hewévwey have outstanding water repellent
properties. Fluorosilicones containing some qugntdf fluorinated or perfluorinated
subsitituents are sometimes used to decrease swefargy and frictional coefficients of the
materials. These siloxanes have highest dielectmstants due to the asymmetric substitution in
these materials as it is difficult to make symnueilty substituted fluorosilicones. They also
show enhanced thermal stability compared to PDM®@<-F bonds are more stable than C-H

bonds. Finally, of all the silicones they tend &dhemically most inert.

1.2. Synthesis of siloxanes

Silicon is the second most abundant element foumthe earth’s crust, mostly found as
silicates in rocks and as silica in sand. Theseerals can be treated with chlorine to produce
silicon tetrachloride which can be purified andueed to form powdered silicon:

SiCly + 2 —> Si  + 4HC

The powdered silicon is reacted with methylchlotidg@roduce dimethyldichlorosilane:

60 K, C . . .
6CHsCl + 3Si ——> (CHs),SiCh + (CHs)sSICl + CHSICl

Oligomeric dimethylsiloxane is produced from thediotysis of dimethyl-dichlorosilane

followed by condensation reaction:

15



(CHg)2SiCl H—20>|:(c|-|3)25icz| . + HC{(CH;)ZS@ I|—|

This reaction yields a mixture of cyclic(c) anddar (I) dimethylsiloxane oligomers which are

used to produce high molar weight polydimethylsiog.

1.3. Cross-linking of siloxanes
There are three classes of reaction which are widekd to cross-link siloxanes in
commercial applications:
- Peroxide induced free radical reactions
- Condensation reactions
- Hydrosilylation addition reactions
The peroxide induced free radical reaction depemdthe availability of reactive groups
which are readily susceptible to radical attack &omdn bonds with other polymer chains
through radical coupling to effect the cross-linkiand so does not add any additional organic
character. There are two categories of peroxidel @seachieve this cross linking: the vinyl
specific catalysts which work only in the presenteinyl groups and the non specific catalysts,
typically aryloxy peroxides which do not need vimybups to effect cross-linking. This type of
cross-linking is also known as High Temperaturecdunization (HTV) as cross-linking takes
place through decomposition of peroxides at tentpega above 100°C depending typically, on
the peroxide. The peroxides decompose into freieatsd which react with unsaturated bonds by
abstraction of hydrogen atoms. The free radicads tiecombine and form cross-links between
the siloxane chains ( Scheme 1.1.). Peroxidesftaetige regardless of the molecular weight of
the siloxanes in use, and can generate polysiesanth molecular weights on the order of one
million. The residual volatile decomposition protkievithin the cross-linked siloxane rubbers
are generally removed by a post-curing step (seoeaglevated temperature for a few hours).
The next type of curing process is condensatiolR@om Temperature Vulcanization
(RTV). This type of reaction relies on the ability some organic groups such as alkoxy or
acyloxy, attached to silicon to react with wateptoduce silanol groups which can further react
with the starting materials or another silanol graa produce siloxane cross-link.(Scheme 1.2)
As the reactive groups are usually found onlyhatic ends in low concentration, this type of
curing process cannot be used to obtain polymergrediter than 150,000 molecular weight.

However, it has an advantage of producing polynetwarks with narrow crosslink density
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distribution. Usually, a polyfuncional cross-linkerrequired possessing either Si-OH or Si-OR

groups along with a catalyst in order to causei@afit hydrolysis and condensation to occur.

CH3 CH3 CH3 CH3
2 Wo—li—0—|5i—o—|si—0—s|iw + 2 —_—
| | | | cl
CH3 CH3 CH3 CH3 -O_C
|
TH3 <|:H3 TH3 c|:H3 THs <|':H2 THg CH;

~0—Si— O0—Si— 00— Si— O0—Si~+~0—5i— O0—Si—O0—§j—0—— Si~

CHs CH> CHs CHs CHs CHs CHs CHs

CHj ng

""O_—‘Si_—'O—_‘Si__'O__‘;__'O———Si"v
C
|
C
|

CHj CH3

THg Hy ng fH3

~O0—Si— O0——Si— O—Si— O0—Siv~

CHs CHg CHs CHs
Scheme 1.1: Reactions taking place in peroxidededwross-linking of silicones
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Scheme 1.2: Reactions taking place in Condensatmss-linking of silicones

The hydrosilylation addition reactions are the mostdern form of polysiloxane cross-
linking. This technique uses the hydrosilylatiomatoni.e. the reaction between Si-H group
and a vinyl group, to form a Si-GHCH,-Si and Si-CH(CH)-Si (low) linkages catalysed by a
noble metal typically Pt.
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There are no additional by products formed, hehdg dne of the cleanest methods of
cross-linking and least prone to side reactionsadded advantage of this technology is that it
can be easily emulsified and applied as water besating and this has established it in the area
of coated papers used for food release. Disadvarg&ghis technique include the sometimes

excessive speed of the reaction, which must be ratste[1].

o ¢ o o
—O—Si—H+ H,C=CHSi-O——"L » —O—§i-CHy—CHy—$-0+0—Si—C—$i-0~—
|
Cl:Hg CHS CH3 CH3 CH3 CH30H3
(99%)

1.4. Role of fillers in polydimethylsiloxanes

Cross-linked polydimethylsiloxane matrix producesl a result of any of the above
processes is an inherently weak material. This wesk results from the absence of any strong
intermolecular forces in the polydimethylsiloxanglymer. To produce acceptable commercial
materials, it is necessary to reinforce the crogeet matrix with inorganic fillers and the choice
of the fillers is critical for realizing the ultine physical properties of the cross-linked matrix.
Thus, unlike many organic materials, control over tlegree of cross-linking is not always the
most important factor in defining the physical pedges of the final silicone material. Fillers
such as barium titanate, contribute to increadnegrelative permittivitty of silicone composites
used as housing material for outdoor insulatorthag reduce significantly the surface stresses.
Antimony doped zinc oxide contribute to electricainductivity thereby preventing partial
discharge, corona discharge or dry band arcinghensurface of the insulation and thereby
enhancing the pollution performance [2]. Fillerglsas mica and ferric oxide are also found to
improve the thermal stability of silicones by detaythe onset temperature of degradation. The
residual yield is lower than silicone in case afifeoxide while higher in case of mica [3].

Fumed silica is the most important filler used feinforcing silicone rubber. The
polymer filler interactions are very strong and amsponsible for the improvement of
mechanical properties of silica filled silicone bél. Due to these interactions, there is
adsorption of polymer molecules on the filler sagaand formation of bound rubbers which
consists of polymer molecules resisting extracbgra good solvent at room temperature. The
quantity of bound polymer is very high for silicdleld silicone rubber due to the formation of

more bonds between silica and silicone rubber.adssrption of polydimethylsiloxane on silica
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particles occurs due to hydrogen bonding betwekamdi (SiOH) groups of the silica surface
which is proton donor and oxygen atoms of polydimgisiloxane which is proton acceptor.
Sohoniet al. [4] have seen that presence of small amounts loh sincreases the thermal
degradation temperature of hydroxyl terminated PDM8e if the amount of silica is increased
the degradation temperature decreases before rigvelif. The acidic SiOH groups on the
surface of silica can themselves cause chain ajeavithus, at low concentrations of silica, most
of the SIOH groups on the surface of silica aredusebinding the polymer chain ends. As the
concentration of silica is increased, the numbe8i@H group exceeds the number of PDMS
chain ends hence, the excess groups on the félercause chain cleavage. They have also
observed that in-situ precipitated silica increabesdegradation temperature more than fumed
silica. Sometimes the surface of silica is treatétth silicone oils or oligomers to increase the
stability of filler dispersion.

Aluminium trihydrate (ATH) is also a very commoniged filler for PDMS due to its
flame retarding properties. When it is heated aki2@@°C, it decomposes endothermically to
give aluminium oxide and water:

2AI(OH); —> Al,03 + 3H,0

This endothermic decomposition consumes 300kJ/rhébroned ALO; due to which
there is lowering of surface temperature, hencerthbdegradation and thermal oxidation of the
polymer is avoided. The results presented by Kumapal. [5] can be used to explain this as
they showed by TGA-MS analysis that ATH besideslingahe surface also inhibited surface
oxidation. They also showed in the same analys& #mallest cyclic dimethylsiloxane
oligomers were formed at lower temperature when AWak included. The decomposition
product ALOs forms a flame protective thermally insulating sadgdayer which can be a very
useful property in some applications. Along witke thame retarding properties, ATH and its
decomposition products are capable of improving tthermal stability of PDMS [6,7]. The
influence of the content of ATH is also importamtthe formulations. Kinet al. [8] have found
in salt fog test of RTV coatings that 200 phr shdveehigher electrical activity at the initial
phase of the test compared to the less filled ftatrans (0 and 100 phr). They attributed this to
a higher surface roughness of the 200 phr one cadp@ the less filled systems. At later
stages, the test showed an increased performartbeinvgreasing filler content, due to the
increased erosion resistance brought about by ffid. Xhanget al. [9] have found that the
thermal stability of conductive silicone filled Wwitconductive carbon black has better stability

than that of silicone rubber filled with the sanmecaint of silica.
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1.5. Effect of different types of degradation on PBIS
1.5.1._Photo-degradation

Polydimethylsiloxanes are very resistant to UV tighthe near UV region (300-400nm).
Delmanet al [10] have shown that cross-links and hydroxylup® were formed on PDMS
upon irradiation below 300nm. On exposure to Xeaonlamp §=281nm), SiCHSi linkages
were formed while exposure to mercury vapor laxsl85 to 436 nm) lead to the formation of
silanol groups (SiOH) and SiGBH,Si linkages. The energy corresponding to Xenonamp
is 426 KJ/mol while that of Mercury vapour lamp286-648 KJ/mol. Due to the high energy
emitted by mercury vapour lamp, there is excitatbbmmxygen molecules which interacted with
active Si radicals formed by peroxide decompositmproduce Si-OH. Another possible result
of excitation of oxygen molecule is the electro-aegties of the elements involved. The
strongly electro positive Si atom will react mosadily with the strong electronegative oxygen
atom than with the less electro negative carbomaide active Si radical will react forming Si-
O-Si linkages. The SiC{H,Si linkages were formed as the result of secondzagtions. The

various reactions taking place on UV exposure hosva below in Scheme 1.3.
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Scheme 1.3: Mechanisms of Photo-degradation absié (below 300 nm)

Photochemical behavior of PDMS oils at wavelendtimger than 300 nm is examined
by Israeliet al.[11-14]. They have used PDMS with different conseoit hydride SiH, vinyl(in
the polymer chain or at the end of the chain), diylene —-CHCH,—, methine -CHCHKt, MePh
and PH groups. In the case of SiH silicone, the hydrogieies are primarily formed and result
from the radical attack on the Si-H bonds. Thesetable hydroperoxides are mostly
transformed into silanols. SiH-PDMS is rather uhkain comparison with PDMS. The
behaviour of SiH-PDMS weakly depends on the SiHteoinbut strongly on the position of the
SIH group. When the SiH groups are located at titec# the chain, the oxidation rate is fairly
high, probably because of the easy accessibilityhef reactive groups. In the case of vinyl
PDMS, the oxidation rates (appearance and consampfiphotoproducts) are lower than those
observed in the case of SiH-PDMS. Chain scissiahdirect oxidation of the vinyl group lead
to a very complex mixture of photoproducts, as a#e@ by gas chromatography and mass
spectroscopy. Scission of the Si-vinyl bond seemsbé the main reaction [11]. PDMS
containing dimethylene and methine groups, formgdhyadrosilylation reactions has a similar
oxidation rate to that of vinyl-PDMS. The main phaxidation process is the
hydroperoxidation of the dimethylene groups and fgheto scission of hydroperoxide groups
into B-silylated carboxylic acid and silanol groups. Rhageing studies on cured PDMS using

peroxide crosslinkers with wavelengths longer tf80nm, have showed similar stability
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towards oxidation for 6000 hrs. They have howewligwed a tendency to cross-link upon

ageing which was detected using DSC thermoporogynethnique [15].

1.5.2. Thermal Degradation:

Detailed information on the thermal degradatioirméar PDMS has then been obtained
by studying the products resulting from exposing golymers to a variety of conditions that
lead to depolymerization [1]. N.Grasseal. [16] have reported the thermal stability of PDMS
upto 300°C under vacuum. The volatile products hafrinal degradation were a continuous
mixture of cyclic oligomers from trimer upwards. & meplacement of terminal hydroxyl by
trimethyl silyl structures (end blocking) results the considerable increase in stability but no
change in the distribution products. In the absewsicéonic impurities, hydroxyl terminated
chains decompose mainly by backbiting, but at higamperature even random chain scission
takes place, whereas methyl terminated ones decengaly by random chain scission. The
incorporation of methyl-phenyl siloxane or diphesjlbxane as a copolymer with PDMS has
been shown to increase the onset temperature oddkgpn to nearly 400°C [17]. Deshpande
and Rezac [18] have shown that the decompositiodyats of vinyl terminated PDMS under
inert atmosphere thermal degradation at 364°C wenecipally the cyclic oligomers
hexamethyltrisiioxane and octamethyltetrasiloxan€he degradation of polydimethyl
diphenylsiloxane resulted in the same conditiontheevolution of benzene in the initial stages
of the reaction [18]. A kinetic study was proposedthe same materials by thermogravimetric
analysis from 300°C to 925°C [19]. Thermal degramabf PDMS have also been studied by
Caminoet al.[20,21]. Thermal oxidative degradation in the preseof air gives results much
different from the decomposition in nitrogen. Kigetreatment shows that PDMS thermal
volatilisation, as rate of heating increases, bexomominated by the rate of diffusion and
evaporation of oligomers produced on its decommosif20]. The products of the thermal
degradation are essentially determined by the temtyre and the heating rate [21]. Model
PDMS subjected to thermal weathering at 200°C ifircieculating oven) were characterized by
size exclusion chromatography [22]. Loss of averagdecular weight and broadening of
molecular weight distributions was observed. Therrttal degradation seems to proceed by a
mechanism where chain scission predominates abeélgening. When thermal ageing takes
place in an oxygen containing atmosphere, the raiaivmethyl groups followed by formation
of siloxane cross-links will dominate over the dgpterization process and may finally lead to
the formation of silica like structure. Some reaws taking place on thermal ageing are shown

in Scheme 1.4.
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Scheme 1.4: Mechanisms of thermal ageirsgiobne

1.5.3._Ozone ageing:
Ozone is an active oxidizing agent, generated tin-fiom atmospheric oxygen by

exposure to 185 nm UV light. Ozone can also bdyepedduced by high-voltage electrical arc.
The passage of a high voltage, alternating eledischarge through a gas stream containing
oxygen results in the breakdown of the moleculamgex, to atomic oxygen. Some of the atoms

of oxygen thus liberated can reform into ozone |evbthers recombine again to form oxygen:

High Voltage
. 20 20,

O, —» 20

There is subsequent photo-dissociation of ozomt@ mmolecular oxygen and atomic oxygen

upon exposure to 254 nm light. The latter speaestrwith the polymer to form free radicals
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and activated species that eventually remove ocgpaitions of the polymer in the form of
carbon dioxide, water and volatile organic compaund general the ozone resistance of
silicone rubber is good as they do not contain wmated functional groups but at higher
concentration of ozone, degradation is expectedoasll polymers. Keshavaragt al [23]
noticed discoloration, softening and formation cdaks on the surface of silicone rubber upon
ozone ageing. There is a formation of a thin lafe®iO, on the surface of PDMS on increasing
UV/ozone exposure [24-26]. The surface roughnegbefayer was found to be dependent on
the filler size/content in the exposed material Mcontaining homogenously dispersed filler
exhibited decreased surface roughness when thezedidurface region collapsed into a very
smooth SiQ layer, while the PDMS containing heterogeneouslgragated filler showed the
opposite behavior [26]. XPS measurements on tHasuof the treated PDMS shows that 90%
of the methyl side groups are converted to hydr@nd bridging oxygen species. Ozone has
also been used for the chemical modification of FDid generate reactive hydroxyl groups on

its surface which can be used for photolithographicropatterning [27].

1.5.4. Plasma ageing
Plasma treatment provides manifold possibilitiesréine a polymer surface as it is

possible to change the parameters like gas flongwep, pressure and treatment time.
Depending on the gas composition and plasma conditions, electrons, radicals are formed
and UV radiation results in etching, activatiorcorss-linking of the polymers. The main effects
of plasma treatment are:

- Formation of a glassy SiGsurface layer.

- Increase in oxygen content in the surface by &rom of SiQ, hydroxyl and carbonyl

groups.

- Degradation of network structure results in thierfation of mainly low molar mass
cyclic and medium to high molar weight linear PDMS.

Plasma treatment increases the water wettabilitgilokanes due to surface hydroxyl
formation probably silanol. On exposure to airsthéreated surfaces gradually loose wettability.
The hydrophobic recovery progressively ensues upessation of treatment with marked
changes being evident after 24 hours and virtuainplete recovery within one week. There is
a debate about the mechanism of this recovery @&t rasearchers believe it is due to migration
of low molecular weight, untreated chains from thek to the surface (diffusion mechanism).
Another mechanism is known as the reorientationh@eism in which there is reorientation of

untreated methyl groups back into the surface oapgaplasma produced surface hydrophilic
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groups [1]. The first experiments on the hydroxglatof polydimethylsiloxane surfaces by
oxidizing plasmas were carried out by Hollahainal. [28]. They have observed by FTIR
spectroscopy that on oxygen plasma treatment theaxehigh density of —OH groups formation
on the surface of PDMS predominantly associatedh BiCHOH and SiCHOOH. When
plasma treatment was performed using nitrogen pesetwas a broad absorption for Si-O
linkage indicating cross-linking. Totbt al. [29] showed that PDMS surfaces exposed to
oxygen plasma were oxidized, a decrease in sudadson content and a increase in oxygen
content was observed by XPS. Curve resolution @pSXPS peak showed that inorganic silicon
was present in the exposed surface samples. Iprdsence of oxygen the first reactions yield
peroxides and hydroperoxides which react to fornstable silyl ketones. These readily
decompose into scission products such as carboagids and silanol groups. Silanol groups

undergo condensation reactions leading to formaifd®i-O-Si cross-links [29-32].

1.5.5.Acid Pollution

It has been observed that independent of preseheavironmental pollutants, brittle
fracture of the composite insulators is caused iwcracid which is formed during corona
discharge [33]. Acid can also be formed inside @suliator if moisture and internal corona
discharges are present. Depending on the amoumibddture, voltage and the location within
the insulator, the acid concentration can vary Miite. Some reactions stimulated by corona
discharges are as follows [34] in Scheme 1.5.

The changes in properties of silicone rubber aftéd rain exposure were mainly due to
removal of ATH filler from the surface [33-36]. Koet al. [35] have studied the effect of
sulphuric and nitric acid solutions on silicone ulagor rubbers at different pH values. They
observed that surface degradation consistentheasmd with decreasing pH for sulphuric acid
while for nitric acid there is a critical value laeten pH 2.5-1.5 during which there was serious
degradation. The contact angle increased with @serén acidity for both the acids. When RTV
silicone insulator rubber was exposed to nitricdasulphuric acid and oxalic acid for one week
with pH 2 and 4, only a slight reduction in the fgphobicity was found and the tracking and

erosion resistances were not affected [37].
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Scheme 1.5: Reactions taking place following comisaharges in atmosphere

2. General properties of EPDM

Ethylene-propylene rubbers and elastomers (aldecc&PDM and EPR) continue to be
one of the most widely used and fastest growinghstit rubbers having both speciality and
general-purpose applications. Versatility in polyndesign and performance has resulted in
broad usage in automotive weather-stripping ants sgkass-run channel, radiator, garden and
appliance hose, tubing, belts, electrical insutgtr@ofing membrane, rubber mechanical goods,
plastic impact modification, thermoplastic vulcates and motor oil additive applications.
Ethylene-propylene rubbers are valuable for thege#lent resistance to heat, oxidation, ozone
and weather ageing due to their stable, saturawgmer backbone structure. Properly
pigmented black and non-black compounds are ctédrles As non-polar elastomers, they have
good electrical resistivity, as well as resistate@olar solvents, such as water, acids, alkalies,
phosphate esters and many ketones and alcoholsrphmes or low crystalline grades have

excellent low temperature flexibility with glassmsition points approx. at — 60°C. Heat aging
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resistance up to 130°C can be obtained with prgmalected sulfur acceleration systems and
heat resistance at 160°C can be obtained with pirosured compounds. Compression set
resistance is good, particularly at high tempeestuif sulfur donor or peroxide cure systems are
used. These polymers respond well to high filled pfasticizer loading, providing economical

compounds. They can develop high tensile and tegrepties, excellent abrasion resistance, as

well as improved oil swell resistance and flamanddnce. The general structure of EPDM is:

CH3

CHs

"]

CHs

Advantages of EPDM are:

- Light weight

- Impact and vandalism resistance

- High pollution resistance

- Low profile - makes them less environmentally obive

- A wide range of substrates and end fittings

- Many direct replacement products to obviate thalneeae-tension lines

after replacement of traditional insulators.
2.1. EPDM used as an insulator

EPDM has been used since 1960 in composite formeutmoor insulator. It has some
advantages over the traditional porcelain or giagkat they are very strong and do not shatter.
EPDM is also much lighter and they having low ditiie loss. Recently, many electric utilities
have begun converting to composite insulators witichsist of a central rod made of fibre
reinforced plastic and an outer weathershed madeRIM. Composite insulators are less
costly, lighter weight, and they have excellentdapdhobic capability. This combination makes

them ideal for service in polluted areas.
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Porcelain , Ceramic or EPDM Polymer Insulator
Glass insulators

Hydrophobic recovery No No

Light weight No Yes

Contamination resistant No Yes

Leakage current control No Yes

Resists weather Yes Yes

Lower cost No Yes

installation/breakage

Resists UV Yes Varies

Table 2: Comparison of Insulators

When selecting the insulator, there are choiceseéhaompass both material properties
and design. There is an ever-increasing interegtoiver industry worldwide. The elastomer
materials used for the housing of composite insulatsually EPDM and silicone rubber, differ
from ceramic materials in that their surface prtipermay be altered significantly with age. This
effect is particularly noticeable for EPDM matesialwhich unlike silicone rubber do not
typically remain hydrophobic but deteriorate, beawgrhydrophilic aftef]2 to[18 years service
[38]. Surface deterioration has been found to afédectrical performance and in severe cases

can result in the pollution performance becomirss lhan that of equivalent porcelain and glass.

2.2. Synthesis of EPDM

The EPDM available from industry are mostly basad2eethylidene bi-cyclo [2.2.1]
hept-5-ene (ENB) [39]. For both technical and ecoital reasons, these termonomers are
incorporated in the E/P chains only in very low itex proportions (2-5 mol %). In most
technical processes for the production of EPDM enblianadium-based catalyst systems, such
as VOC} or VO(OR}, co-catalyzed by alkylaluminum chloride in the g@ece of organic
halogen promoters have been currently employed.

A typical laboratory scale preparation is carried as follows: the polymerizations are
carried out in a 2-L glass reactor (Buchi) usinilyi¢oe as a solvent. The diene, the co-catalyst

and the required amount of the catalyst were intted in this order into the reactor containing
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toluene (1 L) under positive pressure of a mixtofethylene and propylene. The temperature
was maintained at 313 K, under a continuous flovetb/lene and propylene, for 60 min. The
reaction was then quenched by the addition of eth@t room temperature). The polymer was

collected, washed with ethanol (1 L) and vacuunediat room temperature for several hours.

2.3. Degradation of EPDM

EPDM is quite weather resistant, however, it alas fome detrimental aspects: having
relatively weak chemical bonds which are easilykbrg by high energy photons for example,
and it may thus degrade due to UV radiation, heat surface contamination induced leakage
currents. Nevertheless, polymeric material is nadely used because of its overall advantages
over porcelain or glass. However, the relativelgrshistory of the use of composites in these
applications means that their degradation properiee not well known, and being organic
materials, they will degrade more quickly than gt or glass. Polymeric insulators are
relatively easily scored and torn (birds can causey substantial damage) and such damage
reduces their performance and may expose the dilass core. In humid conditions, water can
then penetrate to the fiber. Discharges that mayl ® breakdown can then occur. This is
exacerbated by the presence of pollutants.

Degradation of EPDM insulators typically occurd@ss of hydrophobicity followed by
surface cracking and / or loss of surface polymxg@osing underlying filler, producing a power
surface known as chalking or flouring [40]. The giopl changing with ageing observed in
hydrocarbon polymers such as EPDM usually is aasetiwith oxidation of the polymer [41].

A polymeric insulator subjected to high voltagasfers the well known degradation by tracking
[42,43]. It is believed that tracking arises asesuit of two major contributions: pure thermal

decomposition with eventual pyrolysis, and polymamage by electron bombardment.
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Scheme 2: Mechanism of polymer combustion

A high electric stress can be interface betweenwcior and polymeric insulator, due to
the presence of non-uniform fields. This stressidetp local discharges with corona effects,
even when the voltage difference between electrimdest enough to cause complete flash-over.
The effect of these discharges is polymer degradatiith formation of a black track on the
surface. The exact chemical mechanism of trackiegratiation is not well defined, although

there is some evidence concerning the formatiotrawking residue [42]. However, pyrolysis
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seems to have a major role in tracking processchwlsan be described, taking in account
available information on mechanism of polymer costlmn [44, 45] (Scheme 2).
Ethylene-propylene-diene monomer (EPDM) rubber, ebdason 5-ethylidene 2-
norbornene (ENB) is well known to be very sensitteeoxidation [46, 47] compared with
ethylene-propylene rubber (EPR). Conversely, EPDdV more stable than conventional
elastomers (butadiene, isoprene rubber). The setysiof the ENB site is very useful for
subsequent crosslinking by peroxide or sulfur. BMNB is present in low content (maximum
5%) and mainly responsible for oxidation. It is geally accepted that photo or thermo-
oxidations starts on the ENB moiety and eventuadigches the ethylene-propylene units.
Studies of oxidized raw EPDM have been reportesewveral papers [47-48]. The synthesis and
the photooxidative properties of hydroperoxidesuteng from the EPDM oxidation, have been

reported elsewhere [48].

2.3.1. Photo and thermal degradation

The relative instability of polyolefins to ageing mainly due to the possibility of
abstracting hydrogen atoms from the polymer chairch a reaction is quite difficult in the case
of pure hydrocarbons but is made easier in the chpelymers because of the presence of by-
products (catalyst residues, hydroperoxides from fnocessing etc.) [49]. The resulting
macroalkyl radicals react quickly with oxygen leaglio the formation of peroxy radicals, which
finally convert into hydroperoxides by a second roggtn abstraction (Scheme 3). Because of
their instabilities, these thermal and photochemigsalroperoxides do not accumulate in the
matrix but are decomposed into more stable prodsatsh as ketones (also unstable in the case
of photo-oxidation), carboxylic acids and alcohok. stationary state in hydroperoxide
concentration may arise when the formation rategisal to the decomposition rate [50]. Thus,
hydroperoxides are key products of the oxidationmufst polymers and knowledge of their
decomposition is of great interest for understagpdhre oxidation mechanisms. However, it is
quite difficult to study the specific decompositiohhydroperoxides in an oxidized polymer as
their concentrations are often low and they areagévin the presence of other oxidation
products. An interesting case is given by EPDMEMNB group is known to be a sensitive site
for oxidations [47,51-53] probably because of thespnce of hydrogen atomsanpositions of
the double bond. In the case of photolysis, prim@actions are not strongly dependent on
temperature and it is possible to follow the reacttby recording radical growth by ESR
spectroscopy at low temperature [54,55].
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ROOH - RO" + HO" (1)

Eg +ROOH — ROO" + Eg %
2RO0" —>2R0O0" + 0, (4)

HO' + PH— P* + H,0 (5)
RO’ + PH — P* + ROH (6)

Scheme 3: Peroxides formation during degradation

The thermo-oxidation of EPDM was performed at 1Q0B@iring the initial hours of
oxidation (until 50 hrs), the decrease of a bandlé80 cnt was observed and then the
formation of an absorption band at 1715 cmith two shoulders at 1735 and 1775 triwe
recognized the evolution observed on raw EPDM [48hracteristic of oxidation of ethylene-
propylene units. For longer oxidation times, theréRults were different. The absorption band at
1715 cnt decreased, while a band centered at 1580 iciereased. This effect is characteristic
of the presence of zinc oxide in formulations [56rboxylic acids are converted into zinc
carboxylates absorbing at 1580 triThe carboxylates are then the main oxidation pectsd The
carboxylate formation showed an induction period ééw hours, this effect was associated with
acid formation before carboxylate conversion. Thardity of detected oxidized products on the
surface of pristine EPDM is almost equivalent as ¢bncentration determined for EPDM with
ZnO. Zinc oxide does not seem to have catalytieatfbn oxidation. The formation of a wide
band between 3100 ¢hand 3600 cm has also been observed on unfilled EPDM in ATR-IR
spectra. This band was due to the presence of aleftgrctional groups such as alcohols,
hydroperoxides and carboxylic acids. The decreakethe double bonds at 808 &m
characteristic of ethylidene norbornene can alsed®s® on cross-linked material. It is not very
significant compared to pristine EPDM because @& $mall quantity of double bonds after
cross-linking.

The EPDM formulation with carbon black has then rbestudied during thermal
oxidation. After thermo-oxidation at 18D an induction period of 300 hrs was determined by
ATR-IR spectroscopy. After that time the formatiohcarbonylated products were visible with
new bands at 1580 ¢m 1650 crit and 1715 cril. The carboxylates are predominant on the

material surface. A SFtreatment on a thermo-oxidized cross-linked mateallowed the
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characterization of acids and salts (1715'and 1580 ci) and conversed the acids and
carboxylates into acid fluorides at 1840 trfter 1500 h in oven, the oxidation rate measured
on the sample surface did not increase. Severalgohena could explain this oxidation plateau.
At this time of degradation, the material surfacswery hard, so the contact between the ATR-
crystal and elastomer was less satisfactory. Anokisig reactions also happened during ageing.
Gas permeability (N O, and CQ) measurements allowed indirectly to underline ¢hes
reactions. During thermo-oxidation at 150° C theroltal evolution of EPDM-carbon black
presented the same changes in IR spectra. An iodugeriod of 150 hrs was observed.
However, the formation of zinc carboxylates was daminant. This is different in the case of
thermo-oxidation at 10C. The ATR-IR analysis showed the positive influeiné carbon black
on thermo-oxidation of filled cross-linked EPDMs Ipresence increased the duration of the
induction period. Phenolic residues present onstimace of carbon black could explain this
stabilising effect at 100 and 180 The hydroxylated and carbonylated oxidation podsl on
filled EPDM seemed to be similar to the degradapooducts on unfiled EPDM. However,
stoichiometry differences were observed on IR specthe carboxylates were dominant at
100C. This phenomenon is probably associated with ghantity of thermo- products; the
quantity is less important at that temperature.

The photo-oxidation of EPDM filled with carbon bkadas been studied. After an
induction period of 15 hrs, the formation of hydytated and carbonylated products were rapid.
The development of the four maxima at 1775715 cnf, 1660 cri and 1590 cm was
visible in the carbonyl region. Carboxylate forroatiwas dominant in that case. In the
deformation vibrations region, we have noted tltricgion of bands characteristic from calcium
carbonate (1425 cfand 875 crit) present on samples surface. A wide band was teetext
around 1100 cih A wide absorption developed from 3300 to 3600'cithe carbon black has a
positive influence on photo-oxidation of vulcanizeldstomers. For important concentration of

carbon black, a thermal coalescence phenomenoobsasved [57].

2.3.2. Acid degradation

The chemical degradation of accelerated sulphwc&PDM in aqueous acidic solution

has been monitored for different periods of timke Tesults revealed the formation of several
oxygenated species on the surface as a conseqaktiee acid attack. Furthermore, the cross-
link sites of the exposed rubber samples are atsmd vulnerable to hydrolytic attack as

evidenced by the decrease in cross-link densite fi@sults [58] indicate that the chemical
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degradation proceeds mainly via hydrolysis of ciods but upon prolonged exposure.
Aqueous acid induced chemical degradation of pde»cured EPDM in the presence of
triallylcyanurate (TAC) as coagent has been stufledlifferent periods of time. The primary
process of degradation is hydrolytic attack on ¢hess-link sites, which is manifested by a
decrease in cross-link density. Importantly, thagemt used in this study is shown to enhance

the chemical degradation through the formation eaker sites for hydrolysis [59].

2.3.4. Plasma treatment

Plasma interacts in a numerous ways with polymefase. At severe conditions,
polymer surface is subjected to etching effectsdilep to polymer degradation. Plasma
treatments have been used to reduce the frictiefficent of EPDM rubber due to cross-linking

of the surface layer [60].

2.3.3. Ozone degradation

It is well know that ozone attack causes a redonatibmolecular weight in polymer due
to loss of C=C bonds and generates carbonyl, ptedand ozonides. EPDM has a good
resistance to ozone due to extremely low conteninsfaturation. After ozone degradation of
EPDM is was observed there was in increase in #ibonyl group vibrations at 1720 ¢m
however, there is no change in the hydroxyl groefveen 3300-3500 chwhich are correlated
to them. There are no major C-C bonds which ar&drrafter the ozone attack but new low

intensity band appear at 1380 tindicating that ozonide formation takes place[&].,6

2.3.4. Effect of stabilizers on degradation

The addition of a phenolic antioxidant and hindeesdine stabilizer (HAS) was not
effective in the case of sulphur vulcanized EPDMisTbehavior has been attributed to
antagonisms between HAS and sulfur derivatives. s&hderivatives could interact with
hydroperoxides; the formation of nitroxyl radicéiiom HAS) would then be delayed [63]. The
sulfur derivatives could give sulfur acids whichutbform a salt with HAS; HAS are then less
active [64]. So researchers have focused on thiaassis of polymeric HAS, the high molecular
weight stabilizers. The polymeric stabilizers, mégecopolymerization of a monomer bearing
HAS group with styrene and/or acrylate having hpgiarity, are less effective in hydrophobic
polymers like polyethylene and polypropylene prdpatecause of the poor dispersion. So,
there is a demand for polymeric stabilizers com@nHAS moieties, which can be fairly

dispersed in the polymer and do not easily migtateolvents. Wileret al. [64] reported the
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copolymerization of 4-(hex-5-enyl) 2,2,6,6-tetramgtpiperidine with polypropylene by using a
heterogeneous catalyst. Several long chain HAS men®with poly(propylene) and also a long
chain HAS monomer were copolymerized with ethylegeusing metallocene catalyst system.
The efficient stabilizer should exhibit better mislity, compatibility and less migration from
polymer matrix to the solvent. It will be worthwéilto synthesize a polymeric stabilizer with
appreciable molecular weight and better compaiylsio that it can disperse well through out the
matrix to show better performance.

With a proper material development and productgieghey can offer high performance
with desired service life. Developing of a polyneennaterial formulation is a complex
optimizing process with a number of additives aillért combined with the base polymer.
Additives include antioxidants, plasticizers, pigrt curing agents, catalysts, flame-retardants,
UV stabilizers, racking and erosion resistors, sastalumina trihydrate (ADs;. 3H,O: ATH),
silica, processing aids and other compounds, depgma the specific product formulation [65].
In many cases, the additives and fillers are u@G® by weight, and both collectively and
individually determine the overall performance f,

35



36



CHAPTER Il

Materials and Experimental Techniques

37



38



1. Introduction of high voltage electric insulators

Electrical insulators are a very important companeh electric power distribution
systems and transmission lines. In the early dimgsilators were made of ceramic and glass
materials. Polymers insulators have been in useesli®63, over the course of time they have
been improved by making improvements to their deaigd manufacturing processes, and are in
abundant use these days. One of their major adyesiia their low surface energy which helps
them in maintaining a good hydrophobic surface priypin the presence of wet conditions such
as fog, dew, and rain. Their other advantages dieclu
1) Light weight which results in a more economicsiga of towers and also enables the
upgrading of the voltage capacity of exiting towerthout any change in their dimensions. The
light weight of the composite also permits an iase in the clearance distance between the
conductor to ground and an increase in the phapbase distance in order to reduce the electric
and magnetic fields which are becoming a growingceon to some members of the general
public. The light weight of the composite insulat@so obviates the need to use heavy cranes
for their handling and installation and this sawaghe cost.

2) A higher mechanical strength to weight ratio ethenables the construction of longer spans
of towers.
3) Line post insulators are less prone to seri@mades from vandalism such as gunshots which
cause the ceramic insulators to shatter and depdhductor to the ground.
4) They give much better performance in outdoovises in the presence of heavy pollution and
withstand better voltage than porcelain and glasslators.

5) Due to their easy instiébn, labour costs are saved.
6) The use of composite insulators reduces thetarae costs such as insulator washing which

is often required for ceramic and glass insulaitotgeavily contaminated environment.

1.1. Historical Development

The first polymers used for electrical insulatomsrgvbisphenol and cycloaliphatic epoxy
resins. Introduced commercially in the mid 1940sphenol epoxy resins were the first
polymers used for electrical insulators, and ateusted to make electrical insulators for indoor
and outdoor applications. Cycloaliphatic epoxie€)Gvere introduced in 1957. They are
superior to bisphenol because of their greatestasie to carbon formation. However, the first
commercial CE insulators failed shortly after itistzon in the outdoor environments. Since

then, new CE formations have been resulted inrtipraved electrical performance. In the early
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1960s, distribution class CE insulators were fidtd commercially in the U.S. under the name
GEPOL. These units failed due to surface damage @mmttture. CE was used later in
experimental 500 kV station breaker bushings, and15 kV bushings in the 1970s, and for
suspension insulators by Transmission Developmemitéd (TDL) of England. The TDL
suspension insulators used slant sheds to prowatlgal washing of contamination. From the
mid 1960s on, CE insulators were tested at up @kA0service voltage as suspension / strain
insulators and cross-arm in the United Kingdom. Farious reasons, including poor cold
temperature performance and insufficient weighuotion, CE did not gain acceptance in the
US for outdoor high voltage suspension insulatarstbday, CE is widely used in indoor and
even semi-enclosed power systems.

In the 1960s, an insulator having porcelain shegparted by an epoxy resin fibre-glass
rod, was developed. It was not widely used becafigarther developments in lighter-weight
polymeric insulating materials. Polymeric outdoarsulators for transmission lines were
developed as early as 1964 in Germany, and by otlagufacturers in England, France, Italy,
and the U.S. In Germany, units for field-testingreverovided in 1967. In the late 1960s and
early 1970s, manufactures introduced the first geim of commercial polymeric transmission
line insulators. A large number of utilities stalrtéo experiment with the first generation
composite insulators manufactured before the midB049 The early experience was
disappointing. Utilities initially installed thesesulators in short sections of lines and at treubl
spots, mostly for experimentation and data gather&ks a consequence of reported failures
some manufacturers stopped producing high voltagés land others started an intensive
research effort, which led to the second generationomposite transmission line insulators.

These improved units have tracking free shedsebetirona resistance [67-70].

1.2. Structure of insulators

An example of a composite insulator (line insulatgre) is shown in Figure 1a and its
structure in Figurelb. The basic design for a casitpdnsulator consists of three components
and the design of each must be optimized to yigltisfactory electrical and mechanical
performance over the lifetime of the insulatorseTdore or center of the insulator system is
prepared from glass fiber reinforced polymer. Tiigeinforced with either polyester, vinyl ester
or epoxy resin to provide the mechanical strengitoxy is the most widely used material for
the rod. The metal end fittings are typically faigsteel, ductile cast iron, malleable iron or
aluminium and are selected for mechanical streragil resist corrosion. Their shape is

important to limit the production of corona disal@s which causes the polymeric material to
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become brittle and may crack, leading to failurehs insulator by moisture ingress into the
fiber-glass rod. The glass fiber reinforced plastice very strong and are excellent insulators but
they are not suitable for hostile outdoor environtmigence, a polymeric housing is needed to
protect the sensitive core from moisture, pollutiand electrical discharges and they also
provide the required leakage distance. The presehci#t and moisture in combination with
electrical stress, causes the material to degradeabking and erosion. Rubbers are used instead
of ordinary plastics for housing material as they #exible to follow the changes in dimension
caused by temperature or mechanical load changé#seofomponent, it covers. The housing
material is made with a wide range of materiald fonmulations like silicone rubber, ethylene
propylene diene rubber, ethylene vinyl acetatempelg (EVA) and cycloaliphatic and aromatic
epoxy resins. Sometimes, blends of EPDM and siéicaumbber are used to provide better
mechanical properties such as stiffness of EPDM extwtllent hydrophobic characteristics of
silicone rubber. For low voltage indoor and outdagplications, additionally high density
polyethylene, polytetrafluoroethylene, polyurethapelyolefin elastomers and other materials
are employed. In the compounding of housing mdterifillers are added to enhance the
resistance to tracking and erosion as well as toige improved mechanical performance in

tensile strength, abrasion resistance, tear stiengddulus and to reduce flammability. Typical

fillers used are aluminium trihydrate or hydratéuhaina and silica.

metal fitting

int

| polymer housin
d_l#______ﬂl ¥ g

glass fiber rod

(b)
Figure 1 (a) Line insulators installed at electpower station (b) Structure of composite

insulator
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However, there are a fesadivantages of composite polymeric insulators:
-They are subjected to chemical changes of theserflue to weathering and from dry
band arcing.
-They might suffer from erosion and tracking whralght ultimately lead to their failure.
-It is difficult to evaluate the life expentancy tife insulators and faulty insulators are
difficult to detect.

1.3 Materials used for study
1.3.1. Crude Silicones

In order to understand the ageing of the indusfoamulations we have studied the
ageing of different crude unfilled silicones havirdifferent terminations and different
substituents attached to silicone and differentecular weights. All the crude materials were
supplied by Sp (Scientific Polymer Products) USA. The materialsrev used without any
further purification for all the analysis. The ditaf the polysiloxanes used are given in Table
1.1

Polymer| Catalog Terminal group | Mw Density Reference
Number (g/mol) (g/cc)
PDMS 145 115 000 0.976 (25°C) S1
PDMS 807 dihydroxy 110 000 0.975 (20°C) S2
PDMS 870 dihydroxy 90 000 0.98 S3
PDMS 808 acetoxy 36 000 0.98 S4
PDMS 809 methyldiacetoxy 36 000 1 S5
PMOS 798 11 000 0.886 S6
PMTS 799 9400 0.89 S7

Table 1.1: Analytical data for polysiloxanes

1.3.2. Cross-linked Silicone
Silicone rubber (HTV) is polydimethylsiloxane an@svprovided by SEDIVER, France.
The filled cross-linked PDMS consists of:

-curing agent 2,5 dimethyl 2,5di(t-butylperoxyxbaee
(CHj3)3C-0O-0-C(CH),-CH,-CH,-(CHs).C-0O-0O-C(ChH)3 (DHBP) (approximately 0.4 parts)
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Absorbance

-silica (approximately 23 parts)

-aluminium trihydrate (approximately 80 parts) dtaane retardant.

The curing time for compression moulding at 170°&w2 minutes corresponding to the usual
optimal curing conditions. Sheets having thickneS2 mm or 6 mm were prepared for ageing
and characterization. We have studied 3 diffefermulations of cross-linked PDMS having
different percentage and types of treatments erstinface of ATH fillers.

We have presented in Figure 2.1 the typical ATRs{iectra for filled silicone and attributed the

different absorptions observed in Table 1.2.
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Figure 2.1 : ATR-IR spectra of filled silicone
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Wavenumber (cim) Tentative assignment
3615, 3524, 3432, 3375 v OH of Al(OH);
2960 v CH in CH;
1646 v C=C

1408 Not assigned
1256 v CH in Si-CH3
1090 Si-O-Si

1010 Si-O-Si, Al-O
795 Si-O-C, Al-O
730 Al-O

665 Al-O

Table 1.2 :Main absorption observed for unaged filled uncrbsked PDMS then
assignments of IR bangs =stretching vibration)

All the industrial samples were thermally stableta@B00°C under oxygen atmosphere
and as can been seen in Figure 2.2. the weighttdé®es place in three steps. Between 250°C
and 300°C there is a small weight loss due to dettipsh of AI(OH). The decomposition of
PDMS is then observed in two steps.
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Figure 2.2 : TGA for unaged Silicone

The DSC thermogram of Silicone shows that is a smystalline polymer with a
crystallisation at -83° C, glass transition at -1@4and 2 peaks for fusion -35° C and 45 °C.
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Figure 2.3 : DSC Thermogramme of Silicone

1.3.3._Cross-linked EPDM
The cross-linked filled EPDM we used for our stsdveas supplied by Sediver, France.

It is composed of aluminium trihydrate (ATH) addfil plasticizers, a peroxide, and an agent for
stabilization. The curing time for compression nudad) at 170°C was 12 minutes corresponding
to the usual optimal curing conditions. Sheets ingthickness of 2 mm or 6 mm were prepared
for ageing and characterization. The compositiagiven in Table 1.3.

Composition Quantity
EPDM 100 parts
Plasticizer 40 parts
Alumina Trihydrate 240 parts
Additives 5 parts
Dicumyl Peroxide 6 parts

Table 1.3: Composition of filled cross-linked EPDM

We have presented in Figure 2.4 the typical ATRsisectra for filled EPDM and
attributed the different absorptions observed ibl@d.4.
The TGA analysis shows that the industrial forniole of EPDM are stable upto 250°C

in oxygen atmosphere (figure 2.5). In the beginofgthe decomposition we can see that
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dehydration of Al(OH) takes place at 250°C which is followed by the daegosition of the
main polymer backbone.
0,1}§
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4000 30 200 7 1000
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Figure 2.4 : ATR-IR spectra of filled EPDM

Wavenumber (cim) Tentative assignment

3615, 3524, 3432, 3375 | v OH of Al(OH)3

2920, 2848 v CH; symetric and asymetric (PH)
1457 0 CHs

1376 0 CHs

1259 6 CH

1016 Al-O

791 Al-O

728 Al-O

665 Al-O

Table 1.4: Main absorption observed for unaged filled uncrbsked EPDM and assignments
of IR bandgVv =stretching vibration;0 = in-plane deformation)
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Figure 2.5: TGA thermogramme of EPDM
The DSC anaylsis showed that EPDM we used is amarpAs it is not having any

crystallisation and fusion. It has a glass traositemperature of -60°C (figure 2.6).
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Figure 2.6 : DSC Thermogramme of EPDM
1.4.Techniques used for accelerated ageing
An accelerated photoageing is carried out usingirtaeliation device (SEPAP 12/24-

ATLAS) which has been described previously [14,18je source used for light generation are
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4 medium pressure mercury vapour lamps (Mazda MBW) They are covered with an
envelope of borosilicate glass to emit radiatioesveen 290 and 450 nm. Samples are rotated in
a carousel at a constant distance (20 cm) fronsdlieces. The temperature is controlled by the
microprocessor which regulates the air input ardhbaters. The air flow produced by two fans
guarantees a homogenous temperature distributioth@rsample surface. The Pt (Platinum)
temperature sensor measures the temperature snrflaee of the sample. The values are within
a range of + 45°C to +80°C, with a +2°C accuratlge rate of acceleration for ageing in
SEPAP 12/24 is 8 times under these condition fdygropylene compared to natural ageing in
Clermont-Ferrand. The industrial samples were ousmaller rectangular sheets and attached
directly to the carousel. The irradiation was iearout at 60°C in SEPAP chamber (figure 2.7).

Polysiloxane oils were irradiated in small gladsetsiat the same temperature.

Figure 2.7: Photo-ageing device
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We used an aerated oven (MEMMERT) for thermal ewpms The industrial
formulations were aged at 100°C, while the crudéenels were aged at 60°C and 100°C.

The salt-fog test usually used for metallic mater{&l. Kohler — HK 320) was used for
ageing of the industrial formulations. The test wasried out with the concentration of NaCl
(5% weight) and the temperature of 35°C.

We used “laboratory desiccators” to carry out gellliageing, such as nitric acid vapours
or sulphuric acid vapours at room temperature. $@snwere placed in small trays and acid
solution (68% nitric acid or 95% sulphuric acid}la bottom.

Plasma treatment was carried out in an Alcatel SIB® unit equipped with 13.56 MHz
radio-frequency generator. The treatments wereopeed at a pressure of 1.33 X@bar and
2.56X 10° mbar with a mixture of argon, nitrogen and oxyged power varying from 400W to
550W. The disk on which the samples were exposdtidgplasma in the unit was rotated in
order to obtain a uniform exposure to the specimens

The ozone ageing was performed in ‘Laboratiore eeherches et de controle du
caoutchouc et des plastiques (LRCCP)’ in Vitry Seine, France. The industrial formulations
were aged for 8 weeks at 200ppm concentration 2B#2)°C without stress.

Natural ageings were performed near petrochemiies & Texas or Saudi Arabia for 6 years.

Laboratory electrical ageing were performed at 80 olts for 5 years.

1.5.Techniques used for characterisation
1.5.1 HATR-FTIR spectroscopy
The chemical changes upon irradiation were follovegdAttenuated Total Reflection

infrared (ATR-IR - Nicolet Impact 400 and Thundem® accessory with germanium crystal).
This spectroscopy is used for analysis of the t@m2icrometres surface of materials. It is also
suitable for characterization of materials whicle @&ither too thick, flexible coloured or too

strong absorbing to be analyzed by transmissiootsgseopy.

sample

LN ,

ZnSe or Ge crystal

IR incidence

Principle of the HATR technique
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For the ATR-IR spectroscopy, the infrared radiatisnpassed through an infrared
transmitting crystal with a high refractive indelowing the radiation to reflect within the ATR
element several times (except for thunderdome lagstonly a single reflection). The sampling
surface is pressed into intimate optical contac¢h e top surface of the crystal having high
reftractive index such as ZnSe or Ge. The IR ramharom the spectrometer enters the crystal.
It then reflects through the crystal and peneteatinto” the sample a finite amount with each
reflection along the top surface via the so-cafiedhnescent” wave. At the output end of the
crystal, the beam is directed out of the crystad dack into the normal beam path of the
spectrometer. To obtain internal reflectance, thgleaof incidence must exceed the so-called
‘critical’ angle. This angle is a function of theal parts of the refractive index of both the

sample and the ATR crystal:

0.= sin® (nu/ny)

Wheren; is the refractive index of the sample amds the refractive index of the crystal. The
evanescent wave decays into the sample expongniih distance from the surface of the
crystal over a distance on the order of micron® dépth of penetration of the evanescent wave
d is defined as the distance form the crystal-saniplerface where the intensity of the

evanescent decays 165(37%) of its original value. It can be given by:

d=A /{20 n[sin?6- (nu/my)?] Y2}

Wherel is the wavelength of the IR radiation. For insgntthe ZnSe crystah(=2.4) is used,
the penetration depth for a sample with the refradhdex of 1.5 at 1000chis estimated to be
2.0um when the angle of incidence is 45°. The depthenetration and the total number of
reflections along the crystal can be controlledhazitby varying the angle of incidence or by
selection of crystals. Different crystals have eliéint refractive index of the crystal materialsit
worthy noting that different crystals are applieddifferent transmission rangea; ZnSe for
20,000~650cm, Ge for 5,500~800cH).

1.5.2. Differential Scanning Calorimetry (DSC)

DSC is a thermoanalytical technique in which th#edénce in the amount of heat
required to increase the temperature of a samplerefierence are measured as a function of
temperature. Both the sample and reference aretaurad at the same temperature throughout

the experiment. The basic principle underlying teishnique is that, when the sample undergoes
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a physical transformation such as phase transjtiomse (or less) heat will need to flow to it
than the reference to maintain both at the samedeature. Whether more or less heat must
flow to the sample depends on whether the proseegadthermic or endothermic. For example,
as a solid sample melts to a liquid it will requin@re heat flowing to the sample to increase its
temperature at the same rate as the referenceisTthig to the absorption of heat by the sample
as it undergoes the endothermic phase transitmm 8olid to liquid. Likewise, as the sample
undergoes exothermic processes (such as crystialtiydess heat is required to raise the sample
temperature. By observing the difference in heatvfloetween the sample and reference,
differential scanning calorimeters are able to meaghe amount of energy absorbed or released
during such transitions. DSC may also be used semle more phase changes, such as glass

transitions (Figure 2.8).

Exo
i
heat ; €
flowr

Endo

temperature —w

Figure 2.8: A schematic DSC curve demonstratinggipyigearance of several common
features taking place in a polymerg-Glass transition temperature-Crystallisation

temperature, J-Melting temperature

The evolution of cross-linking is followed by DS@ermoporosimetry a technique
recently developed in our laboratory (LPMM). It ascalorimetrical technique used for the
visualization of the material texture by studyimg fphase transition (crystallization, melting or
other change of state) undergone by the swellihgeab (cyclohexane) trapped in the polymeric
network. The transition temperature of this cordirs®lvent depends on the characterisation of
the surrounding polymeric swollen network. The theporosimetry has essentially been applied
to rigid porous substrates. It is assumed thathypric gel is equivalent to a three dimensional
network of adjacent cells that is called mesh. $akent swells the crosslinked polymer until

equilibrium state is reached. It yields to a swoligel where the solvent is present under two
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environments : the confined solvent which is trappeside the gel and the part of solvent which
remains out and represents the excess (free splUdm free solvent behaves like a pure solvent
in term of phase transitions. On the other hand dbefined solvent undergoes the phase
transitions at different temperatures dependinghencharacteristics of surrounding polymeric
network and especially depending on the size of ntbevork mesh. The difference in the
transition temperaturAT between free and confined solvent can be reltdettie size of the
mesh for elastomers. Differential Scanning Calotisnean be used to measukd precisely.
Calibration have been done for obtaining usefutrtteglynamical data from the solid to solid

cyclohexane transition [89]. The following empiticelationships have been established :

yAT+o.0756 _
R(A) =16.93+ 125.43*exp(W Wwith — 58 AT < U for cyclohexane (

2
Warexp(~/ AT +0.0756
0.0205

Wa(J/ g =0.0203*(A T} + 2.60347 T+ 82.199 with 8A T>— 55C (.

whereR(A)is the distance between cross links in the swalEnexpressed iAngstromand
AT = T-Toy, the temperature depression of the swelling soldetégrmined from the thermal DCS
curve withTy = -88.63°C for cyclohexane.

V is the volume of the solvent concerned by thermal transition and contained in
network cells, R is the distance between crosssliikkis a proportionality coefficient that
depends on both the DSC instrument and the swedlolgent,y is the DSC thermal curve
ordinate andVathe apparent energy of the solid-solid transitD8C programme method used
is —88°C to :

—106°C at 0.7 °C/min to see the crystalline sobiiestransition. A cryogenic microtome LEICA
Jung Supercut LN20 was used at —50°C to cut thenshreets into small slices of 1g6h thick.
The DSC analyses have been carried out in twoinsdters :

- Mettler Toledo DSC822 equipped with two systerhsapling : an intracooler which permits
cooling upto -65°C or another system using liqutdogen cooling upto -150°C.

- Mettler Toledo DSC30 using liquid nitrogen farating.
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The calorimeters are controlled using STARe softwand are calibrated with Indium (156°C),
Zinc (420°C) and heptane (-92°C).

1.5.3._Photo-DSC
In Photo-DSC system the light beam provokes thetqategradation of the polymeric

material while the DSC is used to measure the tAkrmonsequences. A Mettler Toledo
DSC822e apparatus, equipped with an Intracoolerafiquid nitrogen cooling was used. A
Hamamatsu light generator equipped with a ‘Lighgeire LC6’ source (Xe/Hg, ‘medium
pressure’) was affixed to the DSC device as reptesiein Figure 2.9. The light generator is
servocontrolled by the DSC software (STARe) whiehnpits a choice of both the light intensity
from 0 to 324 mW/cm2 and the duration of the iradidin. Two identical fiber bundles supply
the irradiation light both to sample and refereD&C pans. The source is filtered by sapphire
disks to deliver radiations of wavelengths londemt 300 nm. In this technique we can control
the atmosphere used for carrying out the ageingh®¥e carried out all the experiments under

air atmosphere.

Optical fibres

<—
Sapphire window Lamp (H¢-Xe)
0-2000mW)

A

Thermoelectric Disc

’ Measurement Thermocouples / \

Figure 2.9 : Schematic representation of Photo-DSC

1.5.4. Thermogravimetric analysis (TGA) coupledvHTIR

TGA is a type of analysis performed on samples dtemnine changes in weight in
relation to change in temperature. A derivative glieilosss curve depicts the temperature at
which weight loss is more apparent. We have usettléferoledo TGA/SDTA851 — Nicolet
Nexus. The gases coming from TGA are transferredh theating tube in a gas cell and
characterized by FTIR spectroscopy. The temperaha#hod was a dynamic segment from 25

to 800°C at 10°C/minute under oxygen or nitrogednf¥min). The IR spectra were recorded
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every minute throughout the thermogravimetric pangrusing the series option of OMNIC

software.

1.5.5. Densimetry

The soluble fraction of crude polysiloxanes hasnbebaracterised by densimetry.
Density measurements were done with an accuratatirij densimeter tube (Anton Paar DMA
58). Solutions of crude silicone rubber formulati@efore and after irradiation) were prepared
in cyclohexane with the same ratio mass of polyswdvént volume and hermetically sealed for
48 hours(material amount 0.165g in 5 ml of cyclohexane)teAfthis equilibrium period two
millilitres solution was taken from the liquid pleaghich represents the sol fraction and injected
in the tube using a syringe. The accuracy of tisériment is+0.00001 g/cr Air and water

have been used for its calibration.

1.5.6. Hardness measurements

The hardness test measures the depth of an indeniiatthe material created by a given
force. The depth is dependent on the hardnesseahtterial, its viscoelastic properties and the
duration of the test. We have done the tests wilviek Werk (NR 83195) — Shore A (weight 1
kg) system on 6mm thick polymer sheets before dter ageing. An average value of ten

measurements on each sample was calculated.

1.5.7. Permeability to water-vapour

The instrument used to carry out the characteama Mocon Permatran W3-33 with IR
detection. The coefficients for transmission of evatapour for films are determined according
to ASTM F 1249 at 38°C and 90% relative humiditieTresults are expressed in §/24 hours.

The surface analysed was 56cm

1.5.8._Size Exclusion Chromatography (SEC)

SEC is a high performance liquid chromatographynegue used for the separation of
components based on their molecular size in solutjoydrodynamic volume) SEC separates
the sample into its discrete components and detesnits molecular weight distribution (M
weight average molcular weight and, Number average molecular weight). The solutiorhef t
polymer to be analyzed is introduced at the topghef column and then is eluted with a non
solvent. The polymer molecules diffuse through tw@umn at rates depending on their

molecular size. As they emerge from the bottorrhefdolumn they are detected by a differential
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refractometer or UV detector from which a molecud@e distribution curve is plotted. The

instrument we have used is of Viscotek having urs@kcalibration. The detectors are refractive
index detectorr (Viscotek VE 3580) and viscosimeletector (Viscotek TriSec Model 270). The
column is made of cross-linked PMMA with a floweaif 1 ml per minute.The solvent used is

HPLC grade Toluene.

1.5.9. Contact angle measurements

Contact angle is a quantitative measure of theingetif a solid by a liquid . It is the
angle formed by a liquid at the three phase bognddere a liquid, gas and solid intersect.
Low values of contact angle indicate the liquidesu or wets well, while high value indicates
poor wetting. It is more than 90° it is said to fen wetting. A zero contact angle represents
complete wetting. We have used the the CAM unit\(KSstruments, France) having a firewire
camera with telecentric optics and 55mm focus lengistilled water has been used as the
liquid for both EPDM and silicone. The set up o thstruments is shown in figure. 2.10.

Figure 1: The CAM physical fealfures

1) Stage level adjustmeant 10) Syringe clamp

2) Stage height adjustrmeant 11) Camera zoom lock

3) Stage height lock 12) Lens apertune adjustrment

4) Stage linear adjustment 13) Real time FireWire camera

5) Stage lateral adjustment 14) Camera lens zoom adjustment
6) Stage rail lock 15) Camera level adjustment

7) Syringe lateral adjustment 16) Camera linear adjustment

8) Syringe height adjustmment 17) Camera rail lock

9 One-touch dispanser depih 18) Syringe

adjustment

Figure 2.10 : Schematic representation of CAM lmstent
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1.5.10. Resistivity measurements

Insulating materials are used in general to isotamponents of an electrical system
from each other and from the earth; solid insutatmaterials may also provide mechanical
support. For these purposes it is generally ddsir@bhave the insulation resistance as high as
possible, consistent with acceptable mechanica&imital and heat resisting properties. Surface
resistance changes very rapidly with humidity wivildume resistance changes slowly, although
the final changes may be greater. The resistivitasarements have been performed in Sediver,
St. Yorre, France. We have used the Keithley 65itR Hiest model which can measure surface
resistivity from 16 to 10" ohms and volume resistivity from 4@ 10 ohm-cm. Initial voltage
used is 1000 volts. We have used the industriah@itstions having 2 mm thickness for these

tests. The samples were cut in circles having &iameter.

1.5.11. Conductivity measurements

The conductivity measurements have also been daotiein Sediver, St. Yorre, France.
These measures are performed with a Schering briglygg based on capacity measure and

capacitor dielectric loss.

Figure 2.11 : Circuit diagram of Schering Bridge
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We modify the R, C;, and R value until the galvanometer is at 0 in the Scigehbridge.
Finally, Tand has been calculated using the formula below:

Tand =IIx Ry x C4

We have used the industrial formulations having ra thickness for these tests. The samples

were cut in circles having 8 cm diameter.

1.5.12. Chemical methods

A number of chemical methods are used for idemtii of hydroxyl and carbonyl

groups by FTIR spectroscopy. We analyse the saniygl&se and after the chemical treatment
to observe the new bands appearing and the oldsbdisdppearing after the treatment to

understand the transformations taking place.

Treatment by SF

The samples were exposed to SF4 (sulphur tetradielo(Fluka) gas at room temperature
in Teflon reactor. The gas is allowed to pass erdactor for 2-3 minutes and then it is sealed
off for 15 mins to 2 hrs depending on the samptealliow the reaction to proceed. Carboxylic
acids are known to react with SF4 to give acyl fildes (RCOF). The acyl fluorides are
characterised by a distinct IR absorption banchenrange 1810-1845 cm the frequency of the
maximum of this band is related to the structurehef acid. The SF4 reaction gives a total

disappearance of hydroxyl absorption (alcoholsyyeroxides).

O

|
RCOOH > 5 R-C-F

Treatment by NHl

This treatment is also carried out in the same maas Sk but the sealing times for it is
15-24 hours. The ammonia reacts with carboxylidscacid chlorides and esters to give the

corresponding ammonium salts and amides by theviollg reactions.

NH3 ) +
RCOOH — s RCOONH,

NH3
RCOC| —» RCONH,

RCOOM, RCONH,
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Results and Discussions
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CHAPTER llI
Study of Uncross-linked Polysiloxanes
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CHAPITRE 3
INTRODUCTION

Le sujet de la thése porte essentiellement surfatesulations complexes a base de
polysiloxanes ou d’EPDM. Toutefois il nous a semblgportun, aprés la réalisation de la
bibliographie sur ces élastomeres largement dédaites le chapitre 1, de compléter I'étude par
une approche plus fondamentale sur les polysiloxamom réticulés et non chargés. Ce travalil
permettra de mieux appréhender le comportementediissement des silicones par rapport aux
réactions de réticulation en particulier. La cossance des mécanismes de dégradation présente
un intérét fondamental et un intérét pratique. Eeten peut espérer améliorer la stabilisation
du matériau par intervention sur les différenteapés de I'évolution chimique. Sept
polysiloxanes (PDMS, polydimethyl siloxane — PM@8lymethyl octadecyl siloxane — PMTS,
polymethyl tetradecyl siloxane) ont été retenusrpé@tude. Les terminaisons sont différentes et
nous avons une gamme de masses molaires (Mw) de 84015 000 g/mol. Le tableau
récapitulant les caractéristiques des matériauxdeshé dans le chapitre 2 et dans les deux
publications.

Ce chapitre donne lieu a deux publications inclaasdle texte. L’articlé‘Oxidation,
chain scission and cross-linking studies of pobysihes upon ageingsa été soumis a
European Polymer Journatn octobre 2006. Cette premiére publication donne analyse
détaillée de I'évolution chimique, grace a la spestopie infra-rouge avec accessoire ATR.
L’étude des mesures de densité et de I'évolutionladenasse molaire (GPC) fournit une
approche complémentaire pour suivre le vieillissetm#e I'élastomére. Les vieillissements
photochimique et thermique sont comparés.

L’article suivant“Comparision of thermal properties and crystallizat behaviour of
polysiloxanes”a été proposé@ European Polymer Journan aolt 2006. La comparaison des
propriétés thermiques et de la structure chimicgteétudiée par analyses thermiques (DSC et
ATG-IRTF). L'utilisation de la photo-DSC permet grarticulier de suivre I'évolution de la
cristallisation pendant le photovieillissement. fie¢ de la réticulation et des coupures de
chaines est finalement examiné mais avec des tpgmicomplémentaire de celles utilisées

dans l'article precédent.
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CHAPTER 3
INTRODUCTION

The subject of this thesis primarily deals with @ex formulations having
polysiloxanes or EPDM as base materials. Howeviar afarrying out the literature study on
these elastomers which has been documented in ethdptwe felt it was necessary to
supplement this study with a more fundamental aggtoon the uncross-linked and unfilled
polysiloxanes. This work will make it possible tetter understand the ageing behavior of
silicones particularly the cross-linking reactionshe knowledge of the mechanisms of
degradation is of fundamental and practical intsreéndeed one can hope to improve
stabilization of the material by intervening in terious stages of the chemical evolution. Seven
polysiloxanes (PDMS, polydimethyl siloxane -PMO®]ymethyl octadecyl siloxane - PMTS,
polymethyl tetradecyl siloxane) are used for thedgt They have different terminations and
have a range of molar massesyw(Mrom 9400 to 115 000 g/mol. The table of the mate
characteristics is given in Chapter 2 and in the pwblications in this chapter.

This chapter is in the form of two publications.eTérticle"Oxidation, chain scission and
cross-linking studies of polysiloxanes upon agéirgss been submitted European Polymer
Journal in October 2006. This first publication gives a alled analysis of the chemical
evolution, with the infra-red spectroscopy havingRAaccessory. The study of measurements of
density and the evolution of the molar mass (SEGYide a complementary approach to follow
the ageing of elastomer. Photochemical and theagihgs are compared.

The next article‘Comparision of thermal properties and crystallizat behaviour of
polysiloxanes” has been submitted t&uropean Polymer Journaln August 2006. The
comparision of the thermal properties and the chahstructure is studied by thermal analyses
(DSC and ATG-FTIR). The use of photo-DSC makesasgible in particular to follow the
evolution of crystallization during photoageing. €Tkffect of the cross-linking and the chain
scission is finally examined but using the techesjagomplementary to the ones in the previous

article.

64



Publication — |

Oxidation, chain scission and cross-linking studiegolysiloxanes upon ageings

Abstract

Several polysiloxanes (polydimethyl, polymethylatdayl or polymethyltetradecyl-siloxane)
were studied by FTIR spectroscopy, densimetry adgogrmeation chromatography. Different
types of ageings such as thermal ageing (60°C1&0dC), photo-ageing (SEPAP) and acid
vapour ageing were performed and compared. Oxidatioain scission and cross-linking were
estimated after ageings. The presence of pendabbrtechain in the backbone makes it
susceptible to oxidation. The stability of the milyxanes without pendant carbon chain towards
oxidation is confirmed after the various ageingse Tifference of induction period for thermal
exposure at 100°C and photo-ageing is quite sumgrier oxidation of polymethyloctadecyl (or
tetradecyl) siloxane. Cross-linking levels are aejant on the type of ageing.

N. S. Tomer, F. Delor-Jestin, L. Frezet and J. Lacsie

1 INTRODUCTION

Polysiloxanes are often used as protective coafmyga variety of specialized applications. The
resistance at high temperatures to oxidation ofdilieone backbone surpasses that of most
dienic elastomers. However degradative processpsaapvhen used for long term in outdoor
conditions hence, it is important to identify thenpipal factors involved, so that degradation
prevention can be applied.

The photochemical behaviour of polydimethylsiloxaeDMS) oil has been examined
previously [1-4]. Y. Israelet al. have focussed in particular on the photoreactioftthe main
substituent groups used in the silicone field. Brmtidations of PDMS oil with various content
of hydride SiH, vinyl (in the polymer chain or &etend of the chain), dimethylene —£EH,— ,
methine —CHCH-, MePh and Phgroups have been studied. In the case of SiHesiic
hydroperoxides are primarily formed and result fraadical attack on the Si-H bonds. These
unstable hydroperoxides are transformed essentrdlysilanols. SiH-PDMS is rather unstable
in comparison with PDMS. The behaviour of SiH-PDM&pends weakly on the SiH content but
strongly on the position on the SiH group. When §idups are located at the end of the chain,
the oxidation rate is fairly high probably becan$good accessibility of the reactive groups [1].
In the case of vinyl-PDMS the oxidation rates anedr than those observed in the case of SiH-
PDMS [2]. Chain scission and direct oxidation o thinyl group lead to a very complex mixture
of photoproducts. The scission of Si-vinyl bondraedo be the main reaction. PDMS formed by
hydrosilylation reactions containing dimethylenel anethine groups [2] have similar oxidation
rates of vinyl-PDMS. Thermal stability up to 2002& can be further improved by the

substitution of methyl groups by phenyl groups [Bhe estimation of cross-linking of crude
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silicone (.e. without cross-linking agent) upon photoageing walso investigated with
techniques such as densimetry and hardness meanisefh]. The stability towards oxidation
was confirmed and unexpected facility to cross-liplon ageing was detected.

N.Grassieet al. have reported on the thermal stability of PDM3®0°C under vacuum [6]. The
incorporation of methyl-phenyl siloxane or diphesylbxane as a copolymer with PDMS has
been shown to increase the onset temperature ohdigpn to nearly 400°C [7]. G. Deshpande
and M.E. Rezac have shown that the decompositiodugts of vinyl terminated PDMS after
inert atmosphere thermal degradation at 364°C wanacipally the cyclic oligomers
hexamethyltrisiloxane and octamethyltetrasiloxane. The degradation of
polydimethyldiphenylsiloxane resulted in the saroaditions in the evolution of benzene in the
initial stages of the reaction [8]. A kinetic studyas proposed on the same materials by
thermogravimetric analysis from 300°C to 925°C [Bhermal degradation of PDMS have also
been studied by G. Camired al[10,11]. Thermal oxidative degradation in the preseof air
gives results much different from the decompositiomitrogen. Kinetic treatment shows that
PDMS thermal volatilization, as rate of heating reeses, becomes dominated by rate of
diffusion and evaporation of oligomers producedterdecomposition [10]. The products of the
thermal degradation are essentially determinechéyteémperature and the heating rate [11]. Gel
Permeation Chromatography separates the molecalesdbon their hydrodynamic volumes
eluting large molecules from the column before $iealler ones. The increase in molecular
weight upon y- radiolysis of polydimethylsiloxane has been réparby Hill et al [12]. They
observed that the total yields for cross linkingggominates over those for scission at all
temperatures for radiolysis under vacuum. Wherotgsis was carried out in air at 303K cross-
linking was predominant but the nett yield of crisking was much less than that observed for
radiolysis under vacuum. Howard Thomes al. have studied the molecular weight and
molecular weight distribution changes taking plab@ing isothermal depolymerization of
PDMS [13]. The residue left upon thermal depolymation had lower molecular weight due to
formation of cyclic dimethylsiloxanes and a broadwrlecular weight distribution as compared
to the initial material. Hydroxy end blocked PDM$am isothermal investigation below the
depolymerization temperature have shown an incrieas®lecular weight due to intermolecular
condensation of terminal hydroxy groups leadingruss-linking. Similar studies on molecular
weight changes in model linear PDMS at 200°C in a@re minimal upto 310 hours of

oxidation, while a significant increase in,Mas measured after 1760 ho[k4].
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We have focussed our study on crude PDMS (withiieasand any additives, uncross-linked)

to have a better understanding of the long ternatielr of the resin and correlations between
physical properties, chemical structure and age@wmpetitive ways of degradation such as
oxidation, cross-linking and chain scission will #iscussed to have a better understanding of

the degradation mechanism.

2 EXPERIMENTAL

2-1- Materials

All polysiloxanes used for this study were providsdSP (Scientific Polymer Products). The
differences and the initial characterization ofesepolysiloxanes are shown in Table 1. Most of
samples are PDMS hydroxy or acetoxy terminated.e®ldar weights (M) were in the range
between 9400 and 115000 g/mol. Two samples PM@&B/rhethyloctadecylsiloxane) and

PMTS (polymethyltetradecylsiloxane) were chosertlieir specific chemical structure.

Polymer | Terminal group Mw (g/mol Density (g/ml) fReence
PDMS 115 000 0.976 (25°C) S1
PDMS dihydroxy 110 000 0.975 (20°C S2
PDMS dihydroxy 90 000 0.98 S3
PDMS acetoxy 36 000 0.98 S4
PDMS methyldiacetoxy 36 000 1 S5
PMOS 11 000 0.886 S6
PMTS 9400 0.89 S7

Table 1 : Analytical data for the ugealysiloxanes, given by $p
2-2- Ageings
An accelerated photoageing is carried out usingrtiagliation device (SEPAP 12/24-ATLAS)
which has been described previously [15]. The systecharacterised by the source, medium
pressure Hg lamps filtered with borosilicate enpel@\>300 nm) and by careful control of the
temperature with a thermocouple in close contattt mme of the samples. Samples are rotated at
a constant distance (20 cm) from the sources. ahwpkes were irradiated at 60°C in a SEPAP
chamber equipped with four lamps. Polysiloxaneseweainly liquids and irradiated in small
glass tubes. We used an aerated oven (MEMMERTth&mmal exposure at 60°C or 100°C. We

finally used dessicators to carry out polluted agsj such as nitric acid vapours or sulphuric

67



acid vapours at room temperature. Sulphuric acBP4)9 nitric acid (68%) were products
purchased from Prolabo (VWR).

2-3- Analytical tools

The chemical changes upon irradiation were followsd FTIR-ATR (Attenuated Total
Reflectance) spectroscopy with a Nicolet Impact 49§tem. A Thunderdome accessory with
germanium crystal was used. We analyze the sudipelysiloxanes upto a few micrometers.
The soluble fraction of crude silicone has beenrattarised by densimetry. Density
measurements were done with an accurate vibratamgicheter tube (Anton Paar DMA 58,
accuracy better than 0.00001 gRnSolutions of crude silicone rubber formulatidrefore and
after irradiation) were prepared in cyclohexanehvitie same ratio mass of polymer/ solvent
volume and hermetically sealed during 48 hog@msaterial amount 0.165g in 5 ml of
cyclohexane). After this equilibrium period two fititers solution was taken from the liquid
phase which represents the sol fraction and ardys20°C.

Size exclusion Chromatography measurements weréedaout using a Viscotek instrument
having universal calibration. Two types of detestarere used a viscosimetric detector and a
refractive index detector. The mobile phase usesl MRALC grade toluene with a flow rate of 1
ml/min and separation was achieved using a GMHklra. The calibration curve was obtained
using polystyrene standards. Solutions were fitteheough 0.@m filters before being injected
into the column.

A number of chemical methods are used for idemiifom of hydroxyl and carbonyl groups
(oxidation products) by FTIR spectroscopy. We asmlyhe samples before and after the
chemical treatment to observe the new bands apgeand the old bands disappearing after the
treatment to understand the transformations takilage. The samples were exposed tq SF
(sulphur tetrafluoride) (Fluka) gas at room tempaein Teflon reactor. The gas is allowed to
pass in the reactor for 2-3 minutes and then gemled off for 2 hrs to allow the reaction to
proceed. Carboxylic acids are known to react wih t8 give acyl fluorides (RCOF). The acyl
fluorides are characterised by a distinct IR ahbsomnpband in the range 1810-1845 cm. The
NH;s treatment is also carried out in the same mann&Fabut the sealing times for it is 15-24
hours. The ammonia reacts with carboxylic acidsd athlorides and esters to give the

corresponding ammonium salts and amides.
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Absorbance

3 RESULTS AND DISCUSSION

3-1- FTIR spectroscopy results

FTIR-ATR spectroscopy was used to compare polyai@s and to detect their resistance
towards oxidation. The different spectra obtain@druaccelerated artificial photo-ageing or
thermal ageing are quite similar to the initial sjpem (for unaged sample) even for long time
exposure till 10,000 hours in oven or irradiatioevide (figure 1). No significant oxidative
products can be detected for samples S1, S2, S81&85, which are PDMS.

The spectra of PMOS (S6) et PMTS (S7) are quitkemint. The presence of aliphatic carbon
chain is clearly detected with new bands at 298802and 1470 crh

0,18~ ‘
0,16+
0,141 I

0,12+

S1 Th 60 days
S2 Th 60 days
o0s] S3 Th 60 days
': S4 Th 60 days
I S5 Th 60 days

S7 Th 10 days
S6 Th 10 days

n e LPR A
0,02 7w Mﬁ Mj
40-60 " s 30 2500 2000 1500 T

Wavenumber (cif)

0,10~

0,06~

Figure 1: FTIR-ATR spectra for the seven referer{@sS7) after thermal ageing at 100°C

Oxidation products for S6 and S7 in the carbongoaption area were detected after thermal or
photochemical ageing. Figures 2A and 2B give thwidel results for S6 and S7. The two
samples showed very similar IR changes which casub@marized as follows: the formation of
two distinct absorption bands at 1710 and 1735, cwhich could be mainly assigned to
carboxylic acid and ketones. This kind of oxidatisnusual with hydrocarbon chain. The
chemical structure of S6 and S7 allows to haveeaifip behaviour towards ageing and specific
properties. The pendant carbon chain on these ifmigses reacted like a polyethylene. A

comparison of thermo-oxidation kinetics (figure 2§lyes an induction period for S6 and S7 45
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hours and 75 hours respectively at 100°C. No okidas detected for upto 400 hours after low
temperature thermal ageing (60°C) and also aftetgahgeing (SEPAP) for both S6 and S7. The
difference of induction period for thermal exposume 100°C and photo-ageing is quite
surprising as compared with other polymers (polyletire, polypropylene...).

It has been already shown that the crude PDMSJ&3)not oxidized after photochemical [1-4]
thermal ageing or acid treatment (nitric or sulpt)urL6].
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Figure 2: FTIR-ATR spectra upon thermo-oxidatiori@0°C ; A- Carbonyl absorption area for
S6; B- Carbonyl absorption area for S7 (times: T§0,hrs, 100 hrs, 150 hrs, 200 hrs, 250 hrs,
300 hrs, 350 hrs)
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We checked that the results were identical for$,S4 and S5. This means that the terminal
chain (hydroxy, acetoxy or methyldiacetoxy) on PDMNI&s not affect the ability to oxidize.
The behaviour of S6 and S7 was again different undec acid vapours. Figure 3 shows the
specific results for S6. The appearance of sevesalds at 1540 and 1650 ¢nis clearly
detected and due to nitration products. There isoriglation after sulphuric acid vapour
exposure. Vapour pressure of nitric acid is 8 mnHgfat 20°C while the vapour pressure of
sulphuric acid is 1 mm of Hg at 145°C only. Thifetience of vapour pressure is probably the

reason for the samples reacting easily with négitl, as compared with sulphuric acid.
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Figure 3 : FTIR-ATR spectra upon nitric acid treaimt for S6 (PMOS)
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3-2- Chemical treatments

Sk, treatment was carried out on aged samples. Mvalto detect specific oxidation products on
aged samples S6 and S7. Acids (1710"cmere formed upon thermal-ageing and nitric acid
treatment as shown on figures 4A and 4B and wamsformed in acid fluorides (1840 €jn
with SF,. The same results were observed for S7. The pdllageing with nitric acid vapours
for samples S6 and S7 gave oxidation (acids) atrdtioin products. Nkltreatment (fig. 4B)

allowed also to determine the presence of acids.
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Figure 4: FTIR spectra A - SF4 treatment on sampk (thermo-aged); B- SF4 and NH3
treatments on sample S6 (after nitric acid ageing).

3-3- Density measurements
The densimetry was then used to follow the evergehformation. The crude polymer is at the

beginning completely soluble in cyclohexane, dgnisithen maximum before irradiation. After
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Density(g/cm®)

a few hours of irradiation we observed the formatad a gel insoluble in cyclohexane. By

measuring the density loss of the soluble partyiclahexane we can follow the branching of

silicone formulation particularly before the gelimio Reproducible measurements were made in

each case. Figure 5A represents the estimatiorewnsity for S3 after photochemical, thermal

ageing and acid treatment. The three curves olutagme rather similar and show a rapid

decrease of density during the first hours of expasSimilar results were observed for all

PDMS. But no significant decrease of density waseoked for S6 and S7 upon irradiation in

comparison to other samples (fig. 5B). This protheg hydroxy or acetoxy terminated PDMS

are quickly cross-linked by ageing (in absenceuning agent such as peroxide). During the first

hours of irradiation a gel fraction is observededwork has been formed. The chains included

in the network gave a gel fraction insoluble in lopexane. The density of the soluble part

decreased as a consequence. After longer timeBg@®), we can observe a small increase of

density, attributed to chain scissions, before higwra stationary state. No induction period is

seen for this cross-linking reactions.
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Figure 5: Densimetry results with cyclohexang=( 0.77858 g/ml); A- Comparison of
photochemical (SEPAP), thermal ageings (60°C) anulicnacid treatment for S3; B-
Comparison of all the samples after thermal ageing.

3-4- SEC results

For all the samples the changes in the moleculaghwefter various types of ageings was

analysed by SEC. All the references showed an aserén molecular weight (weight average

molecular weight M and number average molecular weighf) Mfter photo-ageing and nitric

acid vapour exposure after a few hours of exposihe.increase in molecular weight was very
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rapid and almost double for the PDMS samples (Ag @B). However there is no important
change in the molecular weight of soluble partratftermal ageing at 60°C or 100°C for 20 to
75 hours. It means that the behaviour of PDMS ifertint under thermal or photochemical
ageing. We observed that the areas of SEC peakes iwenreased during ageings for the same
sample concentration. It means that chain scigs@inmly operated after 20 hours. Chain scission
are favoured upon thermal ageing, in comparisoh pftoto-ageing. The increase in molecular
weight of soluble parts indicates that photo-ageingd nitric acid vapour exposure leads both to
cross-linking and chain scission of the polymer.

We can also see that the hydroxy and acetoxy taingimoups almost have a similar effect for
cross-linking reactions. The changes in moleculaigin for S7 and S8 were not significative
because of the initial low molecular weight. Thiadk of experiments only analyse the soluble
fraction (like for densimetry) hence it is possiliat a weak part of the strongly cross-linked
material could be left on the filter and hence aiwdlysed. To have a better understanding of the

cross-linking level DSC was used in another pap8F. [
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Figure 6: GPC results using toluene as solvent; &wparison of changes in molecular weight
upon various ageing for S2; B-Comparison of charigesolecular weight upon various ageing
for S4.

Conclusion

We can conclude that the main backbone substitatimhterminal groups play an important role
in the properties of polysiloxanes. We have sumredriall the results in Table 2. It allows us to
give structure-property relationships. Percentagestallinity was determined by DSC [18].

Cross-linking is favoured in amorphous part of mats. S4 and S5 presented a decrease in
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cristallinity upon ageing. After GPC experiments @an suggest that this phenomenon can be
correlated to a higher cross-linkink level for $# &5, compared to S1, S2 and S3.

The presence of carbon chain in the backbone mtkeasceptible to oxidation. The stability of
the polysiloxanes without carbon chain towards ati@h is confirmed after the various ageings.
The five PDMS show almost similar behaviour uporiag showing only cross-linking and
chain scission reactions. With densimetry we showed cross-linking reactions took place
during the first four hours of ageing. With GPC wieserved that the long term behaviour of
PDMS is rather different upon thermal and photodbamageings after 20 hours. Thermal
ageing favoured mainly chain scission. Photo-agémiyiced both chain scission and cross-
linking reactions.

The behaviour of classical dienic elastomers iseqdifferent as they have competitive schemes
for degradation oxidation/cross-linking operatingngltaneously. In the case of polysiloxanes
we only have one way either cross-linking, or okimia An opposite behaviour is found for the
samples S6 and S7, which presented a mechanismowiation. It means that cross-linking
appears preferentially with methyl groups on PMO@& #MTS and PDMS (see scheme 1).
Different experiments by Nuclear Magnetic Resongipeceton and carbon 13) were carried out
to analyze the evolution of bridges during ageimgf, were unsuccessfull probably because of
the very low content of CHCH; bridges.

Ref | Mw (g/mol) Chemical structure Initial Cristadity | Oxydation| Cross-linking
S1 115 000 PDMS Approx. 10 % No Yes
S2 110 000 PDMS - hydroxy 15 % No Yes
S3 90 000 PDMS - hydroxy 20 % No Yes
S4 36 000 PDMS - diacetoxy 55 % No Yes
S5 36 000 PDMS - methylacetoxy 55 % No Yes
S6 11 000 PMOS Amorphous Yes No
S7 9 400 PMTS Semi-crystalling Yes No

Table 2 : Structure-property relationships
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Publication — Il

Comparision of thermal properties and crystali@abehaviour of polysiloxanes

Abstract

The comparision between physical properties ananaa structure of several polysiloxanes

(polydimethylsiloxane with different terminal grouppolymethyloctadecylsiloxane and

polymethyltetradecylsiloxane) was studied. Using thermogravimetric technique (TGA) we

could differentiate the thermal stability of thelysiloxanes in presence of oxygen, nitrogen and
after ageing. TGA coupled with IR spectroscopy va#d us to distinguish volatile products

resulting from decomposition. Photo-DSC was alsedus study the effect of photo-ageing on
the crystallization of the polysiloxanes. The résgl cross-linking or chain scissions are also
investigated.

N. S. Tomer, F. Delor-Jestin, and J. Lacoste

1 INTRODUCTION

The stability of polysiloxanes at high temperataral its resistance to oxidation due to
the higher bonding energy of the Si-O siloxane bandvell known. They can retain their
elasticity and mechanical properties over a widgeaof temperature. These properties have led
polysiloxanes to be used for a wide range of intalsapplications.
Detailed information on the thermal degradationlioéar polydimethylsiloxane (PDMS) has
then been obtained by studying the products reguitom exposing the polymers to a variety of
conditions that lead to depolymerization [1]. Tllexane bond is the only bond involved in the
depolymerisation process, while in the degradapimtess in oxygen, all the bonds are typically
involved. N. Grassieet al. have reported on the thermal stability of PDMS3GD°C under
vacuum [2]. The incorporation of methyl-phenyl géme or diphenyl siloxane as a copolymer
with PDMS has been shown to increase the onsetetexrtyse of degradation to nearly 400°C
[3]. G. Deshpande and M. E. Rezac have shown timatdecomposition products of vinyl
terminated PDMS after inert atmosphere thermal atfiion at 364°C were principally the
cyclic oligomers hexamethyltrisiloxane and octarghétrasiloxane. The degradation of
polydimethyldiphenylsiloxane in the same conditioesulted in the evolution of benzene in the
initial stages of the reaction [4]. A kinetic studyas proposed on the same material by
thermogravimetric analysis from 300°C to 925°C [Bhermal degradation of PDMS have also
been studied by G. Camiret al[6,7]. Thermal oxidative degradation in the present air
gives results much different from the decompositiomitrogen. Kinetic treatment shows that
PDMS thermal volatilization, as rate of heating reases becomes dominated by rate of
diffusion and evaporation of oligomers producediterdecomposition [6]. The products of the

thermal degradation are dependant on two paramétersemperature and the heating rate [7].

78



Model PDMS subjected to thermal weathering at 20@RC air circulating oven) were
characterized by gel permeation chromatography L8ks of average molecular weight and
broadening of molecular weight distributions waseted. The thermal degradation seems to
proceed by a mechanism where chain scission preddes at the beginning, contrary to what is
seen iny-irradiation of PDMS.

Y. Israeliet al. have examined the photochemical behaviour of palgthylsiloxane (PDMS)
[9-12]. Photo-oxidations of PDMS oils with variou®ntent of hydride SiH, vinyl (in the
polymer chain or at the end of the chain), dimethgl —-CH-CH,— , methine —-CHCH-, MePh
and Ph groups have been studied. The evaluation of dnokisig of silicone upon photoageing
was also investigated with techniques such as ohatsi and hardness measurements [13]. The
stability towards oxidation was confirmed and urestpd facility to cross-link upon ageing was
detected.

There are very few papers in the literature for pmeperties of crude polysiloxanes
(without silica and any additives, uncross-linkedle have focussed our study on several crude
polysiloxanes (polydimethylsiloxane with differenterminal group, polymethylocta-
decylsiloxane and polymethyltetradecylsiloxane)have a better understanding of structure-
property relationships. We have compared the thiepmgerties of the different polysiloxanes
and the volatile products emitted during thermajredation. We have given new results on the
long term behaviour of these specific elastomegs.uBing photo-DSC (Differential Scanning
Calorimetry) a new technique which allows to measuhsitu the changes in thermal transitions
taking place upon photo-ageing in DSC furnace, e@ort on the crystallization behaviour of

polysiloxanes.

2 EXPERIMENTAL
2-1- Materials

All polysiloxanes used for this study were providsdSg (Scientific Polymer Products,
USA). The differences and the initial character@abf seven polysiloxanes are shown in Table
1. Most of samples are PDMS (-(gk5iO-) hydroxy or acetoxy terminated. Molecular wegy
(My) were in the range between 9400 and 115000 g/nmieéo samples PMOS
(polymethyloctadecylsiloxane, -(GHC,sH37)SiO-) and
PMTS (polymethyltetradecylsiloxane, -(GKCi14H20)SiO-) were chosen for their specific
chemical structure. Nitric acid (68%) was produatghmased from Prolabo (VWR).
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Polymer Reference Catalogl Terminal group | Mw (g/mol)| Density (g/cG
Number
PDMS S1 145 115 000 0.976 (25°Q)
PDMS S2 807 dihydroxy 110 000 0.975 (20°C)
PDMS S3 870 dihydroxy 90 000 0.98
PDMS S4 808 acetoxy 36 000 0.98
PDMS S5 809 methyldiacetoxy 36 000 1
PMOS S6 798 11 000 0.886
PMTS S7 799 9400 0.89

Table 1 : Analytical data for the used polysiloxangiven by Sp

2-2- Ageings

An accelerated photoageing is used. The irradiatievice (SEPAP 12-24) has been
described previously [14]. The system is charasterby the source, medium pressure Hg lamps
filtered with borosilicate envelop@%¥300 nm) and by careful control of the temperatuith a
thermocouple in close contact with one of the saspSamples are rotated at a constant
distance (20 cm) from the sources. The samples in@a@iated at 60°C in a SEPAP chamber
equipped with four lamps. Polysiloxanes were iti@éid in small glass tubes. The photo-DSC
system was also used for direict-situ irradiation (see 2-3). We used an aerated oven
(MEMMERT) for thermal exposure at 100°C or 60°C. Wwelly used laboratory dessicator to

carry out polluted ageing with nitric acid vapoatsoom temperature.

2-3- Analytical tools

TGA-FTIR (Mettler Toledo TGA/SDTA851 — Nicolet Neguwas used to study the
thermal stability of the materials. The gases cgpfiom TGA are transfered through a heating
tube in a gas cell and characterized by FTIR spsctipy. The temperature programme was a
dynamic segment from 25° to 700°C at the rate JdiIC2@inute under oxygen or nitrogen
(40ml/min). The IR experiments were done every r@nduring the entire thermogravimetric
program.
Photo-DSC was then used to characterize the ewalafi crystallinity during ageing. A Mettler
Toledo DSC822 apparatus, equipped with an Intr&scmhd a liquid nitrogen cooling set was
used. It allows working between 500°C and -150°@hvé scanning temperature rate from
0.1°C/h to 50°C/min. Indium (156.61°C), zinc (4186) and heptane (-90.61°C) were used to
calibrate this apparatus. A Hamamatsu light geperaquipped with a “Lightningcure LC6”

source (Xe/Hg, “medium pressure”) was affixed te ISC device [15]. The light generator is
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servo-controlled by the DSC software (STARe) whigbrmits a choice of both the light
intensity from 0 to 324 mW/cfrand the duration of the irradiation. Two identifiabr bundles
supply the irradiation light both to sample anderehce DSC pans. The source is filtered by
sapphire disks to deliver wavelenghts longer th@@ B8m, which is representive of outdoor
ageing. The different intensities tested were:316,68 and 146 mW/cm

The enthalpies of fusioAHy, reported in the literature for crystalline linADMS are in the
range 30-36 J:J[1].

3 RESULTS AND DISCUSSION
3-1- TGA-FTIR results
The thermal stability of polysiloxanes has beeresssd in oxygen atmosphere and in nitrogen

atmosphere. In Table 2 we have summarized the TESAlts for all the polysiloxanes.

Under oxygen Under Nitrogen
Reference Temperature off Total weight loss % Temperature of Total weight loss %
onset of (average value onset of (average value

degradation(°C +/- 2%) degradation(°C +/- 2%)
S1 340 51% 400 93%
S2 340 42% 400 85%
S3 340 45% 400 85%
S4 350 82% 410 96%
S5 300 42% 390 93%
S6 220 88% 230 95%
S7 220 81% 230 90%

Table 2 : Total weight loss after TGA of polysiloga (before ageing)

We observed that the thermal stabilities of sami8&s S2 and S3 were identical as their
temperature for onset of degradation and total midigss were similar. In oxygen atmosphere
degradation takes place in one step due to decatigoosf Si-O-Si backbone (figure 1A).
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Figure 1: TGA curves under oxygen A-S2 (PDMS hydraxminated); B-S4 (PDMS acetoxy
terminated); C-S5 (PDMS methyldiacetoxy termingtBd$6 (PMOS)

The volatile products emitted during the coursdexradation were monitored after
every one minute interval using FTIR spectrosc@slow 340°C water and carbon dioxide are

observed by FTIR while above this temperature nmetlaand oligomers of polysiloxanes passed

(figure 2).
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Figure 2: IR spectrum of volatile products after AGf S2 above 340°C

At higher temperatures silicon atom in polydimésiigxane uses its vacant 3d orbitals to form
energetically favorable transition states leadmd@ormation of cyclic oligomers and shortening
of chains [1]. The weight loss of S1, S2 and S3 Veager in oxygen atmosphere due to
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formation of products which are thermally stablehigther temperature. The thermal stabilities
of reference S4 and S5 having similar terminatioveye not identical (figures 1B, 1C).
Reference S4 having acetoxy termination was the stable PDMS while reference S5 having
methyldiacetoxy termination was the weakest PDMBe Weight loss for reference S4 was
more than S5 in oxygen atmosphere indicating ti@ptoduct formed on its decomposition was
thermally unstable. The thermal decomposition térence S4 takes place in one step while that
of S5 takes place in two steps this indicates thatmechanisms of their decompositions are
different. The FTIR analysis of volatile productk reference S5 showed acetaldehyde as a
major product below 330°C due to which there iseardase in its thermal stability. Figure 3A
gives the evolution of volatile products upon tirfigure 3B gives the IR result after 25 minutes
and figure 3C precises the assignment of produltiereafter oligomers of siloxanes were
emitted as in other PDMS. In case of reference 8dtakehyde is emitted at higher
temperatures. This shows that the terminal gro@y® la very important effect on the thermal
stabilities of PDMS.
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Figure 3 A: Waterfall spectra of volatile produdts S5 between 23-330°C (every minute)
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Figure 3C: Library data for the identification ofgducts in previous spectrum

Reference S6 and S7 are the thermally weakestijmigiaes as their decomposition began at
220°C (figure 1D). This is due to replacement of;@fbup by an alkane chain on the Si in the
main chain. Reference S6 having a longer alkana ceowed more weight loss in presence of
oxygen than S7 having a shorter alkane chain. THR Bpectra of the emitted products of both
references S6 and S7 were similar. The IR speét&h dfigure 4) shows the presence of carbon
dioxide, water, siloxane oligomers and hydrocarbons

The thermal stability of polysiloxanes increasesewithey have a methyl substitution on
silicone. Oxygen catalyses the onset of degraddtorall the polysiloxanes while a delay in
onset temperature of degradation in presence ofgeh is observed. However the products

formed in nitrogen were thermally unstable henay thave more weight loss. The degradation
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in presence of oxygen started at 365°C for bothstimaples S2 and S3 while in the presence of
nitrogen it was 450°C (figure 5A). The degradatdrs6 started at 225°C in presence of oxygen
and at 250°C in presence of nitrogen (figure 5B)e Tormation of silica was favoured in the

case of thermal decomposition under oxygen, spgd@ PDMS S1, S2, S3 and Sb5.
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Figure 4: IR spectrum of volatile products after AGf S6 above 340°C
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Figure 5: Comparison of TGA curves under nitrogemxygen; A-S3 ; B-S6

Complementary TGA experiments under oxygen wergethout after thermal ageing at
100°C or nitric acid treatment. The aged samplethefpolysiloxanes gave similar curves as
initial samples. The temperature of onset of deafiad was 325°C after previous ageing,
instead of 340°C for unaged S2 (see Table 3). There a decrease in the weight loss after

ageing. We can suggest that aged samples wereams® linked, hence the decomposition was

not favoured.

Reference| Temperature ¢of Total weight loss Temperature ofl Total weight loss
onset of after thermal ageing (%)  onset of after nitric acid
degradation (°C degradation (°C) ageing (%)
S1 327 47% 328 45%
S2 325 37% 325 34%
S3 328 41% 327 38%
S4 335 75% 334 73%
S5 290 38% 291 35%
S6 215 82% 214 79%
S7 215 77% 214 74%

Table 3 : Total weight loss after TGA of polysiloga after thermal ageing at 100°C or nitric

acid treatment for 5 days.
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3-2- DSC and photo-DSC results

Crystallinity was estimated for each sample with&urves. The value of the enthalpy of
fusion AHy, = 37.4 J/g for crystalline linear PDMS was use@][Figure 6 shows the DSC
thermograms obtained for unirradiated S2 and S3yTshow an exothermic peak, two
endothermic peaks and a glass transition. The @lassition appears around -123 °C for both
the samples, thus it does not depend on the malegwtight. However the recrystallisation
appears at a slightly lower temperature for S3°E€J3vhich has lower molecular weight than S2
(-70°C). This is in agreement with results publghearlier [16], the location of the cold
crystallization peak (after fast cooling) depends molecular weight and appears at lower
temperature for shorter chains of PDMS. Multiplel@hermic peaks are typically exhibited in
the measured DSC thermograms of a variety of palgnmaterials. Three possible causes of
this phenomenon could be given: differences in taflje size distribution, melting-
recrystallization of the original crystallites atiekir subsequent melting and different crystalline
forms of the polymer [1]. In DSC studies of PDMS drb networks however, only one
crystalline melting peak was observed suggestilag te junction points inhibit the melting-
recrystallization of the original crystallites atitht is therefore the likely source of the double
endothermic peak. This is also consistent withféloe that only one type of crystal structure has
been reported for linear PDMS.
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Figure 6: DSC thermograms of S2 and S3
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The crystallinity is measured using the formula:
o =A H¢/ AHf100 %

wherea is crystallinity, AH ; is measured melting enthalp$H ¢ 1000 IS the value for 100
percent crystalline sampléKly, = 37.4 J/g).
The crystallinity of S1, S2 and S3, samples witihkr molecular weight was between 10% and
20%. S4 and S5 were more crystalline (approx. 3@)6@ur results were logical as compared
to results published [16]. The ratio of the colgstallization peak decreases with decreasing
molecular weight. Shorter chains have larger mybénd thus they can form more crystals and
in large proportion than higher molecular weightN?® S6 was amorphous while S7 was semi-
crystalline. The crystallinity ratio could not betdrmined for S7 because the value of reference
enthalpy was not found in literature. The recrysation onset temperature was quite different
(12°C) from other samples, due to the specific dhahstructure and the low molecular weight.

We used photo-DSC to follow the changes in the padilcrystallisation of PDMS upon
irradiation. All the irradiations were performedéft°C, and we used 4 different intensities for it.
We also carried out DSC experiments after photorggen SEPAP and thermal exposure in
oven for comparison. Figure 7A shows the DSC cumte31 mW/cr for S2. We noticed an
increase in the surface area of the recrystilbsapeak and its shift towards lower temperature
upon irradiation (between -70°C and -95°C).

— 15
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- T T T -15
”’l’feé} 50 -100 -50 0 50 100

Temperature (°C)

Figure 7 A: Photo-DSC thermograms after irradiatian31 mW/crhat 60°C £>300nm)
(initial, 30, 60, 90, 120, 150 and 180 min); foR S

89



In figure 7B we have shown the DSC curve of Shatdame intensity and cooling rate.
We noticed similar phenomena for the recrystallisatpeak. The cold crystallisation peak
(always observed with S3) decreases gradually iuigdiation for 30 minutes and then starts
increasing and shifts towards lower temperatur@rd@fis no change in the endothermic peak of
S3 after irradiation. The crystallisation temperatis affected by irradiation, this reflects the
growth rates and nucleation of the crystallitese Técrystallisation onset temperature for S3 was
-74°C initially, but it changed to it was — 102°@ea 180 min of irradiation. The decrease in the
temperature of crystallisation with irradiation icates there is cross-linking or chain scission.
The crystallisation behaviour of polydimethylsilmeadepends on the molecular weight and the
chemical structure. There is a rapid increase &land S3) or decrease (S4 and S5) in the
crystallinity percentage upon irradiation. The s@apS4 and S5 which are 55% crystalline
presented a decrease of crystallinity upon ageiagg,the recrystallisation temperature shifted
towards lower temperature (from -68°C to -80°C atBN/cnf for S5).

Heat Flow (mW)

Temperature (°C)

Figure 7 B: Photo-DSC thermograms after irradiatian31 mW/crhat 60°C £>300nm
(initial, 30, 60, 90, 120, 150 and 180 min); for S3
In figure 8 we have compared the changes in ciligtibn at different intensities for S3. We
have observed that change in crystallinity byriedrageing is negligible at 60°C hence all the
crystallinity changes are due to the photo-ageihgnpmena. There is an acceleration of

crystallinity change with increase in the intengifylight in photo-DSC device. The observed
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evolution with the intensity 146 mW/cémvas drastic compared to irradiation in SEPAP er th
other intensities (16 to 76 mW/&nSimilar results were obtained for S2 and S1 (sinsame
crystallinity and molecular weights). S4 and S5spreed an opposite behaviour in terms of
crystallinity change upon ageing (fig 7 C).
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Figure 7 C: Photo-DSC thermograms after irradiatian31 mW/crhat 60°C £>300nm

(initial, 30, 60, 90 mins); for S 5

Crystallinity yield after 180 min of irradiation waaround 15%. Cross-linked chains can not be
very active in the formation of crystallites. Whiie crystallinity increases upon ageing it means
that the degradation of polysiloxanes proceeds Imanchain scission.
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Figure 8 : Comparison of changes in crystallinititwdifferent ageings for S3
(irradiation by photo-DSC, SEPAP, thermal agein@@tC)
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Conclusion

The crystallisation behaviour of polydimethylsilomeadepends on the molecular weight and the
chemical structure. There is a rapid increase &land S3) or decrease (S4 and S5) in the
crystallinity with photo-ageing. Chain scission oes mainly when the cristallinity increases.
We have summarized all the results in Table 4.llkws us to give structure-property
relationships. The decrease in the temperatureystatlisation with irradiation indicates there is
cross-linking or chain scission. The thermal stgbdf polysiloxanes increases when they have
a methyl substitution on silicone compared to hightkane group. The stability towards
oxidation of the polysiloxanes without long carbdmain in the backbone was confirmed after
the various ageings [17]. The volatile productsspagat low temperatures were carbon dioxide
and water for all the polysiloxanes. At higher tergiure oligomers of silicone were detected
for S1,S2,S3 with an addition of acetaldehyde #yrSb and hydrocarbons for S6, S7. The five
PDMS are almost similar for crystallinity yield artiermal behaviour upon ageing. The
competitive scheme for degradation oxidation/clogsng operates simultaneously in the case
of dienic elastomers. In the case of polysiloxawesonly have one major way either cross-
linking, or oxidation. The five first samples shawenly cross-linking or chain scission
reactions. A opposite behaviour is found for thengles S6 and S7, which presented a

mechanism with oxidation.

Ref | Mw (g/mol) Chemical structure Initial Crystaiifiy | Recrystallisation onset temperature
S1 115 000 PDMS Approx. 10 % -82°C

S2 110 000 PDMS - hydroxy 15% -70°C

S3 90 000 PDMS - hydroxy 20 % -73°C

S4 36 000 PDMS - acetoxy 55 % -68°C

S5 36 000 PDMS - methyldiacetoxy 55 % -68°C

S6 11 000 PMOS Amorphous

S7 9400 PMTS Semi-crystalling 12°C

Table 4 : Structure-thermal property-crystallinitylationships

92



References

1. Clarson SJ., Semlyen JA.; Siloxane polymerss EHbrwood—PTR Prentice Hall; 216-240;
1993.

. Grassie N., Francey KF., Macfarlane IG.; Polyegiad and Stab; 2; 67-83; 1980.

. Yilgol 1., Yilgol E., Polym Bulletin; 40; 525-53 1998.

. Deshpande G., Rezac ME.; Polym Degrad and 3tgl863-370; 2001.

. Deshpande G., Rezac ME., Polym Degrad and 36H;7-24; 2002.

. Camino G., Lomakin SM., Lazzari M.; Polymer; 2395-2402; 2001.

. Camino G., Lomakin SM., Lazzari M.; Polymer; 2811-2015; 2002.

. Valles E., Sarmoria C., Villar M., Lazzari M.hiantore O.; Polym Degrad and Stab; 69; 67-
71; 2000.

9. Israéli Y., Philippart JL., Cavezzan J., Lacaktd_emaire J.; Polym Degrad and Stab; 36;
179-185; 1992.

10. Israéli Y., Cavezzan J., Lacoste J.; Polym Begnd Stab; 37; 201-208; 1992.

11. Israéli Y., Lacoste J., Cavezzan J., Lemajrealym Degrad and Stab; 42; 267-279; 1993.
12. Israéli Y., Lacoste J., Cavezzan J., Lemajrealym Degrad and Stab; 47; 357-362; 1995.
13. Virlogeux F., Bianchini D., Delor Jestin F.,li#3aM., Lacoste J.; Polym International; 53;
163-168; 2004.

14. Penot G., Arnaud R., Lemaire J.; Die Angew Makol Chem; 30; 493-499; 1992.

15. Morel M., Lacoste J., Baba M.; Polymer; 46; 83282; 2005.

16. Aranguren MI.; Polymer; 39; 4897-4903; 1998.

17.Tomer NS., Delor- Jestin F., Frezet L., LacadteSubmitted to Polym. Degrad and Stab.

o N oo 0o~ WDN

93



CHAPTER 3
CONCLUSION

Sept polysiloxanes [PDMS, polydimethyl siloxane g&hantillons différents par leur
masse molaire et leur groupe terminal) — PMOS, methyl octadecyl siloxane — PMTS,
polymethyl tetradecyl siloxane] ont été caractériaa cours de vieillissements photochimique,
thermique ou sous vapeur acide.

Le premier article¢'Oxidation, chain scission and cross-linking stuslief polysiloxanes
upon ageings’donne une analyse détaillée de I'évolution chimjograce a la spectroscopie
infra-rouge avec accessoire ATR. L'étude des measdeedensité et de I'évolution de la masse
molaire (SEC) fournit une approche complémentaiurpsuivre le vieillissement de
I'élastomére. Une approche des mécanismes de adgnacest proposée. L'étude a mis en
évidence l'influence de la structure chimique deks/giloxanes sur le vieillissement. Les cing
PDMS ne s’oxydent pas mais se dégradent en dofieard des réactions de réticulation et de
scissions de chaines, en I'absence d’agent deiladtan et avec un taux de vinyl résiduel trés
faible (<1% d’aprés I'analyse RMN). On a cependaote des différences entre les mesures de
densité (qui suivent la diminution de solubilité piymeére due a la réticulation) et de SEC (qui
suit I'evolution des masses molaires dans la padieble). La détermination des ponts issus de
la réticulation a été envisagée par une analyse Ridpendant les résultats ont été infructueux,
les spectres des élastoméres vieillis étant ideesiG celui du matériau initial. Cela signifie que
les niveaux de réticulation observés restent fajlide I'ordre de quelques pourcents. Les PDMS
ne réagissent pas sous vapeur acide. En revargltelx références PMOS et PMTS se sont
dégradées. Les matériaux PMOS et PMTS se compadlifégtiemment en raison de la présence
d'une chaine carbonée pendante. Leur oxydatioremdds a celle d’'un polyéthylene. Des
produits résultant d’'une oxydation et d’une nitvatisont clairement détectés en analyse infra-
rouge.

L'article suivant ‘Comparision of thermal properties and crystallipatibehaviour of
polysiloxanes”donne une comparaison des propriétés thermiquass latstructure chimique par
analyses thermiques (DSC et ATG-IRTF). L'utilisatide la photo-DSC permet en particulier
de suivre I'évolution de la cristallisation pend&nphoto-vieillissement. Les résultats en terme
de réticulation et de coupures de chaines ont egaleété examiné. Les deux articles apportent

donc une approche complémentaire sur la dégrada¢iqrolysiloxanes crus.
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Les niveaux de réticulation observés dépendent aestiucture chimique, du
vieillissement et du taux de cristallinité initidles PDMS présentent un taux de réticulation
supérieur a celui de PMOS et PMTS sous vieillissgmee qui confirme les conclusions de
l'article. Le vieillissement thermique favorise un&iculation plus importante a terme que la
photo-oxydation. Finalement nous avons vérifié des réactions de réticulation étaient
favorisées dans les zones amorphes (et dans lesiawat initialement plus cristallins, pour

lesquels la cristallinité diminue au cours du Vigsement).
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CHAPTER 3
CONCLUSION

Seven polysiloxanes [PDMS, polydimethyl siloxaned{Berent types having different
molecular weight and terminal groups) - PMOS, paimyl octadecyl siloxane - PMTS,
polymethyl tetradecyl siloxane] were characteridadng photochemical, thermal or under acid
vapour ageings.

The article"Oxidation, chain scission and cross -linking sagliof polysiloxanes upon
ageings"gives a detailed analysis of the chemical evolytiesing the infra-red spectroscopy
with ATR accessory. The study of density measureésnand the evolution of the molar mass
(GPC) provides a complementary approach to follbes ageing of elastomer. An approach to
determine the mechanisms of degradation is propddez study highlights the influence of the
chemical structure of the polysiloxanes on agekige PDMS do not oxidize but are degraded
by cross-linking and chain scissions reactionsheabsence of cross-linking agent and with a
very low rate of vinyl residual (<1% determined B\WIR spectroscopy). We have observed
some differences between the density measuremetteh( follows the reduction in the
solubility of the polymer due to cross-linking) a&&EC (which analyses the evolution of the
molar mass of the soluble part of the polymer). @atermination of the bridges resulting from
the cross-linking was considered with NMR analykisyever the results were unfruitful, as the
spectra of the aged elastomers were identical @b dh initial material. This may due to the
reason that the levels of cross-linking observedaia low, about a few percent. The PDMS do
not react under acid vapour while the two referene®OS and PMTS were degraded. The
materials PMOS and PMTS behave differently becanisthe presence of a pendant carbon
chain in the backbone. Their oxidation resembles ¢ polyethylene. Products resulting from
oxidation and nitration are clearly detected imanfed analysis.

The next article Comparision of thermal properties and crystallipatibehaviour of
polysiloxanes”gives a comparison of the thermal properties dreical structure by thermal
analyses (DSC and TGA-FTIR). The use of photo-DSf&en it possible particularly to follow
the evolution of crystallization during photo aggimhe results of the cross-linking and chain
scission are examined.

The two articles hence show a complementary approaww the degradation of
polysiloxanes. The levels of cross-linking obserdegend on the chemical structure, the ageing

and the initial rate of crystallinity. The PDMS sha rate of cross-linking higher than that of
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PMOS and PMTS upon ageing. This confirms the canotuof the article. Thermal ageing
support a more important cross-linking in long tetnan the photo-oxidation. Finally we
checked that the reactions of cross-linking wereodiaed in the amorphous zones (and in

materials initially more crystalline, for which atallinity decreases during ageing).
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CHAPTER IV
Study of Cross-linked PDMS and
EPDM
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CHAPITRE 4
INTRODUCTION

La stabilité thermique et photochimique reconnue midysiloxanes, souvent décrite dans
la littérature, constitue un atout pour cette cattiégd’élastomeére. Cependant les formulations
pour isolateurs a base silicone exposées a deoanements séveres se dégradent en quelques
années et ne répondent plus au cahier des ch&ygasre formulations industrielles a base de
polysiloxane ou d’Ethyléne Propyléne Diéne Monom@®DM) sont étudiées. Il s’agit de
matériaux chargés et réticulés. Dans ce chapitnes momparons I'évolution des propriétés des
différentes compositions afin de mettre en éviddhinfuence des constituants et celle de la
matrice polymére sur le vieillissement, avec ddfées techniques analytiques et au cours de
vieillissements artificiels variés.

La composition des formulations a I'étude est denti@ns le chapitre 2 et dans les publications.
Trois formulations a base PDMS sont caractérisees different en raison d'un traitement

silane sur la charge Al(OK)Une seule formulation EPDM a été etudiee.

Ce chapitre donne lieu & deux publications inclugsns la thése. L’article
“Characterization of polydimethylsiloxane rubber arp photochemical, thermal, salt-fogs
ageings and exposure to acid vapouesété accepté en novembre 2005 daf®lymers Cette
troisieme publication donne une analyse détailE&é&éalolution chimique par spectroscopie IR-
ATR, une évolution de la dureté, des changementsveau de la densité de réticulation grace a
la technique de DSC couplée a la thermoporosimétriinalement une comparaison de la
stabilité thermique en fonction des vieillissememsvisagés (photochimique, thermique,

brouillard salin et vapeur acide).

L'article suivant “Cross-linking assessment after accelerated ageimgsethylene
propylene diene monomer rubbera’ été accepté damolymer Degradation and Stabilitgn
octobre 2006. Il s’agit de caractériser I'évolutida la formulation & base d’'EPDM au cours de
différents vieillissements. A la suite, une compsoa de la durabilité des différents matériaux
est proposée avant la conclusion. Des résultatpléonentaires ne figurant pas dans les deux

précédentes publications sont alors donnés.
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CHAPTER 4
INTRODUCTION

Thermal and photochemical stability of polysiloxarege well known in literature and
are considered as an asset for this category stoateer. However the formulations of insulators
having a silicone base when exposed to severecemuents are degraded in a few years and no
longer possess the desired initial properties. Faudustrial formulations containing
polysiloxanes or Ethylene Propylene Diene Mononi®[¥M) are studied. They are filled and
cross-linked materials. In this chapter, we complaeeevolution of the properties of the various
compositions in order to understand the influenicthe components and that of the polymeric
matrix on ageing, with various analytical technisjaad upon different artificial ageings.

The details of the formulations studied have begargin chapter 2 and in the two publications
in this chapter. Three formulations having PDMSebhave been characterised. They differ as a
silane treatment on the Al(Okliiller has been carried out for one of them. Cmiye formulation

of EPDM has been studied.

This chapter is in the form to two publications. eTlarticle "Characterization of
polydimethylsiloxane rubber upon photochemical s, salt-fogs ageings and exposure to
acid vapours"was accepted in November 2005&fPolymers This third publication gives a
detailed analysis of the chemical evolution by FRARR spectroscopy, an evolution of
hardness, changes in cross-linking densities caledl with DSC coupled with the
thermoporosimetry and lastly a comparision of tharmtability upon the various ageings

(photochemical, thermal, salt fog and acid vapour).

The next article“Cross-linking assessment after accelerated ageimdsethylene
propylene diene monomer rubbewas accepted ifPolymer Degradation and Stabilitin
October 2006. We have characterised the evolutigheoformulations having a base of EPDM

during various ageings.

10z



Publication - Ill

e-Polymers 2006, no. 013 K ') http://www.e-polymers.org

ISSN 1618-7229

Characterization  of  polydimethylsiloxane  rubber  upon
photochemical, thermal, salt-fog ageings and exposure to acid
vapours

F. Delor-Jestin **, N. S. Tomer %, R.P. Singh ? and J. Lacoste *

! Ecole Nationale Supérieure de Chimie de Clermont-F  errand

Laboratoire de Photochimie Moléculaire et Macromolé culaire - UMR CNRS 6505 —
Ensemble Universitaire des Cézeaux - 63177 Aubiere Cedex - France;
florence.jestin@univ-bpclermont.fr

% National Chemical Laboratory — Polymer Chemistry D ivision - Dr. Homi Bhabba

Road, Pune - 411 008- India

(Received :2 November, 2005; published: 8 May 2006)

Abstract: The changes in the chemical structure and the physical properties of a filled cross-
linked polydimethylsiloxane rubber were monitored as a function of various ageing factors. The
variables included photochemical, thermal, salt-fog ageings and exposure to acid vapours.
Unaged and aged samples were studied by IR spectroscopy, hardness measurements,
Differential Scanning Calorimetry (DSC) and thermogravimetric analysis (TGA) coupled with IR
spectroscopy. No significant oxidation was detected after all ageings, except for nitric acid
treatment. The presence of aluminium trihydrate was clearly identified as responsible for the
observed chemical changes. Then an important vulnerability of this filled silicone rubber
towards the cross-linking reactions provoked by usual ageings was also detected. The DSC-
thermoporosimetry measurements of the mesh size distribution gave a comparison of cross-
linking densities for each ageing. The complementary analysis with TGA-IR allowed us to
differenciate the thermal stability of the formulation after various ageings and to acquire new
knowledge about thermal decomposition.

Introduction

Polysiloxanes are widely used as protective surface coatings for a variety of specialized
applications. The long term behaviour of cross-linked polysiloxanes is often very
satisfactory. Compared with usual dienic elastomers, silicone rubber has outstanding
heat resistance and a low chemical reactivity. However, it is important to recognise and
identify the principal factors involved in rubber ageing so that degradation prevention
can be applied. Knowledge of the amount of change that can be tolerated over the life

of a material helps towards the determination of the lifetime expectancy.
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Literature about polydimethylsiloxane (PDMS) ageing essentially concerns the unfilled
uncross-linked polymer. The photochemical behaviour of polydimethylsiloxane (PDMS)
oil has been examined previously [1-4]. Y. Israeli et al. have focussed in particular on
the photoreactivity of the main substituent groups used in the silicone field. The other
studies deal with the thermal behaviour of polysiloxanes. N. Grassie et al. have
reported on the thermal stability of PDMS to 300C under vacuum [5]. Thermal
degradation of PDMS has also been studied by G. Camino et al.[6,7]. Thermal oxidative
degradation in the presence of air gives results much different from the decomposition
in nitrogen. Kinetic treatment shows that PDMS thermal volatilization as rate of heating
increases, and becomes dominated by rate of diffusion and evaporation of oligomers
produced on its decomposition [6]. The products of the thermal degradation are
essentially determined by the temperature and the heating rate [7]. The evaluation of
cross-linking after photo-ageing of silicone rubber has been proposed by using
calorimetrical analysis (Differential Scanning Calorimetry—-DSC) and densimetry. No
significant oxidation was detected, but competitive ways such as cross-linking and
chain scission were clearly identified [8].

Most studies on filled cross-linked silicone rubber gave results on hydrophobicity
changes after corona discharge and plasma treatment [9-13]. One of the major
drawbacks with siloxanes is hydrolysis, which leads to low molecular weight cyclic
fragments in the rubber network. A mechanism has been proposed by M. Zeldin et al.
[9]. The hydrophobic character or the water repellancy of PDMS is due to the close
packing of the methyl groups, which under usual conditions point outward from the
surface. Reorientation of the main chain, a change in the surface roughness, the
deposition of contaminants on the surface, or surface oxidation can play a major role in
the change from a hydrophobic to a hydrophilic state on PDMS surface [10]. MJ. Owen
et al. have summarized the plausible mechanisms for hydrophobicity recovery after
exposure to corona or plasma [13]. Migration of low molar mass species is undoubtedly
the process that most researchers in the field believe as the dominant mechanism for
hydrophobicity recovery. Outdoor expositions of silicone rubber have also been carried
out and analysed by X-ray photoelectron spectroscopy (XPS) to understand the water
repellency [14-16]. Another paper is a review about the recent performance experience
of silicone composite insulators in outdoor service [17]. The ageing of silicone started
with the loss of hydrophobicity, then a depolymerisation was also reported using gas

chromatography-mass spectrometry [18]. The degradation is indicated by permanent
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changes such as increase in depolymerisation and changes in the surface physical
structure brought about by an increase in the degree of crystallization of the polymer
and the conglomeration of small particles into larger ones. Recent papers concerned
the effect of antioxidants on the surface oxidation of cross-linked PDMS after air-plasma
treatment [19]. Degradation at 180-200C in air of PDMS rubber was studied by
chemiluminescence [20]. Ageing is due to small fragments and catalyst solvents rather
than the main siloxane network. Storage of siloxane rubbers in a closed inert
atmosphere results in softening of the material. Thermal ageing studies on room-
temperature rubbers and compression set experiments were also proposed to give the
lifetime prediction [21]. Kinetics of the thermal degradation and thermal stability of
conductive silicone rubber (unfilled, filled with carbon black or silica) have been studied
by J. Zhang et al. [22]. The thermal stability of carbon black rubber was the best,
compared to unfilled or silica elastomer.

We focussed our study on filled cross-linked PDMS and used different analytical
technics such as IR spectroscopy, hardness measurements, DSC to evaluate the
polymer long term behaviour upon usual ageings and specific acidic treatments. The
new DSC-thermoporosimetry technique was first used upon photoageing of PDMS [8].
In this work we present new DSC-thermoporosimetry results for the estimation of the
cross-linking level after various ageings. We will compare the competitive ways of

degradation such as oxidation, post cross-linking and chain scission for each ageing.

Results and discussion

Study with FTIR spectroscopy

First we analyzed the ATR-IR spectrum of the unaged cross-linked filled
polydimethylsiloxane (Table 1, figure 1) [27]. The specific bands attributed to PDMS are
localised at 2960, 1256, 1090, 1030 and 795 cm™. The main bands of the flame
retardant are found at 3615, 3524, 3430 and 3375 cm™ due to hydroxyl bonds. The
presence of silica is not significative for this analysis, the Si-O band from inorganic filler
will be overlayed with the Si-O band of PDMS. The presence of the crosslinks due to
peroxide is not detected because of the small quantity of curing agent. The other
spectra (figure 1) were obtained after UV irradiation, thermal exposure, salt-fog test,
nitric acid treatment and sulphuric acid treatment. The spectra obtained by
photochemical, thermal, salt-fog or sulphuric acid ageings were identical with the initial

spectrum of unaged material, for various times of exposure. These results confirmed
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the silicone stability towards oxidation. The evolution of any oxidation products
(carbonyl and hydroxyl) was not significant, even after 10.000 hours of accelerated
photo-ageing or thermal exposure. The repeted cycle in salt-fog test was not a
degradative test for the silicone material. The polymer was not damaged by sulphuric
acid vapour even after two weeks of exposure. On the other hand the exposure under
nitric acid vapours was very aggressive for silicone rubber. The quick formation of
three bands in the region 1700-1300 cm™ was observed after a few hours of this acid
ageing. These bands are the nitrate bands, resulting from the decomposition of
Al(OH)s. The intensity of the hydroxyl vibration (3600-3400 cm™) is decreasing after 24
or 64 hours under acid exposure.

Tab. 1. Main absorption observed for unaged filled uncross-linked PDMS then
assignments of IR bands (v = stretching vibrationd = in-plane deformation)

Wavenumber (cni’) Tentative assignment
3615, 3524, 3432, 3375 v OH of Al(OH);
2960 (median intensity) v CH in CH;
1646 (weak) v C=C

1408 (weak) Not assigned
1256 (strong) v CH in Si-CH3
1090 (strong) Si-O-Si

1030 (strong) Si-O-Si

795 (strong) Si-O-C

730 (weak) Not assigned
665 (weak) Not assigned

tref 1 Initial
0,24-ref Lnitric acid 264 hrs

0,221
tref 1 ph 6000 hrs
0,20-"ef 1 saline 400 hrs

0,18

0161

0.14%

Absorbance

0.12;

0,10

0,08

0.06’5
0.04;

35‘(1)‘ o ‘30‘00‘ o ‘25‘(1)‘ o ‘20‘00‘ o ‘15‘00‘ o ‘10‘00‘ T

Wavelength (cr)
Fig. 1. FTIR-ATR spectra of silicone rubber before and after ageings
Curve a — Unaged sample; b — 6000 hours after photochemical ageing; ¢ — 6000 hours
after thermal ageing; d — 400 hours after salt-fog test; e — 264 hours under nitric acid
vapours; f — 1400 hours under sulphuric acid vapours.

0,024 J\AM
0,00
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We also studied the crude PDMS (unfilled uncross-linked silicone, reference 870) and
showed that no oxidation is detected after photochemical, thermal, sulfuric acid or nitric
acid treatment (figure 2). This proves that the silicone matrix is not affected by acid
vapours in the absence of additives and fillers. The direct acidic treatment on aluminium
trinydrate powder confirmed the results on filled polysiloxane (figure 3). The formation

of aluminium nitrate is clearly detected in this case.

0,35+
rSilicone 870 Nitric acid 72 hrs
7Silicone 870 Ph 25 hrs
[Silicone 870 Sulphuric acid 70 hrs
03 ' Silicone 870 Initial

0,25-

0,20-

Absorbance

0,15-

0,10-

0,05:
0,00 4@
" s a0 2500 200 150 1000

Wavelength (cr?)

Fig.2. FTIR-ATR spectra of crude polysiloxane before and after ageings

OVOSSEAIum\mum trihydrate at T=1 hr

O'OsofAlum\mum trihydrate at T=24hrs
IAluminium trihydrgte at T=64hrs
0,045jAIum\mum trihydrdite at T=0

0,040-
0,035+

0,030-

Absorbance

‘35‘00‘ o ‘30‘“)‘ o ‘25‘“)‘ o ‘20‘00‘ o ‘15‘00‘ o ‘10‘00‘ o
Wavelenagth (cr?)

Fig. 3. Nitric acid treatment on aluminium trihydrate powder characterized by FTIR

Spectroscopy



Hardness measurements

The hardness measurements are given in figure 4. Hardness measurements on the
initial material gave an average value of 70.0 (+/- 2.1) Shore A. During ageings the
samples became harder on their surface layers. The surface is harder because the
polymer chains cannot explore different configurations during constraint and are less
flexible, hence the material is more cross-linked. The hardness values quickly increased
after acidic treatments without induction period. After photo- or thermo-ageing an
induction period of around 500 hours was detected, then the hardness is increasing till
a stabilized value 87.1 (+/- 1.4) Shore A. The evolution towards hardness is accelerated
after polluted ageings with acidic vapours. The evolution of the fire retardant with HNO3
is supposed to enhance the hardness of the rubber. The evolution with H,SO, is more
surprising because we could not detect any change on IR spectra. The results also
show that post cross-linking reactions occur upon usual ageings such as UV and

thermal exposures.
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Fig. 4. Hardness measurements after different ageings

DSC-thermoporosimetry results

To estimate the cross-linking densities and to explain other structural changes upon
degradation, DSC-thermoporosimetry measurements were carried out. This application
of DSC has already been validated for dienic elastomers and silicone rubber [9]. The
initial material (unaged sample) shows a distribution of mesh sizes with two peaks
(figure 5). Different cuts (180 um thick slices) from the surface of the rubber sheet have
been characterized. We can underline that most meshes have a radius (distance

between cross-links) around 200A, the other mesh size is around 700A.
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After photochemical or thermal ageings (figure 6) we obtain different distributions. After
short exposures (< 1000 hours, figure 6A) we always get two peaks. The first one gives
a radius around 200 A, the second peak is shifted to 400 A. This means that post
cross-linking reactions are first detected. The cross-linking density is therefore affected
by usual ageing. For longer time (1,000-5,000 hours) we can notice with figure 6B that
only one peak is observed at 550 A after thermal ageing. Chain scissions mainly

occured and gave such repetitive results. The same behaviour is confirmed after 10,000

hours.
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Fig. 5. Cross-linking profile obtained by DSC-thermoporosimetry on unaged sample

surface (radius or pore size Rp, distribution dV/dR).

In the case of photo-ageing (figure 6C) we also get one peak around 1,200 A after
2,000 hours. The photo-degradation process leads to a number of chain scissions. After
5,000 hours, new cross-linking reactions on the rubber surface can be detected (figure
6D). The observed distribution curve gives one peak at 700 A. With hardness
measurements, we do not observe such differences between photochemical and
thermal ageings. DSC-thermoporosimetry is a more sensitive technique.

After acidic treatment such as HNO3 the estimation of post cross-linking is done for
short time of exposure (figure 6E). It was not possible to do the measurements for very
hard samples (aged more than 3 hours). The distribution is narrower and the average
radius value is 900 A. Chain scission reactions are the main path of material
degradation, simultaneously with the decomposition of the fire retardant at the polymer

surface.
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The TGA curves obtained after a thermal decomposition from 20C to 800C by

10C/min under oxygen allowed us to compare the th ermal stability of silicone rubber



after various ageings (figure 7). The curve 7A with the weight loss shows the
decomposition of unaged filled cross-linked sample, which starts at 250C, due to
Al(OH); deshydratation. We can mainly notice two peaks (derivative curve) with two
stages of decomposition (endset temperatures 360 and 450C). We get the same
results after different times under photochemical, thermal ageings and exposure to
sulphuric acid vapours (curves B, C and D). It means that post cross-linking or chain
scission occured upon ageing and detected with other techniques, does not affect the
thermal stability of silicone material. The first IR spectra of the gas coming from the
degradation show main bands attributed to H,O and CO,. Then new bands of siloxane
oligomers at 1260, 1090, 1030, and 790 cm™ are detected (figures 8A and B). The two
peaks at 360C and 450C show the presence of sever al siloxane oligomers. The
presence of H,O and CO, decreases upon the degradation after 360C is also noticed
for the last part of decomposition. Its assignment was not successfull. The thermal
oxidative decomposition after nitric acid treatment is quite different and depends on the
time of exposure. After 48 hours in HNO3 vapours the weight loss starts at 150C
(figure 7E). This means that the thermal stability of the formulation is weaker compared
to other ageings. The main peak on derivative curve gives an endset temperature at
360C. We underline also the presence of a peak around 500C. After 7 days the
weight loss for the first peak at 150-200C increas es (figure 7F). The second peak
intensity at 360C decreases. We can always observe the peak at 500C. The IR
spectra allow to detect the presence of H,O and CO, and new siloxane oligomers
bands (figure 8C). A new band at 1380 cm™ of strong intensity is also noticed for the

last part of decomposition. Its assignment was not successfull.

Conclusion

This work confirms the stability towards oxidation upon accelerated ageings of
filled cross-linked silicone rubber. Changes in the IR spectra could not be detected even
after 10000 hours in UV device or oven. The presence of aluminium trihydate in the
formulation is clearly identified to be a problem in terms of long term behaviour after
nitric acid treatment. Post cross-linking and chain scission reactions are revealed by
hardness mesurements and DSC-thermoporosimetry after usual ageings
(photochemical, thermal) and exposures to acidic vapours. The main path of
degradation (chain scission or cross-linking) depends on the ageing. To avoid this

degradation process stabilizers should be tested in such formulation. TGA-FTIR results
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allow us to compare the thermal stability of silicone rubber after various ageings. The
thermal decomposition of samples after nitric acid treatment is quite different from the
degradation obtained for unaged material or other aged rubbers.

The studied formulation gives satisfactory results towards usual ageings (an induction
period is identified). In the case of polluted ageing (with HNO3) we need to do some
improvements by adding specific stabilizer or removing the actual fire retardant. In this
paper we have also tried to highlight the choice of techniques and the complementary

nature of each.

Experimental part

Materials

Silicone rubber (HTV — High Temperature Vulcanized) is polydimethylsiloxane kindly

provided by SEDIVER, France. The composition of the filled cross-linked PDMS is

given in Table 2. The presence of silica can be noticed. The curing agent is 2,5 dimethyl

2,5 di(t-butylperoxy) hexane (DHBP).
(CH3)3C-0-0-C(CHg),-CH,-CH,-(CHgz),C-0O-0O-C(CHg)s3

The formulation contains a flame retardant which is aluminium trinydrate. Thick 2 mm

sheets were prepared for the ageing and the characterization. The curing time by

compression moulding at 170C was 12 minutes; this time corresponds to the usual

optimal curing conditions. Sulphuric acid (95%), nitric acid (68%) and sodium chloride

were products coming from Prolabo (VWR). We also used a crude hydroxy terminated

PDMS coming from Scientific Polymer Products (Sp?). This sample is reference 870

with a molecular weight of 90,000 g/mol (GPC).

Tab. 2. Composition of filled cross-linked PDMS

Composition Quantity

PDMS 100 parts

Silica 23 parts

Alumina Trihydrate| 80 parts

DHBP 0.4 part
Ageings

Five types of ageing were tested for comparison. An accelerated classical photoageing
was performed directly on the silicone rubber sheets. The irradiation device (SEPAP
12-24) has been described previously [23]. The system is characterised by the source,

medium pressure Hg lamps filtered with borosilicate envelope (A>300 nm) and by

114



careful control of the temperature with a thermocouple in close contact with one of the
samples. Samples are rotated at a constant distance (20 cm) from the sources. The
samples were irradiated at 60T in a SEPAP chamber equipped with four lamps.

We used an aerated oven (MEMMERT) for thermal exposure at 100C. The other
ageing was salt-fog test usually used for metallic materials (H. KOHLER — HK 320). The
conditions of this test were the concentration of NaCl (5% weight) and the temperature
at 35C. We finally used dessicators to carry out p olluted ageings, such as nitric acid
vapours or sulphuric acid vapours at room temperature.

Analytical tools

The chemical changes upon irradiation were followed by FTIR-ATR spectroscopy
(Attenuated Total Reflectance - Nicolet Impact 400 and Thunderdome accessory with
germanium crystal). With this reflection analysis we can operate on thick sheets (for
example cross-linked and coloured polymers). We analyse the material surface upto a
few micrometers.

Hardness measurements were done with a Zwick Werk (NR 83195) — Shore A (weight
1 kg) system on polymer sheets before and after ageings. Ten measurements were
made and an average value was then given.

The evolution of cross-linking is followed by DSC-thermoporosimetry. It is a
calorimetrical technique used for the visualization of the material texture by studying the
phase transition (crystallization, melting or other change of state) undergone by the
swelling solvent (cyclohexane) trapped in the polymeric network. The transition
temperature of this confined solvent depends on the characterisation of the surrounding
polymeric swollen network. The thermoporosimetry has essentially been applied to rigid
porous substrates [24, 25]. The theoretical basis was established by Brun et al. [24]. It
is assumed that a polymeric gel is equivalent to a three dimensional network of
adjacent cells that is called mesh. The solvent swells the crosslinked polymer until
equilibrium state is reached. It yields to a swollen gel where the solvent is present under
two environments : the confined solvent which is trapped inside the gel and the part of
solvent which remains out and represents the excess (free solvent). The free solvent
behaves like a pure solvent in term of phase transitions. On the other hand the confined
solvent undergoes the phase transitions at different temperatures depending on the
characteristics of surrounding polymeric network and especially depending on the size
of the network mesh. The difference in the transition temperature AT between free and

confined solvent can be related to the size of the mesh for elastomers. Differential
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Scanning Calorimetry can be used to measure AT precisely. Calibration have been
done for obtaining useful thermodynamical data from the solid to solid cyclohexane

transition [26]. The following empirical relationships have been established :

%T+0.0756 _
R(A =16.93+ 125.43*exp(W )with — 58 AT< U for cyclohexane (.

2
S WY -
Warexp(- Far +0.0756
0.0205

Wa(J/ g =0.0203* T} + 2.60347A T+ 82.199 with 8A T>— 55C (.

where R(A) is the distance between cross-links in the swollen gel, expressed in
Angstrom and AT = T-To the temperature depression of the swelling solvent
determined from the thermal DCS curve with Ty = -88.63TC for cyclohexane.

V is the volume of the solvent concerned by the thermal transition and contained in
network cells, R is the distance between cross-links, K is a proportionality coefficient
that depends on both the DSC instrument and the swelling solvent, y is the DSC
thermal curve ordinate and Wa the apparent energy of the solid-solid transition. DSC
instrument is a METTLER TOLEDO DSC 30 used from —88T to —106C at 0.7C/min
to see the crystalline solid-solid transition. A cryogenic microtome LEICA Jung Supercut
LN20 was used at —-50<C to cut the 2 mm sheets into small slices of 180 um thick.

Other results were obtained with a coupled equipment TGA-FTIR (METTLER TOLEDO
TGA/SDTA851 — NICOLET Nexus). Gas coming from TGA is transfered with a heating
tube in a gas cell and characterized by FTIR. The temperature method was a dynamic
segment from 20 to 800C by 10C/minute under oxyge n (40ml/min). The IR

experiments were done every minute during all the thermogravimetric program.
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Publication — IV

Cross-linking assessment after accelerated ageirgiiylene propylene diene

monomer rubber

Abstract: The ageing of filled and cross-linkedyéthe propylene diene elastomer (EPDM) is
studied under accelerated UV irradiati@ar=(290 nm) at 60°C, thermal ageing at 100°C and in
nitric acid vapours for different time intervals.atdness measurements are given. DSC-
thermoporosimetry was used to estimate the meshdstribution and cross-linking densities
for each ageing. The development of new functioggdups was monitored by ATR
spectroscopy. An increase in oxidation with expegime after the different types of ageing was
observed. The thermal stability of EPDM was asskbgel GA and evolved volatile gases were
identified using FTIR spectroscopy.

N.S.Tomer, F. Delor-Jestin, R.P. Singh and J. Lacts

1 INTRODUCTION

Polymer materials such as Ethylene propylene dreopeomer (EPDM) have been used for
outdoor use since many years. They have advantddieht weight, good vandalism resistance
and better contamination performance. However pelygnmaterials are prone to chemical
changes. These changes may adversely affect tlabiligt and long term performance of the
materials used for outdoor use thus limiting tis&irvice life. A comparison of the results from
different artificial accelerated ageings such asrttal, photochemical and acid pollution may
provide a guide line for degradation preventionth&fse materials and thus help in increasing its
life time.

Pure EPDM should not in principle be degraded byllg¥t of wavelength >290 nm, as UV is
not absorbed by C-C or C-H bonds and hence carauecdirect cleavage of the polymer
backbone or saturated diene crosslinks. Howeverereaence shows that EPDM is degraded by
UV, and this has been attributed to the presenémpfirities at the time of manufacture which
are able to absorb UV light and thereby initiate tthegradation process [1]. The typical
degradation scheme thought responsible for oxidatb polyolefinic polymer proceeds as
follows: UV is absorbed by chromophoric impuritigesent at the time of manufacture, which
degrade to produce free radicals. The free radaitd€k the polymer backbone in the presence
of oxygen and cause bond scission, introducingh&urtUV absorbing impurities such as
peroxides and carbonyl into the polymer. When oryigenot readily available such as in the

bulk, the free radicals can initiate cross-linkbgween the polymer chains. Sources of initiating
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impurities are carbonyl and peroxides producednduprocessing at high temperatures, or from
polymerization process such as catalyst residues.

It has been observed that materials undeggolmain scission produce surface cracking
[2]. Chain scission may continue to such an extieat polymer is lost exposing the underlying
filler material, creating a chalky appearance, smleasing surface wettability. The horizontal
attenuated total reflectance (HATR) accessory grpdpvith a germanium crystal has been used
previously for the analysis of photo and thermabatons of EPDM [3]. Generally oxidation
(thermal or photo-induced) of EPDM starts by prdducof hydroperoxides and at later stages
unsaturated and saturated carboxylic acids, ketandsalcohols are formed [4]. It has been
observed that independent of the presence of emeatal pollutants, brittle fracture of
suspension composite insulators is caused by rtid formed through corona discharges [5]
hence, we have studied the effect of nitric acidion on our material.
In this paper we have focussed our study on fidlexss-linked EPDM using different analytical
techniques such as TGA coupled with FTIR spectiogcbardness measurements, ATR, DSC
to evaluate the polymer long term behaviour updfedint types of ageings. We present DSC-
thermoporosimetry results for the estimation ofssrbnking level after photochemical and
thermal ageing. We will compare the competitive svay degradation such as oxidation, post

cross-linking and chain scission for each ageing.

2 EXPERIMENTAL
2-1 Materials:

The cross-linked filled EPDM we used for stmdies was supplied by Sediver, France.
It contains aluminium trihydrate (ATH) as filler|gsticizers, a peroxide, and an agent for
stabilization. Nitric acid (68%) was bought fromoRibo (VWR). The composition is given in
Table 1.

Composition Quantity
EPDM 100 parts
Plasticizer 40 parts

Aluminium Trihydrate 240 parts

Additives 5 parts

Dicumyl Peroxide 6 parts

Table 1: Composition of filled cross-linked EPDM
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2-2- Ageings:

Three types of ageing were tested for corspari Firstly we used the classical
accelerated photochemical ageing. Sheets of EPDM wsed directly for irradiation and most
of analysis. The irradiation device (SEPAP 12-24F lbeen described previously [6]. The
system is characterised by the source, medium ymeeddg lamps filtered with borosilicate
envelope X >300 nm) and by careful control of the temperatuith a thermocouple in close
contact with one of the samples. Samples are fattea constant distance (20 cm) from the
sources. The samples were irradiated at 60°C iERAR chamber equipped with four lamps.
For the next type of ageing we used an aerated @qM&MMERT) for thermal exposure at
100°C. Lastly we used “laboratory dessicators” aoryg out ageing by nitric acid vapours at

room temperature.

2-3- Analytical tools

The chemical changes upon irradiation werdowed by ATR-FTIR spectroscopy
(Attenuated Total Reflectance-Nicolet Impact 408 ahunderdome accessory with germanium
crystal). With this analysis we can operate onkhsteets (for example cross-linked and
coloured polymers). We analyse the material suréeca few micrometers.
Hardness measurements were done with a Zwick WeR §3195) — Shore A (weight 1 kg)
system on polymer sheets before and after ageihgs. measurements were made and an
average value was then given.
The evolution of cross-linking is followed by DSBermoporosimetry. It is a calorimetrical
technique used for the visualization of the mateteature by studying the phase transition
(crystallization, melting or other change of statehdergone by the swelling solvent
(cyclohexane) trapped in the polymeric network. Ttamsition temperature of this confined
solvent depends on the characterisation of theosnding polymeric swollen network. The
thermoporosimetry has essentially been appliedgtd porous substrates [7, 8]. The theoretical
basis was established by Brun and co-workers [7]Js lassumed that a polymeric gel is
equivalent to a three dimensional network of adjacells that will be called mesh. The solvent
swells the crosslinked polymer until equilibriunatst is reached. It yields to a swollen gel where
the solvent is present under two environmentsctrdined solvent which is trapped inside the
gel and the part of solvent which remains out aptesents the excess (free solvent). The free
solvent behaves like a pure solvent in term of pheansitions. On the other hand the confined
solvent undergoes the phase transitions at difféeenperatures depending on the characteristics

of surrounding polymeric network and especially efgging on the size of the network mesh.
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The difference in the transition temperatiare between free and confined solvent can be related
to the size of the mesh for elastomers. Differéi@@nning Calorimetry can be used to measure
AT precisely. Calibrations have been done for olotgiuseful thermodynamical data from the
solid to solid cyclohexane transition [9]. The &iling empirical relationships have been
established:

+0.0756
R(A =16.93+ 125.43*exp(}/A-g )with — 58AT< “0C for cyclohexane (

0205
2
Ny o
Wa*exp(— %T + 0075%
0.0205

Wa(J/ g =0.0203*@ Tf + 2.60347 T+ 82.199 with 8A T>- 55C (

Where R (A) is the distance between cross linkénswollen gel, expressed in Angstran

AT = T-Typ, the temperature depression of the swelling solvent

determined from the thermal DCS curve with=T-88.63°C for cyclohexane. V is the volume of
the solvent concerned by the thermal transition@mained in network cells, R is the distance
between cross links, K is a proportionality coeéfit that depends on both the DSC instrument
and the swelling solveny, is the DSC thermal curve ordinate and iMa apparent energy of the
solid-solid transition. DSC instrument is a Mettlesledo DSC 30 used from —88°C to —106°C
at 0.7 °C/min to see the crystalline solid-soli@nsition. A cryogenic microtome LEICA Jung
Super cut LN20 was used at —50°C to cut the 2 neetshinto small slices of 180 um thick.

The last technique used was thermogravimatradysis (TGA) coupled with FTIR. The
equipment is TGA-FTIR (Mettler Toledo TGA/ SDT A851Nicolet Nexus). The gases coming
from TGA are transferred with a heating tube inas gell and characterized by FTIR. The
temperature method was a dynamic segment from BDOGC at 20°C/minute under oxygen
(40ml/min). The IR experiments were done every r@nduring the entire thermogravimetric

program.
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3 RESULTS AND DISCUSSION
3-1- Hardness measurements:

The hardness measurement results are given irefijuHardness measurements on the
initial material gave an average value of 72.0 @) Shore A. During ageing the samples
became harder on their surface layers. After pleogcal and thermal ageing the evolution of
hardness values was quite weak for the first 5@0d’hotochemical ageing shows an average
stable value of 80 Shore A (+/- 2.1) after aboud@0ours of irradiation, while thermal ageing
shows an average stable value of 78 Shore A (%)-atter 2500 hours of exposure. The surface
is harder because the polymer chains cannot expiffierent configurations during constraint
and are less flexible, hence the material is maosselinked. The hardness values quickly
increased after acid vapour exposure without adydtion period and gave a value of 86 Shore
A (+/- 1.9) after 800 hours of exposure. This sfie@volution in acid vapour maybe due to the
presence of ATH. Aluminium nitrate is created arstedted with IR spectroscopy in the
presence of ATH and nitric acid (see 3-3). The atoh towards hardness is more accelerated
after photo ageing as compared to thermal ageihg. rEsults show that post cross-linking

reactions occur upon usual ageing such as UV ardtl exposures.
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Figure 1: Hardness measurements after differentrage
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3-2 DSC-thermoporosimetry results:

The samples were cut into 180 pm thick slices tbp surface layer was used for

characterization for thermoporosimetry. Fig 2 shtlwesDSC curves for EPDM samples swollen

in cyclohexane for 48 hours after photo ageing. &ach sa

mple two peaks are observed, the

first larger peak indicates the transition for thee excess solvent and the second smaller peak

towards the lower temperature indicates the codfinelohexane inside the polymer. The peak

of the confined solvent shifts towards the lowenperature

upon irradiation. This behaviour

indicates that the size of the pore is reducingnupgeing hence the solvent is taking a longer

time for crystallization. We have seen a similaftsowards |

solvent with samples swollen after thermal ageing.

ower temperature of the confined
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Figure 2: DSC curves for cyclohexane confined endlosslinked EPDM samples after

photo-ageing in SEPAP for different time intervals

To estimate the cross-linking densities and to &xrpbther str

DSC-thermoporosimetry measurements were carriedVidat

uctural changes upon degradation,

can see in fig 3 and 4 the initial

unaged material (already peroxide cross-linked)aasesh size distribution with a pore radius
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around 400 A. If we consider the average distamteden 2 carbon atoms (1.54 A), molar mass

between cross-links will be around 12,000 g/mol.

200
| —=—T=0hrs
180 —+— T=200 hrg
1 —=— T=400 hrs
160'_ —— T=600 hrg
140 —o— T=800 hrs
] \, —— T=1000 hts
120 « —a— T=1200 hts
™ 100 "—— T=1400 his
£ 1004 \
3 804 "
60 -
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O I T
100 150 200 250 300 350 400 450 500 550 600
. Pore size, RAA .
Figure 3: DSC-Thermoporosimetry r%(stzlts after phageing
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Figure 4: DSC-Thermoporosimetry results after therageing
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After photochemical and thermal ageings we obtadfifdrent distributions. There is a decrease
in pore size distribution with an increase in thadiation time, we can also see that the pore
size radius is shifted towards 250A. This indicatesse is cross-linking leading to a decrease in
the widths of the meshes. Hence we can concludé ghat cross-linking brings about

densification of the network and a reduction inptge size distribution. It was not possible to
carry out thermoporosimetry for photo-aged sampfésr 1500 hrs of irradiation as the surface
was hard and cracks started appearing on the suif&e reduction in the pore size distribution

for the photo-aged samples was more rapid thathdrenal aged samples.

3-3 ATR-IR results:

The ATR-IR spectrum was used to study the oxidatibthe EPDM after the different
types of ageing. The main bands seen in the initiaged EPDM spectrum have been attributed
in Table 2.

Wavenumber (cif) Tentative
assignment

3615, 3524, 3432, 3375 Al(OH)

2920, 2848 CHkIsymetric and asymetric (PE)

1457 CH

1376 CH

1259 CH

1016 Al-O

791 Al-O

728 Al-O

665 Al-O

Table 2: Main absorption observed for unaged fillegtross-linked EPDM and
assigmtseof IR bands.

Figure 5 shows the ATR-IR spectra at initial timml after different times of photo-degradation
at 60°C. The carbonyl region (1850 ¢m 1550 cm™) showed several overlapping bands
corresponding to carboxylic acid, ketone, ester miones. We noticed that oxidation of

EPDM initiates after 24 hours of photo-irradiatiorhhe carbonyl group generation increases
with exposure time. There is a reduction in therstty of the bands at 2920 ¢rand 2850 cm

the asymmetric and symmetric stretching vibratiaismethyl and methylene respectively,

present in EPDM backbone. After 1300 hrs of expeduorlight, cracks are developed on the
surface of the sheets and the material becomes viitolour. There is a reduction in the

intensity of the hydroxyl bands of the ATH afteropbrageing.
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Figure 5: FTIR spectra of EPDM after photo-ageings@°C (A=Initial, B = 24 hrs,
C=108 hrs, B8O hrs)

Similar changes were obtained in ATR-IR spectraratiermal ageing at 100°C (Figure 6) but
the period of induction (500 hours) was more asmaned to photo-ageing (24 hours). There is

no change in colour and cracking of surface of EP@Mhermal ageing for upto 5000 hours.

Absorbance

0,00

3000 ' ' "~ 2000 ' ' " 1000
Wavenumber (cr?) )

Figure 6: EPDM after thermal ageing at 100°C in ay@\= Initial,
B=1 hr, C = 3 hr and D= 24 hrs)
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In Figure 7 the results of nitric acid exposureE®DM are shown. The exposure of nitric acid
vapours was very aggressive for EPDM rubber. Thekgiormation of the bands in the region
1700-1270 ciwere observed after few hours of this acid expostine filler [Al(OH)s] of
EPDM upon exposure to nitric acid vapour, reactthviis vapours and is transformed into
nitrate [AI(NG;)s]. This reaction was previously described for pityane filled with ATH
[10].

¥
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0,08 1640 cr' 1370 cni
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g 008
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: W
‘ ‘ ‘ " 2000 ‘ ‘ " 1000

0,0t
-0,00,,, A A .

3000
\)\l-avénurr;ber-(c}l) )
Figure 7: EPDM after nitric ativapours exposure (A= Initial, B= 10 hr, C = 24 &nd
D= 48 hrs)

3-4 TGA-FTIR:

The thermal stability of EPDM was assessed by TG#e samples were heated from 25°C to
800°C at the rate of 20°C/min having a constanw ftd oxygen gas. We observed the thermal
degradation of EPDM occurs between 320°C and 5@Xi@st completely. From the derivative
thermogravimetric curve we found the temperatucgsriaximum weight loss were 350°C and
475°C (Figure 8). There is a small amount of welght at 250°C due to the dehydration of the
ATH filler used. There is no change in the therrst@bility of EPDM after photo-ageing and
thermal ageing for 5000 hours (Figure 9). Howevtaranitric acid vapour exposure for 170 hrs
there is a drastic change in the thermal stabiftyhe material as the decomposition starts at
150°C. From the derivative of the thermogravimetticve it is seen that maximum weight loss
takes place at 150°C (Figure 10). This weight legserhaps due to decomposition of the filler
ATH, hence the properties of the filler are strgnafifected by the nitric acid vapours.
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Figure 8: Figure 8: TGA and DTG results for initiePDM under oxygen.
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Figure 9: TGA results for EPDM (A= Initial, B= Theral aged sample for 5000 hrs,
C = Photo-aged sample for 5000 hrs, D= Nitric asi@pour aged sample for 170 hrs
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Figure 10: TGA and DTG results for Nitric acid vapaged EPDM for 170 hrs
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The gaseous products emitted from TGA are trarefetiiough a heating tube in a gas

cell and characterized by FTIR at an interval o# omnute. During 25°C — 320°C the products
passing were carbon dioxide and water due to thgdiation of ATH and combustion of small

molecules (Figure 11).

Absorbance

i

N
MR
IR ot e
e iy

Y e o

min

Wavenumber (crh)

Figure 11: FTIR spectra of volatile products endturing thermal degradation of
EPDM (25°C-320a8€C1 min interval)

After 320°C there is an increase in the amountavbon dioxide released (Figure 12). Cross-

linking and chain scission reactions are occurdng to decomposition of the main chain. There

is a mixture of gases passing after 320°C. The rpadducts indentified are carbon dioxide,

water, carbon monoxide, methane, and ethane. Ti&siem of these gases has been confirmed

by gas chromatography during tracking degradati@hyrolysis of EPDM [11].
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Figure 12: FTIR spectra of volatile products entttturing thermal degradation
of EPDM at 450°C

Conclusion

The exposure of nitric acid vapours was very agavesfor filled/cross-linked EPDM rubber.
The hardness values quickly increased after agi@dwaexposure without any induction period.
EPDM formulation was found to be more sensitiveatoelerated photo-ageing as compared to
thermal ageing at 100°C. From the thermoporosimegsylts we can conclude that the cross-
linking brings about densification of the netwonkdaa reduction in its pore size distribution.
The reduction in the pore size distribution for gifeto-aged samples was more rapid than the
thermal aged samples. Cross-linking and oxidateactions were predominant upon photo-

ageing.
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Comparision of EPDM and Silicone Durability

Insulators materials fabricated from EPDM and eilie are normally qualified for
outdoor use. However in the long term test (eleatriageing) silicone rubber composite
insulator kept its good performance, while the periance of EPDM rubber deteriorated. The
bonding energy of Si-O bond 443 KJ/mole is higtiean that of C-C bond which is 356
KJ/mole for the in EPDM. This is one of the reastmissilicone having higher resistance to long
term ageing as compared to EPDM. After lengthy sype to intense discharges, silica (§iO
which is similar to glass and non conducting isdoied on the surface of silicone rubber while
on EPDM carbon is produced. Studies using X Raytd&hectron spectroscopy (XPS) on
silicone insulator rubber and EPDM rubber at 13QkVphase to ground) in agricultural areas,
showed that the content of carbon decreased aodygfen increased on the surface of EPDM
compared to the bulk, while in silicone rubber djesin these elements were not significant
[84]. After outdoor exposure the evolution of compe insulators were different. In polluted
areas the silicone insulators were drastically rimt@ted while EPDM were good.

We observed no significant oxidation on the surfatePDMS rubber for 10,000 hrs of
accelerated ageing (photochemical or thermal) byRATIR spectroscopy, but EPDM was
sensitive to oxidation. The surface of siliconeb@bwas smooth after 10,000 hrs of ageing
whereas cracks started to appear on EPDM surfatee #4800 hrs of photo-ageing. The
mechanism of degradation for silicone and EPDM upbntochemical or thermal ageing is
quite different. The changes in pore size distidouimeasured by thermoporosimetry showed
more rapid changes taking place for EPDM thanaikcrubber. Post cross-linking appeared for
both formulations. In our case the evolution uptassical artificial ageings is more significant
for EPDM than for silicone.

After acid treatment we showed that the four sasplere drastically deteriorated.
EPDM was however more resistant than PDMS. A dffiee was observed for the three
polysiloxanes. When the filler Al(OHl)s treated with silane the behaviour towards miatid
treatment is a little more satisfactory. The repfaent of Al(OR) by Mg(OH), was investigated
but was unsuccessful as the reaction kinetics unitiéc acid vapour were the same for both of
them.

The changes in hardness (Shore A) and thermallista@iiGA) for both the elastomers
were comparable after photo, thermal and nitrid @gjeing. Figure 1 shows the comparision of

the four samples with hardness measurement aftetogemical ageing in SEPAP. The
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evolution of Reference 3 is lower, due to the dpedreatment on filler. The evolution of

hardness for EPDM is also weak.
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Figure2: Hardness measurement for silicones (R2#nd 3) and EPDM

Another artificial ageing was tested with ozonei§Till be discussed in more detail in
chapter 5 for polysiloxanes). There is an incraag@e hardness of silicone rubber upon ozone
ageing while there is no change in the hardnes€ERIDM. In Figure 2 we have shown the
changes in the ATR-FTIR spectra upon ozone ageira@ ppm for 8 weeks. For the silicone
rubber we observed formation of a new peak at 86band decrease in the peak at 2958'cm
upon ageing. The band at 1650 tis not attributed. In the spectra of EPDM we obedr
formation of a 2 broad shoulders between 1300 ¢n1800 crit due to carbonyl products.
There is a reduction in the intensity of the baatd8920 crit and 2850 cr the asymmetric and
symmetric stretching vibrations of methyl and méthg respectively, present in EPDM
backbone upon ozone ageing. The reaction of ozatfedouble bonds is well known [60,61]. A
specific reaction of ozone with additives of EPDMrrhulation explained the observed
yellowing.

First results are presented after oxidized plasreatrhent. These experiments were
carried out in Laboratoire des Matétiaux InorgaegjuUBP, Clermont-Ferrand. In Figure 3 we
have shown the changes taking place upon plasnaameat in EPDM. The experimental

conditions for plasma treatment of Silicone and EP&e listed in Table 1.
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Figure 2: ATR-FTIR spectra after ozone ageing lié@ne and EPDM

Expt. No.|Power(W)  Gas used PressureTime for treatement
(mbar) (mins)
1 450+ 350 Argon(20%) | 1.33*107 20+25
Oxygen(22%)
2 400 Air 1.33*10 45
3 400 Nitrogen(23%) 2.55*107 130

Oxygen (20%
Argon (47%)
4 400 Nitrogen(23%) 2.55*10° 255
Oxygen (20%
Argon (47%)

Table 1: Experimental conditions for plasma treatine

The changes on the surface of EPDM in the ATR-F§fectra start to appear in
experiment 1. As treatment time increases the ahbisorin the carbonyl region increases
accompanied by a decrease in the absorption ofb#rels 2914 cth and 2850 cm the
asymmetric and symmetric stretching vibrations dadtmgl and methylene respectively. The
bands of the ATH filler are absent on the plasreated EPDM.
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Figure 3: ATR-FTIR spectra of plasma treated EPDM

Plasma treatment for Silicone rubber showed a sevallution between 1400 and 1650
cm® (figure 4). There is a decrease in the intensitg-44 stretching of the Ciigroup and the

bands of ATH filler are absent on the treated sasipl
013?
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Figure 4: ATR-FTIR spectra of plasma aged Silicone
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Silicone rubber has higher repellency than EPDMeesily when aged. In silicone
rubber there is migration of low molecular weigllicene from the bulk to the surface upon
ageing making the surface hydrophobic [83]. Ondtieer hand ageing of EPDM leads surface
oxidation through chain scission. This createsmpgiaups and radicals on the surface making it
hydrophilic. The use of plasma treatment was damedmparison with natural ageing later (in
chapter 5).

The change in hydrophobicity was evaluated by mi@guhe contact angle between

water drops and the surface of the modified sampisislg contact angle measurement
instrument. The intial contact angle for Siliconasam 10°, after thermal ageing at 100° for 5000
hrs it changed to 105°C while after plasma expemirdet changed to 102°.
In table 2 we have then compared the permeabditydter vapour of Silicone and EPDM after
photo, thermal and nitric acid ageing. It is setraidy that EPDM offers better protection to
water permeation than silicone. The change in patime after the various ageings was more in
silicone as compared to EPDM. Hence in long teremEBDM will provide better protection to

permeability of water to the core of the insuland help in maintaining the useful properties.

References Thickness (mm) Water vapounWater vapour
100% HR 90% HR
Unaged silicone 2.30 9.62 8.66
Unaged EPDM 2.16 0.49 0.44
Photo-aged silicone 2.16 6.39 5.75
(1500 hrs)
Photo-aged EPDM 2.17 0.50 0.45
(1500 hrs)
Thermal aged silicone 2.16 6.80 6.12
(3000 hrs)
Thermal aged EPDM 2.23 0.41 0.37
(3000 hrs)
Nitric acid vapour 2.30 9.55 8.60
ageing (2 hrs)
Nitric acid vapour 2.16 0.55 0.50
ageing (2 hrs)

Table 2: Coefficients of transmission of water wapexpressed in gfff24h
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CHAPITRE 4
CONCLUSION

L’étude de formulations industrielles a base deygitixane ou d’Ethyléne Propyléne
Diene Monomeére (EPDM) a mis en évidence linfluerde différents paramétres sur le
vieillissement. Nous avons comparé I'évolution gespriétés des différentes compositions afin

de mettre en évidence l'influence des constituantelle de la matrice polymere.

L’article “Characterization of polydimethylsiloxane rubber op@hotochemical,
thermal, salt-fogs ageings and exposure to acicouag) a été accepté en novembre 2005 dans
e-Polymers. Cette troisieme publication donne urayae détaillée de I'évolution chimique par
spectroscopie IR-ATR, une évolution de la duretés changements au niveau de la densité de
réticulation grace a la technique de DSC couplda thermoporosimétrie et finalement une
comparaison de la stabilité thermique en foncties deillissements envisagés (photochimique,
thermique, brouillard salin et vapeur acide).

Les formulations a base PDMS sont peu sensiblesvailissements usuels (thermique et
photochimique). Aucune oxydation n'est détectéees@0 000 heures d’exposition. Une sur-
réticulation est cependant a noter. L’évolutionssbrouillard salin est négligeable. En revanche
ces matériaux sont tres réactifs vis-a-vis de viapdiacide nitrique. Une étude approfondie a
montré que la défaillance du matériau est liée artiqulier & la présence de trihydrate
d’aluminium. Cette charge réagit avec les vapeuezide nitrique. Une importante sur-

réticulation est observée en paralléle. La réacéioec les vapeurs d'acide sulfurique est plus

faible essentiellement en raison d’une tensionageur beaucoup plus basse.

L’article suivant ‘Cross-linking assessment after accelerated ageiafjsethylene
propylene diene monomer rubbefonne une caractérisation de I'évolution de lenfolation a
base d’EPDM au cours de différents vieillissemebhsstechnique de DSC-thermoporosimétrie
est largement utilisée pour mettre en évidencedlastions de réticulation. La formulation a base
d’EPDM présente a la fois une oxydation classiqééadtomére diénique et une sur-réticulation,
au cours des vieillissements photochimique et thggren L'influence de la charge Al(OKest

une nouvelle fois signalée lors du vieillissemerity® sous acide nitrique.



La comparaison du comportement a long terme desejo@tériaux est donnée par la
suite. Trois formulations a base PDMS sont caraéés. Elles different en raison d'un
traitement silane sur la charge Al(QHl).a référence avec charge traitée se comportexnsieus
vieillissement acide. La formulation EPDM évoluauplrapidement lors des vieillissements
classiques. En revanche son comportement soufisgeihent pollué est plus satisfaisant que
celui des silicones. Les essais en vieillissements sozone montrent une évolution tres
spécifique pour tous les matériaux. Les essaisnpréires réalisés sous traitement plasma ont

pour but d’étre comparés a un vieillissement éilgatr sous oxygene.
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CHAPTER 4
CONCLUSION

The study of industrial formulations containing y®loxane or Ethylene Propylene
Monomer Diene (EPDM) has shown the influence ofoter parameters on ageing. We have
compared the evolution of the properties of théed#nt compositions in order to understand the

influence of the components and that of the polycnaatrix on the ageing.

The article Characterization of polydimethylsiloxane rubber opphotochemical,
thermal, salt-fogs ageings and exposure to acicbuep) was accepted in November 2005ein
Polymers This third publication gives a detailed analysigshe chemical evolution by ATR-IR
spectroscopy, an evolution of hardness, changebeolevel of the cross-link density calculated
using thermoporosimetry couple with DSC and finalgomparision of thermal stability upon
the various ageing (photochemical, thermal, satdod acid vapour). The formulations having
a base of PDMS are not very sensitive to usualnage(thermal and photochemical). No
oxidation is detected after 10,000 hours of exp®sumpost cross-linking is however detected.
The evolution under salt fog is negligible. On dtker hand these materials are very reactive to
nitric acid fumes. A thorough study showed thatftikire of material is in particular related to
the presence of aluminium trihydrate. This filleacts with the nitric acid fumes. An important
post cross-linking is observed simultaneously. Téaction with the sulphuric acid fumes is

weaker primarily because its vapour tension is noafer.

The next article Cross-linking assessment after accelerated ageiafysethylene
propylene diene monomer rubbkgives a characterization of the evolution of fbemulation
based on EPDM during various types of ageings. tEbbnique of DSC-thermoporosimetry is
largely used to understand the cross-linking reasti The formulation based on EPDM present
at the same time a traditional oxidation of thentieelastomer and a post cross-linking, during
photochemical and thermal ageings. The influenc®fAl(OHY); filler is noticed once again at

the time of the polluted ageing under nitric acid.

The comparision of the long-term behavior of fouaterials is given thereafter. Three
formulations having a base of PDMS are characterizéey differ due to a silane treatment on

the AI(OH) filler. The reference with treated filler has leetprotection against under acid
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ageing. The formulation of EPDM evolves more quycét the time of traditional ageings. On
the other hand its behavior under polluted agesnmare satisfactory than that of silicones. The
tests under ozone show a very specific evolution db materials. The purpose of the
preliminary tests carried out under plasma treatna@a to be compare with electric ageing

under oxygen.
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CHAPTER V

Comparision of Natural and Artificial
Ageings of Silicone

Study of New Stabilized Formulation
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CHAPITRE 5
INTRODUCTION

Aprés avoir mis en évidence I'évolution des pragsedes formulations & base PDMS ou
EPDM et déterminer les points critiques pour amélieur durabilité, nous avons comparé les
matériaux sous vieillissements artificiels et lgpasitions en conditions d’'usage :

- sous arc électrique en laboratoire,

- avec un environnement pétrochimique et/ou bord da, rlieux Texas ou Arabie
Saoudite.

La réalisation de vieillissements artificiels mpléis sur un méme échantillon a été examinée
également. Il convient de retenir le ou les viedléiments artificiels représentatifs de ce qui se
passe sur les isolateurs en extérieur. Les makérkfiectueux utilisés pendant 6 ans en
environnement spécifique présentent une augmentdtgola dureté et une couche de silice en
surface pouvant atteindre 200 microns d’épaisséous cherchons & expliquer ces évolutions et

ay remédier.

Ce chapitre apporte deux publications. L’articléGomparision of natural and artificial
ageings on silicone polymer composite&d étre proposé dardournal of Applied Polymer
Science Cette cinquieme publication donne une comparaidentous les vieillissements
envisagés afin de déterminer le ou les vieillissemesprésentatifs des expositions en extérieur.
Les techniques analytiques de spectroscopie IRTART@, des mesures de dureté, de
perméabilité et des mesures électriques sont egéésa Nous pouvons finalement choisir une
technique pour qualifier rapidement du point de duecomportement a long terme différentes

formulations a base d’élastomeére.

La sur-réticulation des polysiloxanes induit unedifioation de la dureté en surface du
matériau. Pour pallier a cette évolution des méanBDMS-stabilisants proposés par NCL
(Pune) sont caractérisés et évalués au niveau tchibtement sous vapeur d'acide nitrique ou
d’un vieillissement photochimique. La charge Al(QH}t un point critique sous exposition de
vapeurs d’acide. Son remplacement est envisagé pthmmsition de formulation a base PDMS
plus résistante sous vieillisement pollué sera&dt’article 6“Polydimethylsiloxane modified
by hydrotalcite/ATH filler : Effect of stabilizeimn degradation”est finalement proposé pour

donner I'évolution des nouvelles formulations réédis avec NCL.
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CHAPTER 5
INTRODUCTION

After having highlighted the evolution of the propes of the formulations having
PDMS base or EPDM and finding the critical poings & better durability, we compared
materials after artificial ageings and the ageingsse conditions:

- under electric arc,

- with a petrochemical environment and/or sea stmaees like Texas or Saudi Arabia.
Multiple ageings on the same sample were also exainilt is advisable to retain the artificial
ageings similar those the insulators experiencsideit The materials used for 6 years in specific
environment present an increase in hardness an@Oanrcron thick layer of silica on the

surface. We are trying to explain these evolut@amd find methods to reduce them.

This chapter is in the form of two publications.eTarticle“Comparision of natural and
artificial ageings on silicone polymer compositewill be submitted toJournal of Applied
Polymer ScienceThis fifth publication gives a comparision of atheings performed in order to
determine ageings representative to the outsidesexps. The analytical techniques such as
FTIR spectroscopy , TGA, measurements of hardmesaeability and electrical measurements
are considered. We finally choose the techniqueglwhan quickly analyze the long term

behavior of the various elastomer based formulation

The post-cross-linking of polysiloxanes lead to thedification of the surface hardness
of the material. To reduce this evolution stabidi#eDMS mixtures prepared in NCL (Pune) are
characterized and evaluated after treatment undec macid fumes or upon photochemical
ageing. The AI(OH) filler behaves critically under nitric acid vapoexposure. Hence, its
replacement is considered. A formulation having FDbase is proposed and tested which is
more resistant under polluted ageing. Article “@olydimethylsiloxane modified by
hydrotalcite/ATH filler : Effect of stabilizers amegradation” is finally proposed to give the

evolution of the new formulations prepared in NCL.
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Publication V

Comparision of natural and articial ageings ortsile polymer composites
Abstract
The changes in properties of silicone elastomeposed to ozone, salt fog, photo, thermal,
nitric acid and electrical ageings has been cawigdo yield valuable information for long term
outdoor applications. Samples aged for 5 yearsataral environment and electrical ageing in
laboratory have also been compared. The elastdmaees shown a good stability to the different

ageings but an important vulnerability of the fill®wards nitric acid vapour exposure was
detected. Post cross-linking and chain scissiombserved after ageings.

1 INTRODUCTION
Polysiloxanes are widely used as protective sarfamatings for specialized applications

such as composite isolators. Silicone rubber hastanding heat resistance and low chemical
reactivity, compared with usual dienic elastométswever, it is important to recognise and

identify the principal factors involved in rubbegeang so that degradation prevention can be
applied. Knowledge of changes that can be tolerated the life of a material helps towards the

determination of the lifetime expectancy.

Literature about polydimethylsiloxane (PDMS) ageinfien concerns the unfilled
uncross-linked polymer. The photochemical behavadysolydimethylsiloxane (PDMS) oil has
been examined previously [1-4]. Y. Israadt al. have focussed in particular on the
photoreactivity of the main substituent groups usethe silicone field. A recent paper gives
relationships between chemical structure and phl/pioperties upon photochemical or thermal
ageing or under acidic vapours [5]. The other @sidileal with the thermal behaviour of
polysiloxanes. N. Grassigt al. have reported on the thermal stability of PDMS3@0°C under
vacuum [6]. Thermal degradation of PDMS with airnitrogen has also been studied by G.
Caminoet al[7,8]. The products of the thermal degradation essentially determined by the
temperature and the heating rate [8]. The evaloatib cross-linking after photo-ageing of
silicone rubber has been proposed by using caltricaé analysis (Differential Scanning
Calorimetry—DSC) and densimetry. No significantdation was detected, but competitive ways
such as cross-linking and chain scission were lglédentified upon UV irradiation [9].

Most studies on filled cross-linked silicone rubbgave results on hydrophobicity
changes after corona discharge and plasma treafd®ad#]. One of the major drawbacks with
siloxanes is hydrolysis under acid vapours, whiedds to the build up low molecular weight
cyclic fragments in the rubber network. A mechanisas been proposed by M. Zeld al.
[10]. The hydrophobic character or the water riepely of PDMS is due to the close packing of
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the methyl groups, which under usual conditionsipoutward from the surface. Reorientation
of the main chain, a change in the surface roughni®e deposition of contaminants on the
surface, or surface oxidation can play a major ioleghe change from a hydrophobic to a
hydrophilic state on PDMS surface [11]. MJ. Owen al. have summarized the plausible
mechanisms for hydrophobicity recovery after expedo corona or plasma [14]. Migration of
low molar mass species is undoubtedly the prodestsmost researchers in the field believe as
the dominant mechanism for hydrophobicity recovedutdoor exposures of silicone rubber
have also been carried out and analysed by X-ragtoplectron spectroscopy (XPS) to
understand the water repellency [15-17]. Anothgrgpas a review about the recent performance
experience of silicone composite insulators in oatdservice [18]. The ageing of silicone
started with the loss of hydrophobicity, then a agmerisation was also reported using gas
chromatography-mass spectrometry [19]. The deg@uas indicated by permanent changes
such as increase in depolymerisation and changie isurface physical structure brought about
by an increase in the degree of crystallizationhef polymer and the conglomeration of small
particles into larger ones. Recent papers concetineceffect of antioxidants on the surface
oxidation of crosslinked PDMS after air-plasma tmeent [20]. Degradation at 180-200°C in air
of PDMS rubber was studied by chemiluminescencd. [3lorage of siloxane rubbers in a
closed inert atmosphere results in softening ofrttaerial. Thermal ageing studies on room-
temperature rubbers and compression set experiments also proposed to give the lifetime
prediction [22]. Kinetics of the thermal degradatiand thermal stability of conductive silicone
rubber (unfilled, filled with carbon black or sitit have been studied by J. Zhat@l.[23]. The
thermal stability of carbon black rubber was thetbeompared to unfilled or silica elastomer.
There is an increasing interest in the degradatbnpolymer material used in outdoor
applications in acid rain as it is one of the msmstere environmental contaminants. Kaal
observed when silicone rubber is aged in acidsanface aging takes place [24]. In case of high
acidity of nitric acid solution the electrical chateristic of the sample surface is noticeably
changed leading to decrease in cross-link density chain scission of base resin. The critical
value of pH for this surface degradation is betweénto 2.5. However, in case of sulphuric acid
solutions the degree of the surface degradatiosistamtly increased. They also noticed that
only surface ageing takes place and hydrophobagity tracking resistance of the silicone rubber
are well retained regardless of the acidity ofgbkition for both the cases. In another study it
was observed that silicone rubber on acid agdiag a scission of the Si-GHond whereas the
Si-O-Si bond remains intact [25]. When exposed Yolight and ozone PDMS underwent chain

scission involving both main backbone and side gsowccompanied by formation of

1l4¢



hydrophilic groups on the surface [26]. Oldfigtal. have studied the long term natural ageing
of various types of silicone elastomers exposedAustralia to different types of climatic

conditions for 20 years. They observed that bestopmance was shown by iron oxide
pigmented high temperature vulcanized PDMS. Roampggature vulcanized PDMS showed

low mechanical properties initially but were veegistant to weathering later [27].

We focussed our study on filled cross-linked PDM@& aused different analytical
techniques such as IR spectroscopy, hardness reeasuts, TGA, electrical measurements and
permeability measurments to evaluate the polymeg kerm behaviour upon usual ageings and
specific acidic treatments. In this work we presenmplementary analytical approach to
compare natural and artificial ageings in the aafselectrical insulators. We will compare the
competitive ways of degradation such as oxidatjmwst cross-linking and chain scission for

each ageing.

2 EXPERIMENTAL

2-1- Materials

Silicone rubber (HTV — High Temperature Vulcanizesdpolydimethylsiloxane kindly provided
by SEDIVER, France. The composition of the filledss-linked PDMS is given in Table 1.

Composition Quantity
PDMS 100 parts
Silica 23 parts
Alumina Trihydrate| 80 parts
DHBP 0.4 part

Table 1:Composition of filled cross-linked PDMS

The presence of silica can be noticed. The curgentis : 2,5 dimethyl 2,5 di(t-butylperoxy)

hexane (DHBP).

(CH3)3C-0-0-C(CH),-CH>-CH2-(CH3)2,C-O-0O-C(CH)s3

The formulation contains a flame retardancy whgkaluminium trihydrate. Thick 2 mm sheets
were prepared for the ageing and the charactasizaffhe curing time by compression
moulding at 170°C was 12 minutes; this time coroesis to the usual optimal curing conditions.
Sulphuric acid (67 %), nitric acid (concentratiof®®) and sodium chloride were products from
Prolabo (VWR).



2-2- Ageings

Sheets of silicone rubber were used directly fomdiation and most of analysis. An
accelerated photoageing is used. The irradiatioricde(SEPAP 12-24) has been described
previously [28]. The system is characterised bysberce, medium pressure Hg lamps filtered
with borosilicate envelopeA$300 nm) and by careful control of the temperatwieh a
thermocouple in close contact with one of the sasplSamples are rotated at a constant
distance (20 cm) from the sources. The samples imerdiated at 60°C in a SEPAP chamber
equipped with four lamps.
Then we used an aerated oven (MEMMERT) for theraxplosure at 100°C. The other ageing
was salt-fog test usually used for metallic mater{#l. Kohler — HK 320). The conditions of
this test were the concentration of NaCl (5% waeigitd the temperature at 35°C. We used
“laboratory dessicators” to carry out polluted agsi, such as nitric acid vapours or sulphuric
acid vapous at room temperature.
The ozone ageing were performed in ‘Laboratoireedderches et de contréle du caoutchouc et
des plastiques (LRCCP)’ in Vitry sur Seine, Franbee formulations were aged for 8 weeks at
200 -ppm concentration and (23+2)°C without stress.
Natural ageings were performed near petrochemiies & Texas or Saudi Arabia for 6 years.

Laboratory electrical ageing were performed at #0 Kolts for 5 years.

2-3- Analytical tools

The chemical changes upon irradiation were followsd FTIR-ATR spectroscopy
(Attenuated Total Reflectance - Nicolet Impact 4@80d Thunderdome accessory with
germanium crystal). With this reflection analysis wan operate on thick sheets (for example
cross-linked and coloured polymers). We analysartaterial surface on a few micrometers.

Hardness measurements were done with a Zwick W\iRk83195) — Shore A (weight 1
kg) system on polymer sheets before and after ggeiflen measurements were made and an
average value was then given.

The thermogravimetric analysis were carried ouingisTGA-FTIR (METTLER
TOLEDO TGA/SDTA851 — NICOLET Nexus).
Permeability to water-vapour is carried out usingddn Permatran W3-33 with IR detection.
The coefficients for transmission of water-vapaurfilms are determined according to ASTM F
1249 at 38°C and 90% relative humidity. The resatesexpressed in gff@4 hours. The surface
analysed was 5 ¢m
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The conductivity and resistivity measurements hbeen performed in Sediver, St. Yorre,
France. We have used the Keithley 6517 Hi-R Teddehwhich can measure surface resistivity
from 10° to 10’ Ohms and volume resistivity from 3@ 13® Ohm-cm. The conductivity
measurements have been performed with a Scheridgebrand based on capacity measure and
capacitor dielectric loss. We modify the, s, and R value until the galvanometer is at O in the
Schering bridge (See Chapter 2).

Finally, Tand has been calculated using the formula below:

Tand =M xR4xC4

3 RESULTS AND DISCUSSION:

ATR-IR spectroscopy:

In figure 1 we have shown the ATR spectra of fhed silicone before and after ozone ageing.
The main absorptions observed in the spectra asevrshn Table 2. We have noticed the
formation of a new peak at 1655 Crmifter the ozone ageing. There is decrease in thasity of

the Al(OHs) after the ageing indicating that the filler isosigly affected by ozone. The peak at
1655 cni* also appears for the cross-linked silicone whichdsfilled with Al(OHg), thus it is
formed due to the reaction of the silicone withrzoThere is a decrease in the intensity of the
peak of CH (2960 cm) which in present on the main backbone of PDM®rafhe ozone

treatment.
0,241

0,167

0,141

Absorbance

0,121

0,101

0,081

Silicone after ozone ageing N

i Unaged Silicon
0,06~

0,04
i 1655,35
0,027 AN
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (ci™)

Figure 1: FTIR-ATR spectra for unaged an ozone &jitbne
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Wavenumber (cif) Tentative assignment

3615, 3524, 3432, 3375 v OH of Al(OH);
2960 v CHin CH;
1646 v C=C
1408 Not assigned
1256 v CH in Si-CH3
1090 Si-O-Si
1010 Si-O-Si, Al-O
795 Si-O-C, Al-O
730 Al-O
665 Al-O

Table 2: Main absorption observed for unaged filkedss-linked PDMS and
assignments of IR bangdg =stretching vibration;0 = in-plane deformation)

Ozone aged Silicone after Th ageing for 235 hrs

0'16_5 Ozone aged Silicone after Th ageing for 1500 hrs
0,14 Ozone aged Silicone after Ph ageing ﬁ
S ! 235 hrs
S 012]
g Ozcne aged Silicone after

ageing for 1500 hrs

=
NI

Ozone aged Silicone

0,061

I

0'04M
) T W I
0,024
; A R
ymw\#&ﬁ“““/\ﬂ
0,00-
4000 "ss00  =so00 2500 2000 1500 1000 500

Wavenumber (ci*)

Figure 2: FTIR-ATR spectra of silicone after mixagking.

Fig. 2 compares the ATR spectra after mixed ageihg. ozone aged samples were further kept
for photo-ageing at 60°C and thermal ageing at 80%€ observed the intensity of the peak at
1655 cnt decreased. The peak disappears after 1500 hoptsots ageing. The decrease in the

intensity of the peak after thermal ageing was slow
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In Figure 3 we have compared the silicone agedieddly for 5 years in laboratory and aged
naturally at petrochemical site.

0,201

0,14:

Absorbance

0,125

i Naturally aged Silicor
0,107
: Electrically aged Silcon

0,081

i Unaged Silicon U
0,06

0,04:

0,02>

0,00:
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (crh)
Figure 3: FTIR-ATR spectra of naturally aged antddeatory aged silicone for 5 years.

In both the samples we have observed the formafienthin layer of Si@on the surface
(fig 4). There is decrease in the content of;Qifoups (2960 cif) present on the surface after
both the ageing. During ageing chain scission andselinking reactions are taking place on the
surface of the material. Si® formed due to the condensation reactions ofstlamol groups

[29,30]. After photo, thermal and salt fog ageingsdrastic degradation was observed [31].

0,0327%
o,osoé
0,028
0,026
0,024é
0,022
0,020+%
0,018
o,owé
0,014
0,012é
0,010
o,ooaé
0,006 %
0,004 3

0,002 %

0,000 2

Wavenumber (ci™)
Figure 4: FTIR-ATR spectra of the powder on thdaue of naturally aged and

laboratory aged silicone for 5 years identifiedsdléca (SiQ)
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Hardness measurements:

We have already shown that after photo-ageingnthkageing and nitric acid vapour ageing the
samples become harder on the surface and thereine@ase in the hardness values [31]. New
measurements were made for ozone exposition. Thénéss results on the initial unaged
material gave an average value of 86 Shore A ()} for the cross-linked silicone filled with
Al(OH)3; while the cross-linked silicone without Al(QHgave an average value of 57 Shore A
(+/- 2.1). Similarly there is an increase in thedmess values after ozone ageing for the AKOH
filled silicone as the hardness increases to 92eSWo(+/- 2.1). There is no increase in the
hardness of the silicone not filled with Al(Offter ozone ageing it remained to 57 Shore A
(+/- 2.1). This indicates that increase in hardnessnhanced due to the filler present in the
formulations. Hence we can conclude that post dinksg reactions are taking upon ozone
exposure resulting in a increase in hardness. &ilyilong term aged samples aged naturally

and electrically were very hard and brittle.

TGA results:

The thermogravimetric analysis has been used tgaaenthe thermal stability of the silicone
after the various types of ageing. The samples haea heated from 25°C - 800°C at the rate of
20°C/min under 40 ml flow rate of oxygen. Figursl®ws the weight loss of the samples after
ozone ageing, natural ageing, electrical ageinigbratory and unaged material. We observed

that there is no change in the thermal stabilitgrathe different types of ageing.

Aged in laborator

Naturd agec

Ozone age

Weight loss (mg)

T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature (C)

Figure 5: TGA results after various ageings.
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The weight loss starts at 250°C due to the dehimirabtf Al(OH)s followed by the

decomposition of the main Si-O-Si backbone.

Electrical measurements:

There is not much change in the conductivity atsite after thermal ageing at 100°C, photo-
ageing at 60°C and salt fog ageing but there iapadrincrease in the conductivity within one
hour of nitric acid vapour exposure and it not jassto carry out the conductivity of the
samples aged for longer time duration.

On the contrary the surface resistivity of thecsities decreases upon nitric acid exposure. The
initial resistivity is 1x 16*Q.cm but upon nitric acid exposure it decreasestddiQ.cm

This change of conductivity and resistivity is dweexposure of the Al(OH) particles on the

surface and due to the acid ageing.
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Figure 6: Conductivity results after various agesng

Figure 7: Resistivity results after various ageings

Permeability measurements:
The silicone housing is used as a protective l&gethe epoxy- fiber glass composite hence
water permeability upon ageing is an important propas it will result in deterioration of its

use properties (electrical properties..). In taBleve have shown the results obtained for
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permeability to water vapour for the unaged, pheged, thermal aged (100°C) and nitric acid
vapour aged silicone. There is a decrease in thegability after photo-ageing as well as
thermal ageing and is more for photo-aged silicoidss is perhaps due to chain scission
reactions taking place upon ageing leading to dgcession of the chains. There is no change in
the permeability to water vapour after 2 hours géiag nitric acid vapours. This indicates that
there is a competition between cross-linking andirctscission during this time period. Chain
scission reactions are more significant in nite@avapours as compared the thermal and photo
ageing. It was not possible to carry out the téstsilicone aged for more than 5 hours under

nitric acid vapours.

References Thickness (mm)Water vapour| Water vapour
100% HR 90% HR
Unaged silicone 2.30 9.62 8.66
Photo-aged silicone 2.16 6.39 5.75
(1500 hrs)
Thermal aged silicone 2.16 6.80 6.12
(3000 hrs)
Nitric acid vapour 2.30 9.55 8.60
silicone
(2 hrs)

Table 3: Coefficients of transmission of water wapexpressed in gfif24h

Conclusion:

We compared the chemical evolution of cross-linkditd PDMS formulations upon various
ageings with ATR spectroscopy. The material was verty susceptible to usual ageings
(photochemical and thermal). The ozone aged sangaes specific results but this type of
ageing is not experienced much by insulators. Empées aged for long term at natural sites
and electrically aged samples in laboratory shothedormation of silica layer and were brittle
however, there is no change in their thermal dtsbéind no oxidation. Nitric acid treatment
maybe a good test to verify the stability of thetenial in polluted environment. Hence tests
representative to natural ageing are electricahggend acid ageing.
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Publication -VI

Polydimethyl siloxane modified by hydrotalcite/ATHer: Effect of stabilizers on
degradation

Abstract: Polydimethylsiloxane (PDMS) was modiftegfilling silica and aluminium trihydrate
(ATH) or hydrotalcite into its matrix and the inflace of commercial stabilizers was estimated
during nitric acid vapour exposure, photo-oxidatiand thermal degradation. In-situ
photoageing of filled PDMS was performed by Phot®Dand its effect on crystallization was
monitored. ATR-FTIR spectroscopy was used to evealdle evolution of oxidation of filled
PDMS. Thermogravimetric analysis was used to deternthe thermal stability of the
formulations. Silanox was observed to be the besbilzer for filed PDMS. The use of
hydrotalcite seems to be very efficient as an aaiilfor the formulations.

1. Introduction:

Polysiloxanes are often used as protective coafimga variety of specialized applications.
Compared to usual dienic elastomers, silicone rubbge outstanding thermal, photo and high
energy radiation resistance, however it is impdrtanrecognise and identify the degradation
products in order to impart a better resistance ingga oxidative degradation of
polydimethylsiloxane (PDMS) through the additionsoftable fillers and stabilizers.

The reaction of PDMS with oxygen leads to croegiig via siloxane bonds and formation
of oxygen rich silica like layer on the surface opar plasma and corona discharge [1]. This
layer is brittle and prone to cracking upon elomgatCyclic oligomers are also formed upon
oxidative crosslinking leading to loss of hydroploity. It is well known that stabilizers are
used in polymers to make them resistant to oxidatiegradation, but there are very few
publications on the stabilization of PDMS rubbd¥ateh Alaviet al have reported that higher
doses of air plasma was required for the formabbrsilica like surface on PDMS in the
presence of stabilizers [2]. The time required aont silica like layer on corona exposure
showed a linear increase with increasing stabilizencentration [3], Tinuvin 770 showed
highest efficiency and Irganox 1076 showed lowedfitiency. Tinuvin 770 and Irganox 565
can be used to protect PDMS against thermal oxidatt elevated temperatures [4]. Fateh Alavi
et al concluded that hindered amine stabilizers orilstabs combining chain-breaking and
hydro peroxide decomposing functions improved mtxt@ against air plasma and corona
discharges for PDMS.

The photochemical behaviour of polydimethylsiloxaffDMS) oil has been examined

previously [5-8]. ]. Y. Israelet al. have focussed in particular on the photoreactieftthe main



substituent groups used in the silicones. N. Geasal. have worked on the thermal stability of
PDMS to 300°C under vacuum [9].

The changes in the chemical structure and the phlyproperties of a filled cross-linked
PDMS rubber were monitored as a function of variageing factors such as photochemical,
thermal, salt-fog ageing and exposure to acid vepflD]. Aluminium trihydrate was found to
be responsible for the chemical changes takingeplagresence of nitric acid vapours, hence
we have replaced it by hydrotalcite filler becatisgy are known to be used as acid neutralizers
for polyolefins [11]. We also found post cross-iim taking place on photo and thermal
degradation therefore we have used antioxidantst§oprevention. Photo-DSC technique was
used to study the effect of photo-ageing on thetatljzation of the crude polysiloxanes [12]. In
this study we have attempted to design stabiligetesn to extend the life cycle of PDMS. We
have compared stability of silica filed PDMS hayiadditionally two more types of fillers
ATH or hydrotalcite and 7 different commercially a@lable stabilizers keeping the filler

concentration constant.

2. EXPERIMENTAL.:

2-1-Materials:
Polydimethylsiloxane Mw 90,000 was purchased from $tientific Polymers USA. The seven
commercial stabilizers BHT, Tinuvin 770, Irganox100 Irganox 1076, Irgafos PEPQ, Uvasil
and Silanox were obtained through the courtesy ®fVba Geigy India Pvt Ltd., Mumbai India.
The other chemicals e.g. NaOH, Mg€&H,0, AlCl3.6H,0, H,S0Oy(95%), HNQ(68%), NaCOs;
and aluminium trihydrate were Merck products.
The formulation contains PDMS, 10% Silica, 20% ATHH/drotalcite, and 0.5% stabilizer.

Synthesis of Hydrotalcite (acid killer synthesizedNCL, Pune, India):
For the synthesis of hydrotalcite (a Mg/Al doukdgdred hydroxide) of formula

(Scheme 1): [MgAI(OH)g][0.5CO;.mH,0], an aqueous solution (250ml) containing
Mg(NO3)..6H,O and AI(NQ)..9H,0O with a ratio of Mg / Al (3:1) was slowly addeddcsecond
solution (250ml) of NaOH (0.675 mol) and NafN@.2 mol) under vigorous stirring at €
The addition took nearly 2 hrs. The precipitatarfed was filtered and washed thoroughly with
500 ml deionised water (at least until the pH @ tittrate was 7) and freeze dried and then aged
for 20 hrs at 20°C in their mother liquor and ttittered, washed and dried. The samples were

hydrothermally treated using microwave heating @with a step-wise increase in temperature

15¢



from 120°C up to 180°C and a corresponding pressui®e10 bar). The crystalline phases were
determined by X-ray diffraction [13].

Hydroxide layer[M" 1xM" ((OH),]**

@ interlayer A" anions
© and water molecules

Scheme 1: Layered crystal structure of hydrotalcdenpounds.

2-2-Ageings:

The photo-DSC system was used for difeegitu photo irradiation for DSC experiments.

An accelerated photoageing is carried out usingrtlagiation device (SEPAP 12/24-ATLAS).
The system is characterised by the source, mediesspre Hg lamps filtered with borosilicate
envelope X>300 nm) and by careful control of the temperatwrdn a thermocouple in close
contact with one of the samples. Samples are fatea constant distance (20 cm) from the
sources. The samples were irradiated at 60°C iERA® chamber equipped with four lamps.
The formulations were irradiated in small glassetibVe used an aerated oven (MEMMERT)

for thermal exposure. A “laboratory desiccator” wiggd to carry out nitric acid vapour ageing.

2-3- Analytical tools:

The chemical changes upon irradiation were followgdATR-FTIR (Attenuated Total
Reflectance) spectroscopy with a Nicolet Impact 498tem. A Thunderdome accessory with
germanium crystal was used. We analysed the suofde®MS upto a few micrometers.

Photo-DSC was used to characterize the evolutiorrg$tallinity during ageing. A
Mettler Toledo DSC822 apparatus, equipped withrdratooler and a liquid nitrogen cooling
set was used. It allows working between 500°C drD*C with a scanning temperature rate
from 0.1°C/h to 50°C/min. Indium (156.61°C), zir#10.58°C) and heptane (-90.61°C) were

used to calibrate this apparatus. A Hamamatsu teginerator equipped with a “Lightningcure
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LC6” source (Xe/Hg, “medium pressure”) was affitedhe DSC device. The light generator is
servo-controlled by the DSC software (STARe) whiérmits a choice of both the light
intensity from 0 to 324 mW/cfrand the duration of the irradiation. Two identifiate bundles
supply the irradiation light both to sample anderehce DSC pans. The source is filtered by
sapphire disks to deliver wavelengths longer th@@ 8m, which is representative of outdoor
ageing. The intensity used for photo-ageing is 5¥/om?.

Thermo-gravimetric analysis (Mettler Toledo TGA/SEB51—-Nicolet Nexus) is used to
measure weight changes vs temperature. The samptated from 25°C to 800°C at a constant
rise of temperature(20°C/minute) under oxygen a@rogen(40ml/min). Approximately 10-15

mg of sample was used for each analysis.

3. Results and discussion:

3-1- DSC and photo-DSC results:
Polydimethylsiloxane is a semi crystalline polyneahibiting an ordered part surrounded by an
amorphous matrix. Chain scission and cross-linkdh@nomena occur as a consequence of
photo-ageing resulting in changes in crystallizatiemperature and enthalpy of crystallization.
The changes in temperature of crystallisation aedkp of crystallisation of PDMS upon
addition silica and ATH/Hydrotalcite was studiedVe observed that there is change in the
temperature of crystallisation between filled andfilled PDMS. The temperature of
crystallisation for unfilled PDMS is in an averageound —90°C (Fig.1) while that of filled
PDMS is around —75°C to -80°C.
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Figure 1: Photo DSC curve of unfilled PDMS atsW/cnt after

different times of photo- irradiation
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This change in temperature of crystallisation is thuthe adsorption of the fillers on the PDMS
chains. The fillers act as nucleating agents ferRDMS-silica matrix and thereby commence
the process of crystallisation earlier than thatuofiled PDMS. Photo-DSC results for the
unfiled PDMS showed there is an increase in thakpe crystallisation and its shift towards
lower temperature, after 30 minutes of irradiatiBlowever, Photo-DSC experiments for filled
PDMS showed decrease in peak of crystallizatioer aftadiation due to lowering of the size of
sperulite dimensions, perhaps due to increase axfsdinking reactions. The changes in the
peak of crystallisation depended upon the filled #me antioxidant present. Hydrotalcite filled
PDMS with Irganox 1010, Irganox 1076 and SilanoXLE4Fig.2) antioxidants showed better
photo stability than BHT, Tinuvin 770, Irgafos PER@tioxidants as there is no change in the
peak of crystallization for 5 hours of irradiatiohTH filled PDMS showed best photo stability
in the presence of Silanox antioxidant while foe thther stabilizers there is a change in the
crystallisation after 1 hour of irradation (Fig.3).
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Figure 2: Photo DSC curve of hydrotalcite filled RIS at 5ImW/cnf with Silanox stabilizers

after different times of photo-irradiation
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Figure 3: Photo DSC curve of ATH filled PDNS51 mW/cnt with Silanox stabilizers after

different times of photo-irradiation.
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Figure 4: Comparison of ATH and hydrotalcite aftetric acid vapours using ATR-FTIR

spectroscopy

3-2- ATR Spectroscopy results:

ATR-IR spectroscopy was used to detect the asist towards oxidation of the filled
PDMS. The different spectra obtained upon acceddrartificial photo-ageing and thermal
ageing are similar to the initial spectrum for uedgample even for long time exposure. No
significant oxidative products can be detectedtlier samples. Unfilled PDMS does not oxidize

upon nitric acid vapours but ATH filled PDMS showkmation of aluminium nitrate after a
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few hours of exposure [10]. We have compared thecebf nitric acid vapours on hydrotalcite
and ATH filler (Fig.4). It is clear that hydrot@le is more resistant to nitric acid vapours in
comparison to ATH. The IR spectra of ATH filled P[3Mwith all antioxidants showed the
formation of nitrates after 1 or 2 hours of expestout the hydrotalcite filled PDMS showed an

induction period of 5 hours (Fig.5,6).
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Figure 5: ATR-FTIR spectra of ATH filled PDMS w&Hanox stabilizers exposed to nitric acid

vapours.
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Figure 6: ATR-FTIR spectra of hydrotalcite filled®IS with Silanox stabilizers exposed to

nitric acid vapours.

3-3-Thermogravimetric Analysis Results:

The efficiency of the fillers and stabilizers taar the thermal degradation of PDMS was
assessed by thermogravimetric analysis. All thepdasnwere thermally stable upto 350°C as
the change in weight was very less. There are tages for decomposition for both ATH and
hydrotalcite filled PDMS. The rates of thermal degation increased rapidly henceforth as the
temperature increases until the maximum rates eaehed and it is over at 600°C. The
hydrotalcite filled PDMS having Irganox 1010, SitkenFZ16 are thermally stable almost upto
400°C (Fig.7, 8). The weight loss of hydrotalcitdetl PDMS with BHT was least in
comparision with other antioxidants. In generalrayalcite filled PDMS showed better thermal
stability than ATH filled PDMS. The total weightds of the hydrotalcite filled PDMS was less
than the ATH filled PDMS (Table 1). The thermallsliy of all the samples was more in

nitrogen atmosphere than oxygen atmosphere.
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Figure 7: TGA curves of hydrotalcite filled PDMSthvidifferent stabilizers under oxygen

atmosphere.

Figure 8: TGA curves of ATH filled PDMS with di#et stabilizers under oxygen atmosphere.

Sample Hydrotalcite ATH
Total wt. Loss (%), Total wt. loss (%)
A 33 59
B 59 61
C 41 48
D 48 57
E 46 48
F 48 60
G 45 64

Table 1: Comparison of TGA weight loss of hydratal&TH filled PDMS with different
stabilizers under oxygen atmosphere(A=BHT, B=Irgat010, C=Tinuvin 770, D=Irganox
1076, E=Silanox, F=Uvasil, G=Irgafos PEPQ)

The thermal stability of the filled PDMS after mtracid vapour exposure was reduced as the

weight loss starts after 150°C (Fig. 9,10). Theodegosition takes place in several stages. There
is no difference in the thermal stability of ATHdd PDMS and hydrotalcite filled PDMS after

nitric acid vapour exposure neither is there afffedince in the total weight loss (Table I1).
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Figure 9: TGA curves of hydrotalcite filled PDMSthvidifferent stabilizers after nitric acid
vapour exposure for 4 days under oxygen atmosphere.
Figure 10: TGA curves of ATH filled PDMS with diéfiet stabilizers after nitric acid vapour

exposure for 4 days under oxygen atmosphere.

Sample Hydrotalcite ATH
Total wt. loss (%) Total wt. loss (%)
A 49 49
B 48 47
C 62 61
D 42 45
E 45 46
F a7 45
G 50 49

Table 2: Comparison of TGA weight loss of hydratal&TH filled PDMS with different
stabilizers after nitric acid vapour exposure undeygen atmosphere(A=BHT, B=Irganox
1010, C=Tinuvin 770, D=Irganox 1076, E=Silanox, F=&kil, G=Irgafos PEPQ).

The results of this study show that the degradaSoretarded by the incorporation of

stabilizers in PDMS. The chain breaking antioxida®ilanox, Irganox 1010, Irganox 1076

showed optimum performance to protect PDMS fromirageTinuvin 770 and phosphite based
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antioxidants (Irgafos PEPQ) are known to act hydropide decomposer and are converted into
phosphates. They act as chain terminating antioxsddy scavenging peroxy and alkoxy
radicals. The combination of HAS (Tinuvin 770) amghosphates phenolic based antioxidants
did not show any synergestic effect. BHT did nobwhgood performance due to its low
molecular weight. It is also relatively volatile taxxidant hence at high temperature it is
physically lost rapidly. Irganox is an effectivetiamidant as it is having tertiary butyl group in
both the ortho positions leading to steric enharezgnof antioxidant activity, due to which the
derived phenoxy radical reduces the rate of chainster reactions. Silanox is an effective
stabilizer due to its miscibility with PDMS.

Conclusion:

All the stabilizers enhance the stability of PDM&isfactorily but the chain breaking
hindered phenolic antioxidants exhibited improvib#gization wherein silanox showed the best
stabilization due to its misibility with PDMS. Hyabalcite is a better filler than ATH for
improving the resistance of PDMS against nitricda@pours. The temperature of crystallization
of filled PDMS is lower than unfilled PDMS. Theystallization behaviour of photo-aged filled
PDMS depends upon the antioxidants. There is nogehan the crystallization peak of
hydrotalcite filled PDMS (induction period) in timeesence of Silanox and Irganox antioxidants

for 5 hours under photo irradiation.
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CHAPITRE 5
CONCLUSION

Le chapitre 5 réunit tous les résultats de reclemppliquée pour I'étude. L’article
“Comparision of natural and artificial ageings orilisone polymer compositestionne une
comparaison de tous les vieillissements envisafigsda déterminer le ou les vieillissements
représentatifs des expositions en extérieur. Lisetreent sous vapeur d’acide nitrique permet
d’évaluer les formulations prévues en extérieussgaillissement spécifique. Un vieillissement
électrique en laboratoire est également intéreskarnthoix d’un traitement sous vapeur d’acide
nitrique n’est pas surprenant. La formation de \e&seurs est courante en présence d’'un arc
électrique sur site spécifique. Ce traitement @spaint critique dans le choix des matériaux
utilisés en environnement pollué. Les autres wésdéiments (photochimique, thermique, ozone
ou plasma oxydant) sont moins pertinents pour regpgication isolateur. Il est toujours délicat
de reproduire la couche de silice obtenue sur lase des matériaux, sans utiliser des
conditions extremes de vieillissement. Le vieiliseent naturel des matériaux sur site moins

pollué reste tres satisfaisant.

Nous pouvons finalement choisir deux techniquesr mpalifier du point de vue du
comportement a long terme différentes formulati@nbase d’élastomére: I'ATG et la DSC.
L’'analyse thermogravimétrique permettra de compaapidement la stabilité thermique des
formulations aprés vieillissement électrique ouitéraent acide. Une étude en DSC-

thermoporosimétrie donnera une comparaison du nideasur-réticulation aprés vieillissement.

Dans le deuxieme article Polydimethyl siloxane modified by hydrotalcitetATiller:
Effect of stabilizers on degradationious notons une réduction de I'évolution des ngdan
PDMS-stabilisants proposés par NCL (Pune) au cdiua traitement sous vapeur d’acide
nitrique ou d’un vieillissement photochimique. Lé&lange PDMS-Silanox présente une période
d’induction lors des vieillissements et semblellessatisfaisant pour améliorer la durabilité. La
charge AI(OH) est un point critique sous exposition de vapeiaside. Son remplacement par

un hydrotalcite a été concluant pour les essalal@ratoire.
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CHAPTER 5
CONCLUSION

Chapter 5 combines together the results of theareBedone in this the study. The article
"Comparision of natural and artificial ageings orilicone polymer composite'gives a
comparision of all ageings performed in order ttedmine ageings best representing the outdoor
exposures. The treatment under nitric acid vapaakeas it possible to evaluate the formulations
in environment similar to outdoor specific ageirin electrical ageing in laboratory was
interesting. The treatment under nitric acid vapisunsed as the formation of these vapours is
common in the presence of an electric arc on spesifes. This treatment is important in
selection of materials used in polluted environrae@ther ageings (photochemical, thermal,
ozone or oxidizing plasma) are less relevant farinsulator application. It was not possible to
reproduce the silica layer on the surface of theenas without using extreme ageing
conditions. The natural ageing of the materialess polluted sites is satisfactory.

We finally chose two techniques to verify the lomgm behavior of various elastomer
formulations: TGA and DSC. The thermogravimetricalgsis makes it possible to quickly
compare the thermal stability of the formulatioriteiaelectric ageing or acid treatment. The

DSC-thermoporosimetry gives a comparison of thellet post-cross-linking after ageing.

In the second article:Polydimethyl siloxane modified by hydrotalcite/Afikter: Effect
of stabilizers on degradationwe noticed a reduction in the evolution of staleitiZ?DMS
mixtures prepared in NCL (Pune) after treatmentemnmitric acid vapour or photochemical
ageing. The PDMS-Silanox mixture present a satisfggeriod of induction upon ageings and
seem to improve the stability. The Al(OH)ller performs weakly under acid vapour exposure.
Its replacement by a hydrotalcite was done for l#®ratory tests and the first results were

satisfactory.
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CONCLUSION GENERALE

Cette thése comporte une partie plus fondamentalene approche appliquée. Le
travail réalisé sur les élastoméres a permis dangremier temps, de préciser les voies de
dégradation majoritaires pour des polysiloxanes méiculés et soumis a un vieillissement
photochimique ou thermique. Ces résultats ont dtienus grace a au couplage de la
spectroscopie IR avec des réactions de dérivatiEtifique (Sk NHz). Les techniques
d’analyses thermiques (photo-DSC et ATG-IR) se sorérées également trés utiles. Le
vieillissement des PDMS conduit a une réticulagbmles coupures de chaine. Dans le cas de
PMOS et PMTS, la voie de dégradation principalela@$ormation de produits d’oxydation.
Les niveaux de réticulation observés dépendena dérlicture chimique, du vieillissement et
du taux de cristallinité initial. Le vieillissememihermique favorise une réticulation plus
importante a terme que la photo-oxydation. Final@nm®us avons vérifié que les réactions
de réticulation étaient favorisées dans les zonexphes (et dans les matériaux initialement

plus cristallins, pour lesquels la cristallinitérdhue au cours du vieillissement).

Nous avons pu caractériser des formulations corepléx base de polysiloxanes et
d’EPDM avec des outils analytiques adaptés commepétroscopie IR en réflexion et la
DSC-thermoporosimétrie. Les formulations & base BDMont peu sensibles aux
vieillissements usuels (thermique et photochimiqéelcune oxydation n'est détectée apres
10 000 heures d’exposition. Une sur-réticulatioh @pendant & noter. L'évolution sous
brouillard salin est négligeable. En revanche cesérnaux sont tres réactifs vis-a-vis de
vapeurs d’acide nitrique. Une étude approfondieoatné que la défaillance du matériau est
liee en particulier & la présence de trihydratdud@nium. Cette charge réagit avec les
vapeurs d’acide nitrique. Une importante sur-résitan est observée en paralléle lors de ce
traitement. L'influence de la matrice élastomémes différentes charges et des additifs sur le
comportement a long terme a été minutieusement ieé@mSur le plan des mécanismes
chimiques qui gouvernent la dégradation la fornrmatle nitrate d'aluminium est bien sdr la

réaction la plus évidente.

La formulation a base d’EPDM présente a la fois axgdation classique d’élastomere
diénique et une sur-réticulation, au cours deslliggements photochimique et thermique.
L'influence de la charge Al(OH)est une nouvelle fois mise en evidence lors dillissment

pollué sous acide nitrique. La comparaison du coteptent a long terme des quatre matériaux
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a l'étude (3 PDMS, 1 EPDM) a été proposée. La edfége PDMS avec charge traitée se
comporte mieux sous vieillissement acide. La foatiah EPDM évolue plus rapidement lors
des vieillissements classiques. En revanche sopadement sous vieillissement pollué est plus
satisfaisant que celui des silicones. Les essaivi@ilissement sous ozone montrent une

évolution trés spécifique pour tous les matériaux.

Les évolutions physiques et chimiques des formuiatia base de PDMS ont été
comparées en fonction des différents vieillissemeantificiels envisagés et des vieillissement en
conditions d’'usage (vieillissement électrique drolatoire et retour de ligne sur site spécifique).
Nous avons cherché a déterminer les vieillissemaeiglérés représentatifs des expositions en
extérieur. Le traitement sous vapeur d’'acide nigigermet d’évaluer les formulations prévues
en extérieur sous vieillissement pollué. Un visdément électrique en laboratoire est également
intéressant.

Nous avons également retenu deux techniques poalifigu du point de vue du
comportement a long terme de différentes formutetia base d’élastomere: I'ATG et la DSC.
Des mesures complémentaires de dureté en surfageerchéabilité a la vapeur d’eau, et des
mesures électriqgues permettent de mieux appréhddetution des matériaux soumis a un

vieillissement.

Des mélanges PDMS-stabilisants proposés par NChe(Pant été finalement évalués au
niveau d’'un traitement sous vapeur d’acide nitrigued’un vieillissement photochimique. Le
mélange PDMS-Silanox semble le plus satisfaisanr pmnéliorer la durabilité et retarder les
réactions de réticulation. La charge Al(QHst un point critigue sous exposition de vapeurs

d’acide. Son remplacement par un hydrotalcite aét&luant pour les essais en laboratoire.

Cette these qui se proposait d'examiner le probléenta durabilité d'un matériau a
structure complexe (polymeére réticulé/ chargesnagtabilisant) a finalement permis de
caractériser le vieillissement du matériau soumisfi@ellement a plusieurs types de
sollicitations (photo et thermo-oxidations, viafiement chimique, électrique, sous plasma
ou ozone). Il ressort que les points critiquesanti été révélés concernent l'association d'un
charge d'alumine trihydratée avec des vapeurs dd'acitrique pouvant provenir de
l'interaction du champs électrique avec l'azotéade Cette interaction semble trés exacerbée

dans le cas de matériaux a base de PDMS sans eloutgson de leur grande perméabilité
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notablement plus importante que celle de 'TEPDMfdrenulation peut alors atteindre un état
de dégradation trés avancée avec formation de @lidissuration. Une des conséquences de
la thése est donc d'identifier une piste sérieose améliorer la durabilité des formulations a
base d'EPDM et des travaux en cours (confidenteglagernent naturellement |'optimisation
de la nature de la charge et des agents de stdibifisa introduire, ce qui constitue une
premiére perspective.

Les coupures de chaines et les réticulations qbéssant les polymeéres supports
(PDMS, EPDM) sont vraisemblablement des réactiadicalaires mais I'accélération de ces
réactions par la neutralisation de la charge,lsiedt confirmée, reste a expliquer. La réaction
de réticulation des silicones est sans doute duaearecombinaison de radicaux SKCH
cependant la visualisation des ponts diméthyleteepas été possible par RMN sans doute en
raison de leur trop faible concentration. Une auiegspective intéressante de ce travail
pourrait donc étre de renforcer la sensibilité aléechnigue RMN par ['utilisation de PDMS

marqués=>C (sur le méthyle).
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GENERAL CONCLUSION

The work done in this thesis can be divided int@ tparts: a fundamental study of
uncross-linked unfilled elastomers and a second @arapplied study of cross-linked filled
elastomers. The study on elastomers allowed usitially, specify the major pathways of
degradation for uncross-linked polysiloxanes subg@do photochemical or thermal ageing.
These results were obtained by coupling of the jpiecsoscopy with reactions of specific
chemical reactions (FNH3). The techniques of thermal analyses (photo-DSE€ BBA-IR)
also proved very useful. The degradation of padysihes leads to cross-linking and chain
scission. In case of PMOS and PMTS, the principdhyway of degradation is by formation of
oxidation products. The levels of cross-linking et®d depended on the chemical structure, the
ageing and the initial crystallinity. Thermal aggiesults in a more important cross-linking than
photo-oxidation in the long term. Finally we chedkihat the reactions of cross-linking were
favoured in the amorphous zones (and in materiaigally more crystalline, for which

crystallinity decreases during ageing).

Next, we have characterized complex formulationgalysiloxanes and EPDM with
analytical tools like the IR spectroscopy in reftex and DSC-thermoporosimetry. The
formulations having PDMS base are not very seresitio usual ageings (thermal and
photochemical). No oxidation is detected after IDB0urs of exposure. A post cross-linking is
however observed. The evolution under salt fograpgé negligible. On the other hand these
materials are very reactive with nitric acid vaouk thorough study showed that the failure of
material is in particular related to the presentalominium trinydrate. This filler reacts with
the nitric acid vapours. The chemical mechanisnctviciontrol degradation is aluminium nitrate
formation. An important post cross-linking is atsleserved after this treatment. The influence of
the matrix of the elastomer, the various fillersl dhe additives on the long-term behavior was

thoroughly examined.

The EPDM formulation presents a traditional oxidatiof the dienic elastomer and a
post-cross-linking, during photochemical and thdriengeings. The influence of the Al(OH)
filler was once again responsible for the ageindeumitric acid. The comparision of the long-
term behavior of four materials studied (3 PDME&FPDM) was proposed. The PDMS reference

with treated filler showed better performance undeid ageing. EPDM formulation evolves

17t



more quickly at the time of traditional ageings. @i other hand its behavior under polluted
ageing is more satisfactory than that of silicondsder ozone ageing the formulations show a

very specific evolution.

Lastly, the physical and chemical evolutions of #i@MS formulations are compared
according to various artificial ageings and ageingsuse conditions (electric ageing in
laboratory and field aged samples). We tried temheine accelerated ageings similar to outdoor
exposures. The treatment under nitric acid vapaakeas it possible to evaluate the formulations
similar to polluted ageing. An electric ageing abdratory is also interesting. The performance
under acid vapour is a critical point for choosimgterials used in polluted environment. Other
ageings (photochemical, thermal, ozone or oxidiptagma) are less relevant for our insulator

application. However, the simulation of naturaliagevas difficult.

We used two techniques: TGA and DSC to understaadang term behaviour of the
various elastomer formulations. Complementary measants of surface hardness,
permeability to water vapour, and electrical measients make it possible to better understand

the evolution of the materials subjected to ageing.

Stabilized-PDMS mixtures prepared by NCL (Pune) ewvdmally evaluated for
performance under nitric acid vapour or photochaimageing. The PDMS-Silanox mixture
seems most satisfactory to improve durability aoddélay the cross-linking reactions. The

Al(OH)s filler was replaced by hydrotalcite which has éettability to acid vapours.

In this thesis work we have proposed to examineptiodblem of durability of material
with complex structure (cross-linked polymer/ fillestabilized) and have characterized their
ageing by subjecting them to several types ofiaidif stress (photo and thermo-oxidations,
chemical ageing, electric ageing, under plasmazone). It was found that the crucial point
related to the association of Al(OHjller with nitric acid vapours formed from thetéraction
of electric fields with nitrogen of the air. Thistéraction undoubtedly seems very important in
the case of materials containing PDMS because @f tireater permeability notably more
important in comparision to that of EPDM. The fotation can reach a very advanced state of
degradation with formation of silica powder on theface and fissuration. One of the goals of

the thesis is thus to identify a serious pathwayniprove the durability of the formulations
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based on EPDM/PDMS and the work in progress (centidl) naturally relate to optimization
of the nature of filler and the stabilizing ageatiled.

The chain scissions and cross-linking which theypelrs (PDMS, EPDM) undergo are
probably radicalar reactions but the acceleratiothese reactions by neutralization of the filler,
is not yet confirmed and has to be explained. Thesszlinking reaction of silicones are
undoubtedly due to recombination of Si€tddicals, however the formation of the dimethykene
bridges was not detected by NMR spectroscopy bec#usir concentration is very weak.

Another interesting perspective for this work cothds be to use of NMR technique to study
PDMS marked withC (on methyl).
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RESUME

Ce travail de thése traite de I'étude du comporténie long terme de revétements
élastomeres utilisés pour la protection de jondreérn époxy et fibres de verre pour l'isolateur
électrigue. Quatre formulations industrielles a ebade polydimethylsiloxane (PDMS) ou
d’Ethylene Propyléne Diene Monomére (EPDM) sontiétes.

Nous comparons I'évolution des propriétés des wlfftes compositions afin de mettre en
évidence l'influence des constituants et celle alenbtrice polymere sur le vieillissement. La
charge de trihydrate d’aluminium a été identifiéeee étant le point critique de la formulation
en présence des vapeurs d’acide nitrique.

Les formulations a base PDMS sont peu sensibles/i@ilissements usuels (thermique
et photochimique). Aucune oxydation n’est détectépees 10 000 heures d’exposition. La
formulation & base d’EPDM présente a la fois unglakon classique d’élastomére diénique, et
des réactions de réticulation au cours des vigdlisents photochimique et thermique. La
technigue de DSC-thermoporosimétrie est largemeitisée pour mettre en évidence les
réactions de réticulation. Elle permet de détermiaetaille et la distribution des mailles du
réseau polymere. Elle constitue une nouvelle aperae la réticulation des élastomeéres. Suite a
cette étude nous pourrons retenir le meilleur optilr caractériser rapidement la période
d’'induction avant dégradation et modification d’'uym®priété. Une importante sur-réticulation,
au cours des vieillissements photochimique et titgren est observée pour les formulations
siloxanes et EPDM.

Une étude plus fondamentale sur les polysiloxan@s réticulés, non chargés est
également proposée. Elle permet de mieux appréhdéma®mportement en vieillissement des
silicones par rapport aux réactions de réticulaten particulier et d'étudier les relations
structure-propriétés. Les PDMS ne s’oxydent passnsai dégradent en donnant lieu a des
réactions de réticulation et de scissions de ckadmecours des vieillissements photochimique,
ou thermique. lls ne réagissent pas sous vapede atirique. En revanche les polysiloxanes
avec une chaine carbonée pendante s’'oxydent eedbheu a des réactions de réticulation et de
scissions de chaines au cours de vieillissemeragophimique, et thermique et se dégradent

sous vapeur acide nitrique.
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Enfin, nous avons testé des nouvelles formulatgtabilisées en présence de vapeurs
acide nitrique et en vieillissement photochimique.
Mot clés : Polysiloxane, EPDM, vieillissement phatimique, vieilissement thermique,

vieillissement sous vapeur d'acide, spectroscopie-RRTF, DSC-thermoporosimétrie, ATG.
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ABSTRACT

This research deals with the study of long termalvedr of elastomer housings used for
the protection of the central epoxy and fiber gle@sposite rod of the electric insulators. Four
types of industrial formulations having bases ofygimethylsiloxane (PDMS) or ethylene
propylene diene (EPDM) are studied.

The formulations were subjected to various typesa@dings in order to simulate an
exposure similar to natural degradation which tmgulator experiences during its service life
time. We have compared the evolution of propertésthe different components of the
formulations, to help us in identifying the influgn of the polymer matrix and the different
components on its aging. The Al(QHjller was identified as the weakest componenthef
formulations in presence of nitric acid vapour.

The formulations having a base of PDMS are not gensitive to usual ageings (thermal
and photochemical). No oxidation is detected af@000 hours of exposure. The formulation
based on EPDM present at the same time a traditmddation of the dienic elastomer during
photochemical and thermal ageings and the reactadnsross-linking. We have used the
thermoporosimetry technique to calculate the paze distribution of the polymer network
giving us a new view about the cross-linking of dlastomers. Using this study we can rapidly
characterize the period of induction before degiadaand modification of the properties, an
important post cross-linking is detected upon agéim the EPDM and Siloxane formulations.

We have carried out a fundamental study on undiokséd polysiloxanes without fillers.

It helps us to better understand the ageing behafisilicones compared to the cross-linking
and to study the structure property relationshipydimethylsiloxane do not oxidize but are
degraded by cross-linking and chain scissionsti@acupon thermal and photo-ageing. They
are stable in presence of nitric acid vapours. H@nepolysiloxanes having a carbon chain in
the backbone undergo oxidation, cross-linking ahdirt scission reactions upon thermal and
photo-ageing. They are also degraded by nitric eamburs.

Lastly, we have tested new stabilized formulationgresence of nitric acid vapours and

photochemical ageing.

Key words: Polysiloxanes, EPDM, photo ageing, thermageing, acid ageing, ATR-FTIR
spectroscopy,DSC-thermoporosimetry, TGA
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